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Abstract

Chapter_1. The introduction provides an overview of additive manufacturing as well as the material
systems and photochemical processes that enable additive manufacturing. An emphasis is placed on work
done to regulate free radical polymerization via addition-fragmentation chain transfer (AFCT) and
reversible addition-fragmentation chain transfer (RAFT), and their applications in photopolymer networks
to improve material properties and introduce novel functional materials to additive manufacturing.

Chapter 2. In this work, we incorporate a RAFT agent into a crosslinker to make chain-transferring
crosslinkers, or Transferinkers, and investigate their effect on photopolymer networks. Transferinkers were
shown to improve the tensile toughness of acrylic photopolymer resins by up to 100% without incurring
significant loss in strength. In addition, we exploited the unique reactivity of the RAFT agent to induce
accelerated degradation of the thermoset acrylic network. Reduction in kinetic chain length caused by
transferinkers is observed experimentally and in simulations. As such, transferinkers are shown to be an
effective and translatable strategy for developing sustainable photopolymer networks with improved
mechanical properties.

Chapter 3. We report the isolation and structural elucidation of 3,3,8,8-tetramethyl-1-oxa-4,6,9-trithiaspiro
[4.4] nonane-2,7-dione, an unexpected product obtained during the synthesis of functionalized
trithiocarbonate RAFT agents. A spirocyclic structure was proposed, and confirmed with X-Ray
crystallography. This molecule can undergo ring opening when treated with a nucleophilic amine to form
a trithiocarbonate, which can be used to mediate RAFT polymerization. Potential applications in
synthesizing polymers with defined head groups are also explored.

Chapter 4. We report a new class of supramolecular polymer metal-organic cage (polyMOC) gels based
on the assembly of Cuasl,s cuboctahedra. We demonstrate how these polyMOCs can be reversibly
photoswitched between three oxidation states (Cu(ll), Cu(l), and Cu(0)) that each give rise to unique
properties. Cu(ll) polyMOC can also be applied to direct ink writing (DIW) 3D printing. Cu(ll) polyMOC
containing polymeric azides and alkynes precursors can be extruded, where the mechanically robust
polyMOC serves as a template. Subsequent photoswitching to the Cu(l) state crosslinks the precursors and
re-oxidation provides MOC-interpenetrating networks (MINSs). In addition, the Cu(ll) polyMOC can be
completely removed with competing ligands to expose the nascent covalent network.
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1.1 Ageneral introduction to Additive Manufacturing

Additive manufacturing (AM), or more colloquially known as 3D Printing (3DP), has in the recent
decade emerged from a specialized tool for prototyping into a versatile platform for rapid
manufacturing of functional objects. AM allows for fast transformation of digital models into real-
world, functional objects, made of polymers, ceramics and metals, without the need for overheads
like molds or jigs that are necessary for conventional means of fabrication. The original advantage
of AM was its ability to manufacture parts with little to no lead time, simplifying logistics and
reducing supply chain dependency. More recently, AM processes have also been used for their
own unique advantages, such as in the production of parts with complex geometries inaccessible
to other means of manufacturing, or the fabrication of objects with multiple materials*= or even

continuously varying material properties.*

AM is defined in relation to “subtractive” means of manufacturing such as machining and
sculpting, and “formative” means of manufacturing, such as casting and injection molding.® In
subtractive manufacturing, material is successively removed from a matrix to form a new part of
desired geometry; with formative manufacturing, some kind of mold is required (usually made
from subtractive manufacturing) to cast a molten material into shape. In contrast, additive
manufacturing processes successively apply material to a matrix, usually in a layer-by-layer

fashion, until the desired geometry is achieved.

A. 3D model B. Support C. Slicing D. Printing
generation

Figure 1-1 Schematic showing the general workflow in AM. A) 3D model to be
printed. B) Generation of support structures where necessary. C) Slicing, or
processing the 3D model into layer-by-layer instruction for the printer. Inset shows

individual layer. D) The printer prints the model according to the instruction.
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AM translates digital models into real-world objects (Figure 1-1). The first step is always
“Slicing”, or the processing of a 3D model into 2D slices for layer-by-layer processes. The 2D
slices are then further processed into specific instructions for the printer, such as toolpaths. In many
newly introduced AM processes that deviate from the layer-by-layer paradigm,® the process is still

called “slicing”.

Due to the layer by layer nature of most additive manufacturing processes, they work best when
each layer is completely supported by the layer below. A pyramid, for example, is extremely easy
to print. However, it is difficult, if not impossible, for most AM processes to print in mid-air. In
models with complex geometric shapes, some geometries are translated into features that are more
difficult to print than others. To validate a printing process to be useful in a variety of applications,

benchmark parts are often designed that encompass a wide range of features (Figure 1-2).”

An overhang is a common feature encountered in AM where an edge or surface on the object is
angled so layer above is larger than the layer below (Figure 1-2). In some cases, the overhanging
part tends to sag down due to gravity as it is not completely supported, but in some cases the
overhanging part tends to curl up. In processes involving melting (such as Fused Deposition
Modelling® and Selective Laser Sintering®) this is driven by the thermal contraction of the material
as it cools down. In photopolymer-based processes, it is often driven by polymerization-induced
shrinkage in (meth)acrylic systems commonly used in these processes®®. Most processes have a
threshold overhang angle which defines the shallowest overhang that can be printed without the

need for support structures.

Another feature commonly found in AM is a bridge, in which the layer above hangs over a gap in
the layer below, but is supported on both ends (Figure 1-2). Although bridges are technically 90°
overhangs, many processes can print some bridges without support structures as both ends of the
bridge are supported, and the same issues that cause overhangs to curl up (such as thermal

contraction) actually provides tension on the bridge to counteract sagging.

Clever design and orientation of the model can often minimize the amount of difficult features

encountered, but in some cases it is unavoidable that part of the model has no connection

16



whatsoever to the build substrate or other parts of the model. Therefore, support structures are used
to provide structural support for these parts during the print, similar to how scaffolding is used in
construction. Support structures are also used for shallow overhangs and long bridges to prevent
sagging and curling. Support structures can be built into the model during design, but in most cases
they are automatically generated during slicing. They can be printed using the same material as
the model, and are designed to have minimal contact with the model so they can be easily broken
off with a little force post-print. In more advanced printers that are capable of printing more than
one material, support structures are often printed with a soluble material to facilitate the removal

process.

Bridges
¢

\

Overhangs

Figure 1-2 A benchmark model showing bridge and overhang features.!*

In most AM processes a post-processing step is necessary after printing to obtain a functional
part.>1® This may involve removing of support material, thermal treatment and/or surface
treatment. In many AM processes, conditions optimized for printing a part within a reasonable
timeframe is often not optimal for maximizing the mechanical potential of the material being
printed. This can sometimes be rectified in post processing. For example, most metal AM

processes call for an annealing process. Post processing also allows a different set of conditions to
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be applied to the part (e.g. heat vs. light) over longer periods of time so more complex reactions
can take place. In more and more cases, the initial printing step is used only to form a scaffold to
maintain the geometry of the part, and most of the material property is dictated by post processing.
More complex material systems can be programmed to change their shapes in response to new

stimuli introduced in post-printing processes, leading to a related field known as “4D printing”. 1"~

19

1.1.1 AM processes and their variations

There is a huge and growing variety of methods to realize AM and there is no universally agreed
upon standard to categorize them. In the interest of focus, an emphasis will be put on AM processes
that involve photopolymerization.?® An interesting phenomenon in the field is that each minute
variation of AM technologies has one or more acronyms. For example, Fused Deposition
Modelling (FDM),® Fused Filament Fabrication (FFF)?*, and Plastic Jet Printing (PJP)?? are used
by different groups but refer to essentially the same technology. While it is understandable for
reasons related to intellectual property and marketing, it does introduce unnecessary complications

and confusion.

A B C

Figure 1-3 Schematic demonstration of the working principle of select AM
processes. A) Material extrusion; B) Vat photopolymerization (Digital light

processing); C) Material jetting.
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1.1.1.1 Material extrusion

In a material extrusion 3D printer, material is fed into a nozzle and deposited in a layer by layer
fashion (Figure 1-3A).° The position of the nozzle is controlled by a mechanical motion system.
Material extrusion is the simplest and currently the most prolific form of AM. Material extrusion
printers have been adapted to print a wide variety of materials, from thermoplastic polymers to
hydrogels to concrete.?®?* By switching between different material feeds, parts made from multiple
materials can be printed. However, despite significant improvements in print quality and resolution
afforded by advancements in hardware and software, material extrusion printers in general lag in

these regards compared to other methods to be introduced later.

As precise linear actuation (with resolution as low as 0.05mm) can be achieved with inexpensive
and readily available parts such as stepper motors, timing belts, and threaded rods, material
extrusion 3D printers with reasonable precision can be built with little to no specialized knowledge
or custom hardware.?® The wide availability of user-friendly single board computers (SBCs) such
as Arduino and Raspberry Pi in recent years has made it possible to achieve better print quality
without resorting to more expensive hardware by overcoming mechanical deficiencies such as

misalignment and vibration through software correction.?6:?’

Another key aspect of material extrusion printing is the process of material extrusion itself.282°
The material needs to flow through the nozzle in a reasonable timescale, and then gain enough
strength to maintain its shape once out of the nozzle.*® This can be accomplished in a variety of

ways, which also differentiates the variations among material extrusion printers.

1.1.1.1.1 Fused deposition modelling (FDM)

Although the FDM process does not usually involve photopolymerization, it deserves mention
here as it is currently by far the most popular and well-known form of 3D printing.>8 FDM printers
use thermoplastic polymers that are fed into a heated nozzle, melted, and deposited. Once out of

the nozzle, the thermoplastic cools down and solidifies. The vast majority of FDM printers take
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raw material in the form of filaments ranging in diameter from 1.75 mm to 3 mm, but examples

are known that use other feed such as pellets. 3!

A variety of commercial thermoplastic material can be used. Acrylonitrile butadiene styrene (ABS)
was adopted first, but material such as (polylactic acid) PLA and (polyethylene terephthalate
glycol) PETG that are easier to print (due to having lower thermal expansion constant) quickly
gained popularity. Other thermoplastics such as acrylonitrile styrene acrylate (ASA), polyvinyl
alcohol (PVA), Nylon 12, high-density polyethylene (HDPE), polypropylene (PP) are also

amenable to this approach.

1.1.1.1.2 Direct Ink Writing (DIW)

DIW is a broad term used to define a wide range of material extrusion processes that are not FDM.
Typically, in a DIW process, the raw material (ink) is loaded in syringes and mechanically

extruded through a nozzle.

DIW places unique requirements on the ink material: 1) The viscosity needs to be low enough for
successful extrusion; 2) The material needs to rapidly gain mechanical strength upon extrusion to
maintain its extruded shape, either through a rapid increase in viscosity or a sol-gel transition; 3)
The mechanical and chemical properties of the material should be easily tunable via formulation
or chemical modification to enable a range of desired applications. Such requirements limit the
scope of materials amenable to 3D printing.3® The need for low viscosity precludes the extrusion
of permanently crosslinked materials, as they would fracture instead of flow in response to the
shear forces present during extrusion. In addition, not all transiently crosslinked materials can
regain viscosity rapidly enough to maintain their shapes after being extruded. DIW is uniquely
suited to printing a variety of hydrogel-based materials as it can deposit materials in very mild
conditions (ambient temperature, low shear, aqueous matrix, low or low intensity irradiation, etc.)
compared to other processes.3#3 Therefore, it has often been employed in the 3D printing of

biomaterials, in which case it is often called bioprinting.3-38
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1.1.1.2 Vat photopolymerization

In essence, vat photopolymerization involves a tank (or "vat") of liquid photopolymer resin and a
patterned light source (Figure 1-3B). The light source selectively irradiates part of a thin layer of
the photopolymer resin in the tank, causing it to cure into an insoluble solid. A mechanical build
platform then moves the cured layer away from the interface to expose a fresh layer of uncured

photopolymer to irradiation. The process is repeated through the entire height of the part.

Printers that utilize vat photopolymerization can be generally divided into two categories
depending on the orientation of the printed model. In "upright” machines, the light source is placed
above the tank the model is printed upright. Polymerization takes place at the resin-air interface,
as the printed model is gradually lowered into the resin tank (Figure 1-4 A). While conceptually
and mechanically simple, these machines require excess amount of resin as the entirety of the
model needs to be submerged. As such, this kind of design in found in older and large scale printers.
In "inverted" machines, the bottom of the resin tank is a transparent window and the light source
is placed underneath the tank (Figure 1-4 B and C). Polymerization takes place at the window-
resin interface. The model is printed upside down and gradually lifted up out of the resin tank,
which means the resin tank no longer has to submerge the model, thus only has to hold resin
equivalent in volume to the model, allowing machines with smaller footprint to be built. As
polymerization takes place at the window-resin interface, care must be taken to prevent the cured
photopolymer from fusing with the window. Most commercial machines still employ some kind
of mechanical "peeling" process to ensure separation of the cured part from the window. In some
machines, a glass window is used with polydimethylsiloxane (PDMS) coating.**? In recent years,
fluorinated ethylene propylene (FEP) membranes have become the material of choice for the
window.*! FEP allows diffusion of air from the outside into the tank, creating a thin "dead zone"
where the oxygen concentration inhibits polymerization and shifting the polymerization interface
away from the window.*?> While the application of FEP membranes has made the peeling process
much more simple and reliable, machines using FEP membranes as the window material are
limited in build volume as larger FEP membranes require more tension to prevent flexing, and

limited in speed as FEP membranes cannot efficiently dissipate heat generated at the printing
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interface. To address these limitations, machines using a liquid immiscible with the photopolymer

resin as the interface material have been described in literature.*344
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Figure 1-4 Schematic demonstrating the working principles of different variations
to vat photopolymerization. Grey arrows indicate the movement of the build
platform as printing progresses. A) Stereolithography (SLA); B) Digital light
processing (DLP); C) Masked SLA (MSLA); D) Computed Axial Lithography
(CAL)

Many vat photopolymerization processes are capable of achieving much higher resolution

compared to material extrusion processes such as FDM.>*® Some variants have even become
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affordable enough to rival FDM systems. One inherent weakness of vat photopolymerization is
that it is very difficult to achieve multimaterial printing, as the entire process takes place in a
homogenous resin bath. Other limitations include limited build volume, and material properties
that still fall short of thermoplastics.

There are many variations to vat photopolymerization, mostly related to the variation in light

source, which will be introduced below.

1.1.1.2.1 Stereolithography (SLA)

Originally named "Rapid Prototyping"(RP) in the 1980s, SLA is the first kind of additive
manufacturing to be developed.*® The acronym SLA stands for Stereo Lithography Apparatus,
derived from the first 3D printer prototype. In SLA machines, a laser is paired with a mirror
galvanometer to create a point of light on the polymerization interface that renders 2D patterns in
each layer via raster scanning (Figure 1-4 A). SLA machines can be scaled without sacrificing
resolution as the size of the light dot remains the same, however its print speed is dependent upon
the size and complexity of the model. As the light point has to "draw" the 2D slice on every layer,

larger and geometrically complex parts take longer to print.

1.1.1.2.2 Digital light processing (DLP)

DLP 3D printers use a projector as their light source and derive their name from the DLP projectors
that they use.*” DLP projectors use a DLP chip, which contains an array of small mirrors to reflect
or deflect light from a lamp to create an image with light or dark pixels on the polymerization
interface (Figure 1-4 B).*® In contrast to SLA printers, DLP printers spend the same amount of
time on each layer regardless of size and complexity, as the entirety of the 2D slice is generated
simultaneously. The resolution of DLP prints is limited by the projector as it only provides a finite

amount of pixels. The larger the print volume, the bigger the pixels, the lower the resolution.

Continuous liquid interface polymeration*? (CLIP, and its commercial name, Digital Light

Synthesis or DLS) is a variation of DLP which takes the full advantage of the dead zone provided
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by the FEP windows and eliminates the peeling process. This allows the model to be sliced into
more and thinner layers without a penalty in print time. Pushed to the extreme, it allows continuous
layer-less printing, where the 2D light pattern is updated and the build platform is raised in a
continuous, stepless fashion. This process greatly increases print speed and mitigates issues as

layer lines and anisotropy that are associated with a layer-by-layer process.

1.1.1.2.3 Masked SLA (MSLA)

MSLA printers uses a backlight and a light mask to generate a 2D pattern, similar to a backlit LCD
screen. In fact, the light source in most MSLA printers are LCD screens with their backlight
removed and replaced with a powerful matrix of LED lamps. As such, they are also called LCD
printers (Figure 1-4 C). MSLA printers shares similar pros and cons with DLP printers: their speed
is not affected by the size and complexity of the model, and their build volume and resolution are
limited by the LCD panels available. As these printers can be built with relatively inexpensive and
widely available parts, they have drastically reduced the barrier of entry to vat

photopolymerization, and have been immensely popular among artists, makers, and researchers.

1.1.1.2.4 Computed Axial Lithography (CAL)*

CAL isunique in that it is not a layer-by-layer process. In a layer-by-layer process, layers comprise
2D exposures. In contrast, the CAL process creates a volumetric 3D exposure inside the resin
volume by projecting intensity-modulated light from different angles (Figure 1-4 D). The
superposition of these light projections results in a 3D region in the resin volume where the
aggregated light intensity is sufficient to induce crosslinking and gelation. This process has the
potential to be faster than conventional layer-by-layer processes and eliminate the need for support
structures. However, light penetration depth and diffusion issues limit the print volume, and
current computational algorithms cannot guarantee that an exposure solution can be generated for

all geometric shapes.
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1.1.1.2.5 Two-photon Polymerization (2PP)

Two-photon polymerization®®®! exploits two-photon absorption (TPA), a process in which two
photons are absorbed simultaneously. In contrast with normal, "one-photon" processes in which
the probability is directly related to light intensity, the probability of TPA is proportional to the
square of light intensity.>>%? If a beam of light is focused into a point in a volume of resin,
conventional photopolymerization takes place at all depths where there is light penetration,
whereas 2PP only takes place near the focal plane where light intensity is high enough. This allows
for precise control in the Z axis by controlling the focal plane of the optical system. The same
principle is used in microscopes to achieve resolution below the diffraction limit and Z-axis

resolution.

As 2PP only takes place in a very small volume, it is capable of achieving sub-micron resolution.
In return 2PP processes are usually confined to very small build volumes no more than a few
millimeters in dimension. Combined with the requirement for very high intensity lasers to produce
the light intensity needed for TPA, 2PP is limited to a number of niche applications.>*® However,
recent reports®” of using triplet-triplet annihilation (TTA) instead of TPA as the upconversion
process has shown potential to drastically lower the requirement for light intensity, opening up the

possibility of using 2PP to print macroscale objects.

1.1.1.3 Material jetting

As its name implies, material jetting employs an inkjet printhead similar or identical to those found
in color printers (Figure 1-3 C).%® A printhead contains an array of hundreds of nozzles tens of
microns in diamater. Each nozzle is individually controlled by a piezo or a heating element that
forces the ink out in droplets when turned on. In a material jetting process, the raw material itself,
usually a photopolymer or a wax or a mix thereof, is jetted from the printhead. 2D patterns are
created in an identical fashion to printing on paper. The printhead is equipped with a UV lamp to
cure the photopolymer in place, and 3D objects are printed in a layer-by-layer fashion. By
combining multiple printheads jetting different inks, multi-material or even gradient material

printing can be achieved. Due to the low viscosity of the inks typically used in this process, no
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overhang or bridge is possible without a support material. The support material is usually a wax

that can be melted or dissolved away.®

Material jetting is capable of achieving precision and resolution that equal or exceed that of vat
photopolymerization processes, while being able to print multiple or gradient material. However,
it is currently limited by the fact that inkjet printheads are expensive to manufacture, the
complexity of components involved, and the stringent requirements they put on ink development,
among which is the need for very low viscosity inks, much lower than that required by vat
photopolymerization or DIW. As a result, material selection and material properties for this

process still leave much to be desired.

1.2 Material systems used in AM processed based on photopolymerization

Polymer resins that cure in response to light are called photopolymer resins or photopolymers.
More fundamentally, the curing process is the joining of individual molecules, or crosslinkers, in
the resin into a network. This can be done by using light to induce individual reactions between
crosslinkers via photochemical reactions such as photocycloadditions®®. However, for purposes of
AM it is much more preferable to use light to initiate a chain reaction or activate a catalyst that
can mediate multiple crosslinking reactions, as it is generally much faster and requires less intense
light sources. Photoinitiated free radical polymerization, therefore, is the most commonly used

system in photopolymer resins in AM.%®

1.2.1 Free radical polymerization(FRP)

Most radical photoinitators rely on Norrish reaction of ketones and can therefore be generally
classified as Type | or Type Il. Type | photoinitiators are single component systems in which the
excited photoinitiator molecule undergo homolytic cleavage into two radicals (Figure 1-5 A).
Examples of such photoinitiators are benzyl ketal derivitives and acyl phosphine oxides (such as
TPO and BAPO).®
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Type Il photoinitiation systems are two component systems compose of a photoinitiator that
absorbs the light and a co-initiator or a hydrogen donor (Figure 1-5 B). The excited photoinitiator
abstracts a hydrogen atom from the co-initiator, resulting two radicals.®® As the ketone radical is
resonance stabilized, the radical on the co-initiator is typically the one that initiates
polymerization.®%%% An example of a Type 1l system involves benzophenone as the photoinitiator
and ethyl-4-(dimethylamino)benzoate (EDMAB) as the co-initiator. Tertiary amines are efficient
co-initiators, although in radical-cationic dual-cure systems they may inhibit cationic

polymerization.

Acrylates are favored in AM processes due to their fast curing kinetics that gives the printed object
good “green strength” to maintain its geometric shape in a short time.> This allows faster printing
and minimizes loss of resolution due to material and light diffusion. Slower to cure, methacrylates

are often used in conjunction with acrylates to mitigate shrinking and distortion.
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Figure 1-5 Mechanism of radical generation for A) TPO, a Norrish type |
photoinitiator and B) Benzophenone and EDMAB, a type Il photoinitiation system

Commercial photopolymer formulations for AM usually contain some mixture of mono- and
multi-functional (meth)acrylates, urethane acrylates, and/or (meth)acrylate oligomers.%*
Crosslinkers with higher molecular weights result in polymer networks with higher molecular
weight between crosslinks and more entanglements, and therefore better mechanical properties.

However, higher molecular weight crosslinkers are usually too viscous for many AM processes.
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Inkjets need less viscous resins than those used in vat photopolymerization, and material extrusion
processes can handle even higher viscosities. High viscosity crosslinkers can be diluted with lower
weight components called reactive diluents. Another way to mitigate the influence of viscosity is
by heating. Advanced vat photopolymerization and material jetting machines have heating
elements for their vats and nozzles, respectively, to be able to print materials with higher

performance.

(Meth)acrylate photopolymers form topologically inhomogeneous networks. The high rate of
propagation means that highly crosslinked nanogel fragments are formed at the beginning of the
polymerization process with high contents of topological defects such as loops and intramolecular
crosslinks. As the process is irreversible, when these nanogel fragments eventually crosslink with

each other, these topological defects are preserved in the network.%®

The fast gelation of (Meth)acrylate networks quickly lowers the mobility of all species in the
system, leading to more network defects such as dangling chain ends and intramolecular crosslinks
as the curing proceeds.®®%” In addition, further crosslinking past gelation causes significant
shrinkage in the system as the network can no longer rearrange to relax the geometric and
volumetric changes brought about by the polymerization reaction.®® In addition to geometric
inaccuracies and warping of unsupported overhangs, inhomogeneous shrinkage also causes

internal stress buildup in the network, further degrading its mechanical performance.

Even (meth)acrylate networks without topological defects on longer length scales are still
inhomogeneous on a smaller scale. On the molecular level, (meth)acrylate networks (and indeed
all networks formed via chain growth polymerization) can be considered as long vinyl backbones
linked together by crosslinker molecules. In networks with high loadings of multifunctional
crosslinkers, there is a crosslinking point every three carbon atoms along the polymer backbone,
whereas along individual crosslinker molecules the distance between crosslinking points is the
length of the crosslinker molecule, which can be ten or more carbon atoms. Therefore, the
backbone is much less capable of dissipating energy than the crosslinkers, leading to brittleness of

the network®%°,
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1.2.1.1 Thermoplastic systems

Most photopolymers accomplish the liquid-to-solid transition by crosslinking and forming
insoluble fractions, resulting in a crosslinked, thermoset network. Tao and co-workers™ envisaged
that a fast linear polymerization system which yields high molecular weight polymers insoluble in
the monomer bath can also be used for AM. They demonstrated this concept by DLP printing of
linear 4-acryloylmorpholine(ACMOQO). As poly-4-acryloylmorpholine is soluble in water, the
printed objects are also water soluble as they are not crosslinked.

1.2.2 Thiol-ene chemistry

A widely used alternative to (meth)acrylic systems is thiol-ene or thiol-yne chemistry (Figure
1-6).”* Thiols can be considered as chain transfer agents in free radical polymerization, but as they
attach themselves onto vinyl chains, multivinyl crosslinkers and multifunctional thiol compounds

can also form a crosslinked network. "% 7°

Initiation
RSH + R~ —— RS + RH

Propagation
RS + RN ——

Chain transfer

Rll/.\/S\R + RSH —_—>

Figure 1-6 Thiol-ene reactions

The important feature of thiol-ene systems is that they are step-growth in mechanism, which has
two implications. First, thiol-ene systems experience significantly less polymerization induced
shrinkage than their (meth)acrylic counterparts, as the step growth mechanism shortens the kinetic

chain lengths and in turn delays the gel point.”® As the shrinkage and stress buildup occurs
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primarily past the gel point, they are less prevalent in thiol-ene systems. Secondly, the step-growth-
like “model network” architecture in thiol-ene networks are more homogenous and therefore more
effective at dissipating stress than the ladder-like architecture of (meth)acrylic systems®.
Therefore, thiol-ene networks tend to be less brittle than acrylate networks?”.

Another aspect of thiol-ene chemistry is its better tolerance to oxygen compared to free radical
systems, which results in lower light dosage required for curing’®. However, this also precludes its

use in processes that depend on oxygen inhibition such as CLIP.

Thiol-ene chemistry is limited by the stability and odor of the thiol component, as well as its
tendency to yellow over time.” Thiol-ene networks, while less brittle, tend to be soft due to the

flexibility of the thiol linkages.®®

1.2.2.1 Thiol-Michael addition

The anionic counterpart to thiol-ene reaction, the thiol-Michael addition reaction has also been
used in the synthesis of polymer networks®. A thiol-Michael addition reaction is catalyzed by a
base, which can be produced by a photobase generator (PBG)®:#2 making the reaction sensitive
to light. While not yet realized to our knowledge, this class of reaction also has potential for
application in AM.

1.2.3 Cationic polymerization

Another important system used in photopolymerization-based is cationic polymerization initiated
by a photoacid generator (PAG). Monomers such as epoxides, oxetanes and vinyl ethers are
commonly used.®> While propagating radicals can be terminated by oxygen in the atmosphere, the
only atmospheric component that interacts with cations is moisture, which acts not as a terminator
but as a chain transfer agent.3® Therefore, cationic systems can continue to cure after light is
removed (dark cure), which can be advantageous or disadvantageous depending on the

application.8*% Cationic systems also shrink less and are less brittle.>8
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Typical PAGs are diaryl iodonium salts (Ar21"X")8" or triaryl sulfonium(TAS) salts (ArsS*X)%
with non-nucleophilic counterions such as BF4 or SbFs™. These compounds upon irradiation with
UV irradiation decompose into a mixture of cations, radical cations and radicals that eventually
result in the generation of a superacid which is the principal initiator of cationic polymerization
(Figure 1-7). Diaryliodonium salts and triarylsulfonium salts generally absorb below around
300nm.®° For activation with longer wavelengths, they can also be sensitized with another dye up
to 400nm>%, Initiation of cationic polymerization by visible light can also be achieved via radical
initiated cationic polymerization by using diaryliodonium salts in conjunction with Type Il radical
photointiators (such as camphorquinone).®*% In these systems, radicals generated by the radical
photoinitiator oxidize the diaryliodonium salt to produce cations. This is more difficult with

triarylsulfonium due to its higher reduction potential.*®

Most commonly found cationic crosslinkers are epoxides such as diglycidyl ether derivatives of
bisphenol A (DGEBA), 3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate (ECC),
and epoxidized soy bean oil (ESBO). Photoresists developed for electronics lithography are also
frequently translated to additive manufacturing, such as SU-8.% Epoxides often polymerize very
slowly and are therefore mostly used in conjunction with a faster polymerizing cationic system
such as oxetanes and vinyl ethers in a similar manner for a purely cationic system. Alcohols act as
chain transfer agents for cationic polymerization. Similar to multifunctional thiols in thiol-ene
chemistry, long chain diols are sometimes added to cationic formulations to tune their mechanical

properties.®

. . O
hv Ar,S* + Ar n/\
Ar3S+ D — . . — > H* DO\F/\O}
Ar,S + Ar* ®

H
n-1

Figure 1-7 Mechanism of cationic polymerization of epoxides
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1.2.4 Hybrid and composite formulations

Many photopolymer formulations contain multiple curing components, often a fast-curing
component that facilitates fast printing and slower-curing component that generally leads to better
material properties.®® A variety of combination can be found, such as (meth)acrylate/epoxy®”*® and
(meth)acrylate/polyurethanes.®®® In both cases, the (meth)acrylate component is cured first
during the printing process, and the other component activated by heat during a thermal post-cure

process.

Hybrid formulations have also been used to impart spatial control over material properties in vat
photopolymerization processes. As has been discussed before, multimaterial printing is difficult
for vat photopolymerization as the liquid resin inside the vat is homogenous. However, by clever
design a homogenous resin can cure into materials of different properties in response to different
wavelength or intensity of light. Hawker'®! and Boydston'®? separately demonstrated using two
wavelengths of light to achieve different curing outcomes in a radical-cationic dual cure system.
As photoinitiators that absorb at longer wavelengths usually have some absorption at shorter
wavelengths, in both systems the acrylic network is cured at longer wavelengths, while both
networks are cured when shorter wavelength is used. By using crosslinkers of different length and
rigidity for the two systems, the mechanical property of the material can be tuned by curing one
or both networks. A common issue with this kind of system is the dark cure propensity of the
cationic composition, which means the unreacted cationic crosslinkers need to be removed with
swelling otherwise they will eventually cure. It has also been demonstrated that crosslinking
density can be controlled in vat photopolymerization system by modulating the intensity of light
used for irradiation.1%31% |ower irradiation intensity leads to lower crosslinking density and thus
softer networks. Fang and co-workers'® cleverly used a diamine crosslinker and took advantage
of a thermal post-cure process to consume unreacted acrylate moieties by Michael addition

reactions and permanently preserve the variation in crosslinking density.

Composite formulations, in which insoluble particles or fibers are suspended in the resins, are also
commonly used in photopolymer formulations for AM.%5-1% |n fact, most commercial AM resins

can be considered composites as they include pigment particles that are insoluble. Photopolymer
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resins can also be filled with glass, ceramic, metal oxide, or other inorganic fillers to imbue them

with improved mechanical or electrical properties, 69108110

1.2.5 Materials for Direct Ink Writing (DIW)

While materials used for other photopolymerization-based AM processes are fundamentally
similar and sometimes translatable between platforms, materials used for DIW is usually unique
so they will be discussed separately. The material extrusion process places unique requirements
on the ink material®**: 1) The viscosity needs to be low enough for successful extrusion; 2) The
material needs to rapidly gain mechanical strength upon extrusion to maintain its extruded shape,
either through a rapid increase in viscosity or a sol-gel transition; 3) As DIW printing is commonly
used to fabricate soft materials for biomedical applications, tunable and biocompatible materials
are highly desirable. Such requirements limit the scope of materials amenable to this process. The
need for low viscosity precludes the extrusion of permanently crosslinked materials, as they would
fracture instead of flow in response to the shear forces present during extrusion. In addition, not
all transiently crosslinked materials can regain viscosity rapidly enough to maintain their shapes
after being extruded. Thus the majority of reported materials are physically crosslinked hydrogels
based on supramolecular interactions between biopolymers, such as gelatin*?, collagen3,
alginate?**7 fibrin3, hyaluronic acid*!®1?! (HA), chitosan'?'23, peptides'?* and nucleic acids*?®.
While these materials are suitable for transient scaffolds, a covalently crosslinked gel is desirable

for more permanent applications, such as sensors or actuators!!>126-128,

To fabricate covalently crosslinked networks via extrusion-based 3D printing, supramolecular gels
composed of photocrosslinkable moieties are often employed, such as gelatin methacrylate
(GelMA)*?* 133 methacrylated hyaluronic acid (MeHA)4 PEG diacrylate (PEGDA)'*® or
composites thereof**¢137, A post-print irradiation process is required to induce photocrosslinking.
These methods tap into materials proven to be suitable towards extrusion-based 3D printing in
order to provide a template for the crosslinked network, but are also limited in that the properties
of the final material are still influenced by those of the template material, as it is difficult to remove
the large biopolymers from which the template is constructed. Template-free printing of

crosslinkable soft matter can be achieved only through a more complex 3D printing setup (such as
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a modified extrusion 3D printer with an in-line irradiation device®, or printing into a sacrificial

template!38:13°,

1.3  Application of addition-fragmentation chain transfer (AFCT) and reversible

addition-fragmentation chain transfer (RAFT) in photopolymer networks

Addition-fragmentation chain transfer (AFCT) and reversible addition-fragmentation chain
transfer (RAFT) have long been used to regulate the growth of linear polymers, but only recently
have they been applied in controlling the curing of photopolymer networks, especially in the

context of additive manufacturing.

1.3.1 Addition-fragmentation chain transfer (AFCT)

Compared to most conventional chain transfer agents such as thiols that mediate chain transfer via
hydrogen transfer, AFCT agents mediate chain transfer in a slightly different manner. AFCT
agents usually contain a reactive double bond that adds to propagating radicals similar to a normal
monomer, and a leaving group L that is cleaved to generate a new reactive radical after
fragmentation (Figure 1-8). The first step in the AFCT process is the addition of a radical onto the
double bond of the chain transfer agent, forming an intermediate radical. The intermediate radical
then undergoes fragmentation, which is a B-scission process in which either the original radical is
cleaved to form the starting components, or the leaving group is cleaved to form a different reactive
radical, completing the chain transfer.®® The rate of the fragmentation step is influenced by the
stability of the intermediate radicals. As intermediate radicals usually do not undergo propagation
due to steric hindrance, stable intermediate radicals that take longer to fragment can lead to

retardation of the polymerization reaction which is usually undesirable.5

X addition X fragmentation X
R YL ——— Ry L G

A A A

Intermediate Radical

Figure 1-8 General mechanism for addition—fragmentation chain transfer (AFCT)
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Similar to thiol-ene systems, AFCT agents can also regulate the polymerization of (meth)acrylate
systems by promoting more homogenous chain growth and delaying the gel point, thus reducing
shrinkage stress by allowing the network to relax. From a topological perspective, AFCT disrupts
the ladder-like structure typical of chain growth networks and renders the network more step-
growth-like.

To properly regulate a homopolymerization process, the reactivity of irreversible AFCT agents
needs to be carefully tuned in relation to the monomer. The relative reactivity of a chain transfer
agent and the monomer can be described by the chain transfer constant Cy, which is the ratio
between the rate constant of chain transfer ki and the rate constant of propagation kp for the
propagating radical. If too active (Cy >> 1), the AFCT agent will dominate the beginning of the
polymerization process and lead to retardation, but once depleted it will offer no control over the
polymerization afterwards and most of the polymerization process will remain unregulated. If too
inactive (Cy << 1), the AFCT agent will not render any regulation until most of the monomers are
depleted. Therefore, for an AFCT agent to successfully regulate a homopolymerization throughout
the entire process, it needs to react at a similar rate to that of the monomer (Cy ~ 1).%°

For methacrylic systems, B-allyl sulfones (Figure 1-9, MAS) were reported by Liska and
coworkers to be suitable AFCT agents.!%142 g-Allyl sulfones have very similar reactivities to
methacrylic monomers (Cy ~1) and therefore react homogenously. An additional benefit of f3-
allylsulfones is that they do not suffer from odor or instability as many sulfur-containing reagents
do. When B-allyl sulfones were incorporated into methacrylic networks in place of monofunctional
diluents, the resulting network exhibited lower shrinkage stress and sharper glass transition,

indicating the formation of a more homogenous network. Mono-functional and di-functional (-

allyl sulfones (MAS and DAS, respectively) were both synthesized and incorporated into networks,
with Tg for the latter slightly higher than the former as the latter acts as a crosslink.1*° DAS has
also been incorporated into purely dimethacrylate systems with no monofunctional diluents.
Compared to a dithiol with similar structure (which regulates polymerization via thiol-ene
mechanism), networks made with DAS see a similar improvement in impact resistance, but does

not suffer from significant loss in modulus and hardness as dithiol networks do.#
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Figure 1-9 Structure of irreversible AFCT agents B-allyl sulfones (MAS), ester-
activated vinyl sulfonate ester (EVS), and Ester-Activated Vinyl Ether (EOE)

Despite being able to regulate network formation and improve mechanical properties in

methacrylic photopolymer systems, 3-allyl sulfones still causes retardation to polymerization

kinetics.%® This is partially due to the fact that the AFCT agent fragments into a methacrylate
derivative, which is capable of being attacked by the leaving radical, resulting in non-propagation
reactions.!? To address this, AFCT reagents based on vinyl sulfone esters (Figure 1-9, EVS) were
developed by Liska and coworkers.}*® By changing the carbon atom between the vinyl and the
sulfur into an oxygen, the fragmentation product is changes into an a-ketoester which does not
participate further in radical reactions. This results in networks with similar improvements in
homogeneity and impact resistance, yet much faster curing kinetics, comparable to unmodified
methacrylate networks.}*414> The fast curing kinetics lends to formulations containing vinyl
sulfone ester capable of being 3D printed on a DLP system, with improvements in mechanical
properties compared to conventional resin formulations.#3146 Following a similar concept, another
class of AFCT agents known as ester-activated vinyl ethers (EOEs)**" were also developed based
on methyl methacrylate dimers (Figure 1-9, EOE).'*® They exhibited similar efficacy in regulation

methacrylate network formation without causing significant retardation.

AFCT reagents are an effective strategy to regulate (meth)acrylate photopolymerization without
some of the weaknesses of thiol-ene chemistry. Judicious design of irreversible AFCT agents can
lead to photopolymer networks with improved homogeneity and impact resistance while avoiding
significant retardations.®® It must be noted that the AFCT agents reviewed here are only those
already used in the context of photopolymer networks. A wide variety of AFCT reagents, such as
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halides and phosphonates'®*°! have been known and applied to linear polymerization systems,

and they present opportunities for novel modifications and applications in photopolymers.

1.3.2 Reversible addition-fragmentation chain transfer (RAFT)

A special case of AFCT is reversible addition-fragmentation chain transfer (RAFT), in which the
attacking radical and the fragmented radical are both carbon-centered and the fragmentation step
is reversible. Commonly used RAFT agents are thio compounds such as dithioesters,
dithiocarbamates, trithiocarbonates, and xanthates (Figure 1-10). Similar to the mechanism of
AFCT, a propagating radical adds to the C=S double bond in the RAFT agent to form a stabilized
intermediate radical, which then undergoes scission of the weakest C-S bond to generate a new
propagating radical and a new C=S double bond. In contrast to irreversible AFCT processes, the
products of this chain transfer process are qualitatively and energetically identical to the starting
species (the RAFT agent is regenerated, and a carbon centered propagating radical is consumed
and produced), therefore this process is also called “degenerate chain transfer” (Figure 1-12A),
with “degenerate” indicating multiple states with equal energy.’®21%% As the regenerated RAFT
agent is also capable of reacting with a propagating radical, the entire process is reversible.

An external radical source is still needed to initiate the chain reaction in a RAFT system. In
photopolymers a photoinitiator is typically used. Notably, as RAFT agents cannot mediate chain
termination, a small number of chains are always irreversibly terminated at the end of the
polymerization process, i.e. there is a small number of dead chains, equal to the number of initiators
consumed. However, as the number of polymer chains typically equals to the number of RAFT

agents, the vast majority of chains would be “alive” and capable of reinititation.
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Figure 1-10 Examples of RAFT agents: A) a dithioester; B) a dithiocarbamate; C)
a trithiocarbonate; D) a xanthate

Compared to irreversible AFCT agents, RAFT agents will never be depleted; their concentration
remain constant throughout the polymerization process, which means they can provide ongoing
regulation. Even after the polymerization is completed, they remain attached to polymer chains as
dormant end groups which can be reinitiated if a new radical source is provided. This leads to a
variety of possibilities for post-functionalization, such as surface modification and the
incorporation of new monomers on demand. However, this comes at the cost of causing retardation

to the polymerization process.®®

RAFT agents have been extensively used in gels to introduce the opportunity for modification and
self-healing.’>*1% Bowman and co-workers synthesized difunctional methacrylate crosslinkers
with a trithiocarbonate core®®’ and demonstrated that the inclusion of a small fraction of such
crosslinkers in a purely methacrylic system can reduce shrinkage stress and introduce
photoplasticity.*®® This crosslinker was also used in model glass-filled methacrylate dental resin

and it was demonstrated that it can also reduce stress and improve the toughness of the material.*>°

Allyl sulfides (Figure 1-11 A) are another example of RAFT agents used in thio-ene systems,
reported by Bowman and co-workers.*>"1%8 Allyl sulfides are capable of undergoing a reversible
or irreversible AFCT with a thiyl radical, but its reaction with a carbon radical is strictly
irreversible.'® In practice, they have been demonstrated to reduce shrinkage stress in, and improve
mechanical performance of, thiol-ene and thiol-yne systems.””®* Due to the reversibility of allyl
sulfides, thiol-ene networks incorporated with allyl sulfides are covalent adaptable networks

(CANS).162183 CANs are defined as thermoset networks in which covalent bonds can rearrange
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under certain conditions, such as light irradiation, to adapt to external stress. In this case, residual
photoinitiators in the network are activated to produce new radicals, which undergo RAFT process
mediated by allyl sulfides to allow the network to rearrange and relax to "adapt" to external
stress.641%5 As no functional groups are consumed during the chain transfer process, this process

can be repeated as long as there is still residual photoinitiators.

However, as the AFCT process between allyl sulfides and carbon radicals are not fully reversible
(Figure 1-11 B), most allyl sulfides are less effective in (meth)acrylate homopolymerization
networks due to the mismatch in reactivities between the monomers and the AFCT agent which

means AFCT is not taking place throughout most of the reaction.5%1%

O
%Om ﬁ')kom
- R,O OR
O O

Figure 1-11 A) Reversible AFCT reaction of B-allyl sulfides with thiyl radicals and

B) Irreversible AFCT reaction with carbon-centered radicals'®

1.3.3 Photoiniferters

In addition to acting solely as chain transfer agents, many RAFT agents are also capable of acting
as initiator and terminator.(Figure 1-12B) In this role they are known as iniferters (initiator-
transfer-agent-terminators).1®® In fact, the use of iniferters in polymerization was reported prior to
the introduction of RAFT polymerization. Iniferters can be activated thermally or photochemically;
in the latter case they are called photoiniferters.'®” Commonly used photoiniferters such as
thiocarbonylthio, trithiocarbonates, and disulfides can upon UV irradiation undergo cleavage of
one of their C-S bonds to form a carbon-centered propagating radical, leaving behind a sulfur-

centered iniferter radical. Uncleaved iniferters can then act as RAFT agents to regulate the
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propagation of the propagating radicals via degenerate chain transfer. At the end of the process,
the propagating radical can recombine with an iniferter radical to regenerate the iniferter. As no
exogenous radical source is used in the process, iniferter polymerization can ideally proceed with
complete reversibility with all the radicals recombining with iniferter radicals. Therefore, no dead
chains are generated, as opposed to photoinitated RAFT polymerization in which a small fraction

of dead chains is unavoidable.

Bowman and co-workers®®1% reported using a methacrylated dithiocarbamate as a photoiniferter
to polymerize a crosslinked acrylic network in which dithiocarbamate moieties can be found on
the surface and throughout the material. After fabrication of the crosslinked material, the
dithiocarbamate moieties can be addressed with light to reinitiate polymerization and introduce
new monomers into the network. Densely crosslinked networks do not swell well with monomers,
thus only surface modification is achieved; in less densely crosslinked networks monomers can be
inserted throughout the network. With a photomask, photopatterning can be achieved on surfaces.
It is interesting to note that as the dithiocarbamate used is a N,N-dialkyldithiocarbamate, which
has very low RAFT activity towards (meth)acrylates!’™. Therefore, its role is more or less limited
to being an “initer”, which mediates initiation and termination, but not chain transfer. Based on
this system, the same group developed a primitive 3D printing system called contact liquid
photolithographic polymerization (CLiPP) in which a photopolymer resin is photopatterned and
cured in a layer by layer fashion'’*172, The photopolymer resin comprises of multifunctional vinyl
crosslinkers, methacrylated photoiniferters, and additional photoinitiators to increase speed.
Similar to 3D printing, the photopolymer resin is deposited in thin layers, cured through a
photomask, and the uncured monomers were washed off and the cavities refilled with a wax
support material. A new layer is deposited on top and the process is repeated. In this case the
photoiniferter is used to increase layer adhesion, as they will be present on the surface of an
underlying layer, ready to bond to a new layer of cured resin. Fabrication of microfluidic devices
were demonstrated. Johnson and co-workers functionalized a trithiocarbonate photoiniferter with
norbornenes and fabricated an end-linked network with trithiocarbonates uniformly incorporated
into every strand'’3, This “primary gel” can then be swollen with another monomer (NiPAAM)

and irradiated with light to activate the trithiocarbonate photoiniferters. Ideally, as both ends of
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most trithiocarbonates are bound in the network, monomers can be thought to be inserted into the
network strands. Rearrangement of the strands happen but only changes the topology without
changing the overall architecture. The ability of tritioncarbonates to undergo aminolysis allows the
new network to be degraded to quantify monomer insertion.

Jin and co-workers'® demonstrated that iniferter polymerization can be realized on a commercial
MSLA printer with 405nm light source. PEG diacrylate was used as the monomer and 4-cyano-4-
[(dodecylsulfanylthiocarbonyl) sulfanyl] pentanoic acid (CDTPA) or dibenzyl trithiocarbonate
(DBTTC), both trithiocarbonates, were uses as the iniferter. The print speed is severely limited by
initiation efficiency and the RAFT process, and is more than 100 times slower compared to typical
print speeds achieved with an uncontrolled radical photopolymerization system. The long
irradiation times required for the method also resulted in significant reduction in resolution, due to
both material diffusion and light diffusion out of the irradiated areas. However, the presence of
trithiocarbonates in the system allow post modification via insertion of new monomers, as

demonstrated by modifying the printed object with a fluorescent monomer.

1.3.4 Photoredox-catalyzed iniferter polymerization

In conventional photoiniferter polymerization systems, activation of a thio-based photoiniferter is
achieved with direct photolysis by exciting the n- n* transition of the iniferter with a UV light
source’”® 15, or the n- n* transition with visible light'’®"8, Alternatively, a photoredox catalyst
can be used reduce the thio compound into an unstable radical anion that undergoes fragmentation
to produce a propagating radical.(Figure 1-12C) The propagating radical can undergo propagation
and degenerate chain transfer, before recombining with the thio compound and reducing the
photocatalyst back to its ground state, completing the catalytic cycle. In some cases, the activation
is completed via a triplet state energy transfer rather than an electron transfer’®°, Examples of

typical photoredox catalysts used are Ir(ppy)s, eosin Y (EY), and erythrosin B (EB).
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Figure 1-12 Difference in mechanism between RAFT, photoiniferter

polymerization and photoredox-catalyzed iniferter polymerization

Boyer and co-workers demonstrated that the use of a photocatalyst in an iniferter-based AM
system can drastically improve the print speed to within the same order of magnitude as
uncontrolled radical systems.'® The fabrication of materials with complex geometry and
nanostructure was demonstrated*®?8, A variety of tritioncarbonates, xanthates and
dithiocarbamates were used, and it was found that xanthates and asymmetrical trithiocarbonates
outperformed the rest in terms of speed and the stiffness of the material produced. The addition of
more thio compounds generally lead to slower cure.'® The presence of trithiocarbonate moieties
throughout the material allows a variety of strategies for post-print modifications to demonstrated.
The trithiocarbonates can be addressed as RAFT agents by mediating monomer insertion to modify
surface properties'®, or cleaved via aminolysis to expose thiols onto which molecules can be
attached via thiol-ene reactions!®*. The group also recently demonstrated that the trithiocarbonates

can be re-activated with UV light to mediate self-healing.®
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1.3.5 Photoredox-catalyzed controlled radical polymerization

The photoredox activation of thio compounds is not limited to radical polymerization. The Fors
group demonstrated that certain some dithiocarbamates and trithiocarbonates can also be oxidized
with an oxidative photocatalyst to initiate and control the cationic polymerization of vinyl ethers®®’,
On-Off control with light as well as control over molecular weight and dispersity is achieved*€®,
Its postulated mechanism is similar to that of its radical counterpart, except a cationic species is
generated in lieu of a radical. Eventually the propagating cation recombines with the iniferter to
reversibly terminate. An important feature of this method is that it avoids the propensity for
uncontrolled cationic systems to dark cure. The same group later demonstrated a mixed system
with an oxidizing photocatalyst and a reducing photocatalyst , which can switch between radical
and cationic polymerization of acrylates and vinyl ethers, respectively, depending on the
wavelength of light'®, This is later applied to photopolymer networks to fabricate thermoset

materials with spatiotemporally controlled crosslinking densities through photopatterning®.
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2.1 Introduction

Acrylic photopolymer resins are an important class of material that plays relevant roles in a variety
of industries, such as coatings,’ adhesives*’ and, more recently, additive manufacturing®2°.
Resins with low viscosity when uncured and high toughness when cured are highly desirable for a
range of applications, especially additive manufacturing®’. However, this combination of
properties remains a challenge as the need for low viscosity calls for low molecular weight
monomers and crosslinkers, which tends to cure into highly crosslinked and brittle networks. In
addition, acrylic photopolymer networks possess inhomogeneous features that also negatively
impact their mechanical properties.’®2! Acrylic moieties can form high molecular weight vinyl
chains in the early stages of the photopolymerization process, resulting in domains with high
crosslinking density, while polymerization in later stages of the curing process is severely limited
by slow diffusion due to gelation.®22 Such irregularities in the network also impacts the toughness
of the network, as not all the polymer chains are stressed uniformly and some fail sooner than

others.

To mitigate these irregularities, chain transfer agents (CTAs) have been incorporated in
photopolymers to control the rate and kinetic chain length during curing.?®?* Controlling the fast
growth of long vinyl chains serves to discourage the formation of domains of high crosslinking
density and low elasticity, resulting in a more homogenous network that can better distribute stress.
Specifically, addition fragmentation chain transfer (AFCT) reagents such as B-allyl sulfides have
been employed in photopolymer networks with great success for reducing shrinkage stress and

improve toughness.?>?’

Reversible addition—fragmentation chain transfer (RAFT) 2-%js a special case of AFCT in which,
instead of being single-use, the CTAs are capable of undergoing multiple reversible AFT events,
rendering living characteristics to the system. RAFT has the benefit of maintaining continuous
control throughout the polymerization process (as opposed to irreversible AFCT agents which can
be depleted). In addition, the introduction of RAFT agents into the network allows for the dynamic
rearrangement of the network under certain conditions, giving rise to properties such as stress

reduction and photoplasticity.3 3 RAFT agents in the network can also act as reaction handles for

71



further modification to the network, such as functionalization, monomer insertion, and

degradation. 10343

In most reports so far the introduction of RAFT agents into a photopolymer network is achieved
by adding the reagent as a standalone additive.’®1%353¢ Another compelling strategy for the
insertion of RAFT agents is by functionalizing them with reactive moieties, making them RAFT-
capable crosslinkers. These crosslinkers, while retaining all the functions of the RAFT agent, can
also introduce interesting new topological features into the network. A topological effect of the
RAFT process is that monomers are inserted between the RAFT agent and its side chain(s), which
causes the reactive moieties on either ends of the crosslinker to move away from each other, which
may have implications on the molecular weight between crosslinks in the network. This class of
RAFT-capable crosslinkers has been studied by Bowman and co-workers. in the context of
methacrylic and thiol-acrylic photopolymer resins.3>%"3 They demonstrated that with a low
loading (<10% wt) of the RAFT-capable crosslinkers in the system, stress relaxation can be
achieved in the network through AFCT-induced chain rearrangement during and after the
photopolymerization process. However, the effect of these crosslinkers on network topology,
especially at higher loadings, and the subsequent implications on the mechanical properties of the

materials remain open and relevant questions.

Herein we used a symmetric trithiocarbonate with acrylate side chains as a model to study the
behavior of crosslinkers capable of mediating RAFT in an acrylic photopolymer resin. As it
possesses properties of both a CTA and a crosslinker, it will be referred to as a “transferinker”
(TFK). We employed kinetic Monte Carlo simulation to describe the effect of TFKs on network
topology, and the downstream impact of TFKs on the mechanical and degradation properties of

the cured resins is investigated experimentally.
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Figure 2-1 A transferinker(TFK) is a crosslinker bearing a moiety capable of
mediating chain transfer. A) Proposed working mechanism of a model TFK bearing
a trithiocarbonate moiety and B) the altered network architecture in a photopolymer

resin formulated with TFKs.

2.2 Results and discussion

2.2.1 Synthesis and formulation of TFK and TTC resins

The TFK molecule TFKDA was designed and synthesized as described in Figure 2-2A. For
control studies, TTCDG, a trithiocarbonate analogue without acrylates on its side chains was also
designed and synthesized (Figure 2-2B). To study the effect of TFKs in acrylic photopolymer
resins, we gradually replaced the crosslinkers with  TFKDA in an acrylic photopolymer
formulation(Table 2-1). The base resin was formulated with bisphenol A ethoxylate diacrylate
(BPAEDA, Avg.MW 512) as the crosslinker and hydroxyethyl acrylate (HEA) as the functional
diluent. BPAEDA was chosen as it is commonly used in photopolymer resins, and has a similar
molecular weight to TFKDA, therefore replacing it with the latter will not cause a significant
change in acrylate concentration and glass transition temperature. Phenylbis(2,4,6-

trimethylbenzoyl) phosphine oxide (BAPO) was used as photoinitiator. TFK resins were
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formulated by replacing 5%, 15% or 25% of BPAEDA with TFKDA. They are correspondingly
named TFK5, TFK15, and TFK25.

As control, TTC resins are formulated by adding non-crosslinkable TTCDG into the base resin
such that the molar ratio between the monoacrylate and diacrylate species and the molar ratio
between TTCs and acrylates matches a given TFK resin. For example, TFK25 resin and TTC25
resin both have a 1:1 ratio of monoacrylate and diacrylate species, and an 85:1000 ratio of TTCs
to acrylates.
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Figure 2-2 Chemical species used in this study. A) Synthesis of transferinker
TFKDA and a non-polymerizable analogue TTCDG. B) Structure of the
photoinitiator (Phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide, BAPO),
crosslinker (Bisphenol A ethoxylate diacrylate, BPAEDA, avg. M, ~ 512), and
functional diluent (2-Hydroxyethyl acrylate, HEA) used in TFK and TTC resin
formulations.
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Table 2-1 Formulation of TFK and TTC resins

Resin | Monomer Crosslinker BAPO TEKDA TTCDG
TFKO 80 80 1 0 0
TFKS5 80 76 1 4 0
TFK15 80 68 1 12 0
TFK25 80 60 1 20 0
TTCO 80 80 1 0 0
TTCS 80 80 1 0 4
TTC15 80 80 1 0 12
TTC25 80 80 1 0 20

2.2.2 Curing kinetics of TFK resins

Chain transfer agents such as TTCs are known to cause retardation to curing of acrylic systems.

The curing kinetics of the TFK resins were studied with FTIR under a 405nm LED light source

with a light intensity of 1.95mW/cm?.(Figure 2-11) The rate of polymerization for TFK5 was

similar to that for TFKO. Vinyl bond conversion for both increased rapidly immediately upon

irradiation, before reaching a plateau of around 80% at 3min. TFK15 and TFK25 showed a

noticeable inhibition period indicated by slow initial increase in conversion. TFK15 and TFK25

resin reached plateaus in conversion after 7min an 11min, respectively. Final conversion of TFK15
(81%) and TFK25 (85%) were slightly lower than that for TFKO0 and TFKS5 (87%). The inhibition
effect of TTC compounds could be ascribed to the low initiation ability of the initial leaving group

from the TTC compound, as well as the fragmentation of the TTC radical and the light absorbance

of the TTC compounds.
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2.2.3 Mechanical properties of TFK resins
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Figure 2-3 Representative stress-strain curve of samples cured from A) TFK resins
and B) TTC resins.

TFK resins were cast into dogbone shaped samples and their mechanical properties were
characterized with tensile testing. Stress-strain curves of TFK resins are shown in Figure 2-3.
Young's Modulus of TFKO resin is ~1500 MPa which is typical for acrylic resins of similar
composition. Modulus for TFKS5 resin is of a similar value. TFK15 and TFK25 have slightly
lower moduli at ~1200 MPa, representing a 20% decrease. Ultimate tensile strength follows a
similar trend, with TFKO and TFK5 having similar performance at 45MPa, while TFK15 and
TFK?25 retain 80% of that value. In contrast, TTC resins lose much more of their stiffness. TTC5
samples show a 14% loss in modulus and 17% loss in ultimate tensile strength compared to
TTCO/TFKO, consistent with previous observations in similar systems.3® TTC15 and TTC25
samples have less than half the ultimate tensile strengths and less than 20% the moduli compared
to their respective TFK counterparts. This could be attributed to the increased amount of dangling
chains in TTC resins as observed in simulations (vide infra). The dilution effect of TTCs may also
play a role as, unlike TFKs, TTCs are added into the formulation without removing other

components.
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Figure 2-4 Tensile properties of TFK and TTC resins. A) Young’s modulus; B)

Ultimate tensile strength; C) Elongation at break; D) Tensile toughness. Error bar

show standard deviation. Statistics performed using independent two-sample t-test

with n = 25, comparing each TFK sample to TFKO, and in pairs among all TFK
samples. ns: p > 0.05; *: 0.05 > p >0.01; **: 0.01 > p > 0.001; ***: p <0.001
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Table 2-2 Tensile properties of TFK and TTC resins.

Young's Ultimate Tensile  Elongation at
Modulus Strength Break Toughness
Resin (Mpa) (Mpa) (%) (Mpa)

TFKO 1525453 45.3+1.3 9.8+3.0 57.3+18.6
TFKS5 1541485 44.6+1.8 13.9+4.6 81.7+27.9
TFKk15 1267+99 35.6+2.0 22.6+10.4 109.1+52.5
TFK25 1239481 35.8+2.1 28.6+9.9 139.6+53.3
TTCO 1425+57 42.0+1.1 10.3£2.6 58.7+16.6
TTCS 1224467 34.1+1.0 18.1+7.7 86.7+37.7
TTC15 247+36 17.2+1.8 45.8+8.6 89.6+20.8
TTC25 139+27 15.4+1.9 62.6+4.8 97.0+14.5

Samples made from the base TFKO resin yields at ~5% elongation and fails soon after, consistent
with hard glassy polymers. They have an average elongation at break of only 10% and a toughness
of 52 MPa. Replacing 5% of crosslinkers for TFKs (TFKS5) improved elongation at break and
toughness by 50%. TFK15 and TFK25, showed more improvements in toughness and elongation
at break. Specifically, TFK25 samples have an average toughness of 139MPa and elongation at
break of 29%, representing an improvement of more than 100% in both properties.

Compared to the TFK resins, TTC resins (Figure 2-3 B) show similar or less improvement in
toughness, while being able to reach much longer elongation before failing. While TTC5 samples
still display a yield point, stress-strain curves of TTC15 and TTC25 samples do not and bear more
resemblance to that of a rubbery elastomer. TTC15 and TTC25 samples reach an average

elongation at break of 46% and 62% respectively, more than twice that of corresponding TFK
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resins. The gain in elongation is offset by diminished modulus to result in similar performance in

toughness.

There is a general tradeoff between strength and elongation. TFK resins trade very favorably in
this regard by gaining up to 100% toughness while maintaining more than 80% of their strength
compared to the base resin. TFK allows high loading of CTAs into a resin, while minimizing the
negative effects of adding CTAs outright, such as dilution and increased amount of dangling chains.
We think this strategy is not limited to trithiocarbonates but a wide variety of CTAs, reversible

and irreversible alike.

2.2.4 3D printing of TFK resins

We demonstrated 3D printing with TFKO and TFKS5 resins on an Elegoo Mars Pro MSLA printer
(Figure 2-5 A). The resins are capable of printing with accurate dimensions, although some
artifacts exist resulting from light diffusion due to the lack of a light blocker in the formulation.®
Samples printed with TFKO and TFKS5 showed similar trends in mechanical properties compared
to cast samples (Figure 2-5 B and C).

To further explore the potential of TFKSs as a general approach for toughening photopolymer resins,
we doped 5% (w/w) of TFK into a commercial resin (Elegoo Standard white). We were able to
print intricate models with the doped resin, which shows a distinctive yellow color. Compared to
the unmodified resin, the doped resin requires longer irradiation time to cure (Table 2-4), but is
capable of reproducing complex and detailed models, such as a submarine, shown in Figure 2-5
D. Dogbones were printed with unmodified and doped resins and their mechanical properties
compared, as shown in Figure. Resins doped with TFK showed significantly improved toughness
(Figure 2-5 E and F).
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Figure 2-5 3D printing with TFK resins and doping commercial resin with TFKDA.
A) Models printed with TFKO and TFKS5 resins, 20 mL vial for scale. B) Stress-
strain curves of dogbone samples printed with TFKO and TFK5. C) Tensile
toughness of 3D printed TFKO and TFK5 samples. D) A model submarine printed
with a commercial 3D printing photopolymer resin (Elegoo Standard White) doped
with 5% wt of TFKDA. 20 mL vial for scale. E) Stress-strain curves of dogbone
samples printed with commercial and doped resins. F) Tensile toughness of
commercial and doped resins. Error bar show standard deviation. Statistics
performed using independent two-sample t-test with n = 25, comparing each TFK
sample to TFKO, and in pairs among all TFK samples. ns: p > 0.05; *: 0.05 > p >
0.01.
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2.2.5 Qualitative study of the effect of TFKs on network architecture with kinetic Monte

Carlo simulation

To gain a more fundamental understanding of the effects TFKs have on these networks, we
developed a simple software platform to simulate the formation of a network through crosslinking.
The crosslinking process of a photopolymer can be considered a copolymerization between
monomers and crosslinkers. Ting Xu and co-workers*° reported a kinetic Monte Carlo simulation
program that addresses the composition of copolymers produced by controlled radical
polymerization (CRP). In the reported program, polymer chains are represented by empty lists,
and chain propagation is modelled by appending different kinds of monomers into the chains
according to their reactivity ratios. We adapted this method so that information pertaining to
network architecture can be preserved and extracted after the simulation. Crosslinkers are
represented by assigning some of the monomers in pairs. With the identity of one of the monomers
in the pair, the identity and state of the other monomer can be looked up. As CTAS can rearrange
the network, they need to be modelled as well. A chain transfer event can be seen as a CTA
deactivating a chain and activating another one, thus a CTA can be represented simply as an
inactive list. If chain transfer is determined to occur between an active chain and a CTA, the chain
is deactivated and no longer participates in propagation, while the inactive chain on the CTA is
activated. The probability of the occurrence of chain transfer on an active chain is determined by

the concentration of CTAs and monomers, and the chain transfer constant of the CTA.

Compared to most CTAs, a TTC is special that it has two inactive chains. This can be represented
by two lists associated with the TTC. Chain transfer can occur with either one of the chains being
activated as the result. By the same concept of associating objects that are covalently attached to
each other, more complex objects like TFKs can also be constructed. A TFK object contains a
TTC with its two chains. Each chain is associated with a monomer representing the reactive side
chain of the TFK. The TTC and the monomers all retain their aforementioned functions; the added
associations between the objects denote their covalent bonding to one another. These associations
preserve the information pertaining to the connectivity between molecules, which allows the entire
network to be constructed after the simulation, as opposed to only the compositions of the vinyl

chains.
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As different species contribute different chain lengths to the network, the geometry of each species
needs to be defined before the network could be reconstructed. (Table 2-3) The length of the
monomer is set as 2, corresponding to the number of C-C bonds contributed to the network by an
acrylate monomer. Similarly, length of a crosslinker is set as 16, and the length of a TTC is 2. A
TFK contains a TTC object and two side chains; the length of side chains on a TFK is 7. Note that
the total length of a TFK is equal to that of a crosslinker. These lengths can also be considered as

molecular weights.

A series of simulations were set up to qualitatively assess the how TFKs affect the architecture of
the network. The composition of the model systems are is listed in Table 2-3. We started from a
composition of 5000 monomers, 5000 crosslinkers, 62 initiators and no TFKs. The molar ratio
among all species found in this system matches that found in the TFKO resin. In subsequent model
systems, 5%, 10%, and 25% of the crosslinkers are replaced with TFKs, maintaining the total
number of difunctional species. Each model system matches a TFK resin formulation. As
comparison, TTC systems are similarly set up with TTCs that lack the reactive side chains. As
TTCs are not difunctional species, the number of crosslinkers is kept constant to maintain the total
number of difunctional species. Each TTC system matches a TTC resin formulation. Simulations
are repeated 10 times and the results are averaged. We also scaled the systems by a factor of 10

and obtained indistinguishable results, validating the statistical significance of the systems.

Molecular weight between crosslinks in a network is a parameter that is closely related to
mechanical properties. To find all the elastic segments in the network, all crosslinkers are queried
and those with both functionalities reacted are considered elastic crosslinkers. Points where an
elastic crosslinker joins a vinyl chain is considered a crosslinking point. To obtain the molecular
weight (or chain length) between crosslinks, all chain segments between crosslinking points are
tallied and a length histogram of these chain segments is calculated and shown in Figure 2-6A.
The length distribution of elastic segments is bimodal, with short segments along the vinyl chains
and long segments contributed by crosslinkers. The addition of TFKs slightly changes this
distribution, with less chains on the longer and shorter end of the spectrum and an emerging

distribution of medium length chains corresponding to the length of the TFK’s side chains.
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Analogous to the way that number and weight average molecular weights are calculated from a
distribution, the number and length average chain length can be calculated as the simple average
and the ratio of the second to the first moment of the length distribution*!, respectively. (Figure
2-6B) As crosslinkers are replaced with TFKSs, the number average length of elastic chain segments

slightly increases while the length average decreases, resulting in lower dispersity.

Table 2-3 Compositions of models systems used in simulation. Each model system
matches the composition of a TFK or TTC resin of the same name, found in Table
2-1. a TFKs consist of a TTC with length 2 and two side chains with length 7.

Species | Monomer Crosslinker TTC TFK Initiator
Length 2 16 2 7+2+7 =162 0
System | Monomer Crosslinker  Initiator TFK TTC
TFKO 5000 5000 62 0 0
TFK5 5000 4750 62 250 0
TFK15 5000 4250 62 750 0
TFK25 5000 3750 62 1250 0
TTCO 5000 5000 62 0 0
TTC5 5000 5000 62 0 250
TTC15 5000 5000 62 0 750
TTC25 5000 5000 62 0 1250

83



Number of chains

5000 A A mm TFKO
mm TFK5
4000 - TFK15
B TFK25

3000 +
2000 -
1000 -

0 -
w O 5 10 15 20
.% Elastic segment length
°
et u
g®
2 e
1] 4 -
A 34 .-
f= ie TFK
5 -a -m- TTC
5, 32
c
L]
-
£ 30
©
S : . :
5 5 15 25
© TFK or TTC%
(=]

- 1.64

7.60 -

< z
-1.62 =

§ 7.55 g
T o
E F1.60 v
o °
g 7.501 F158 5
< g

7.45 - - 1.56

TFKO TFK5 TFK15 TFK25

800 - D B TFK5
v TFK15
‘© mm TFK25
< 600 A
o)
Y—
o
5 400 A
0
£
= 200 A

. IFTYEN NN
0 10 20 30 40

Kinetic chain length

Figure 2-6 Network properties from simulation. A) Histogram of the length

distribution of elastic segments in networks containing TFK. B) Average length

and length dispersity of elastic segments in networks containing TFK. Length

dispersity is defined as the quotient between the ratio of the second to the first

moment of the length distribution and the average length, similar to the way

dispersity is defined for molecular weight. C) Percentage of chain length trapped in

dangling chains (and not contributing to elasticity) for networks containing TFK or

TTC. Lower percentage mean less dangling chain ends. D) Histogram depicting the

distribution of kinetic chain lengths in networks containing TFK.

84



As normal CTAs introduce more chains into the system, we wondered if they would also introduce
a large number of dangling chain ends, which negatively impact the mechanical properties. The
total length of dangling chain ends is obtained by subtracting the length of all segments that are
crosslinked on both ends from the total length of all species. Less length in dangling chains
suggests that more chain segments are contributing to elasticity. As crosslinkers are replaced with
TFKs, we observed less chain length in dangling chains. (Figure 2-6C) In comparison, TTC resins
show increased amount of chain lengths in dangling chains. TTC, like TFK, creates more vinyl
chains through chain transfer and thus creates more chain ends. However, in a TFK resin the end
of most of the chains are the reactive side chain of the TFK. This lessens the chance of the chain
end becoming a dangling chain end as the TFK side chain can react and form a crosslink. Ina TTC
resin, the same number of chains are created, but as the end group of a TTC is unreactive, the large
number of chain ends are more likely to become dangling.

We also investigated the kinetic chain lengths of the vinyl chains formed during the polymerization
process. (Figure 2-6D) TFKS5, TFK15 and TFK25 resins displayed progressively shorter kinetic
chain lengths, with number average kinetic chain lengths decreasing from 19.5 for TFKS5 to 6.6
for TFK15 and on to 4.1 for TFK25. The kinetic chain length for TFKO could not be accurately
determined from this simulation, as the assumption of fast initiation and slow termination does not
hold for an uncontrolled FRP system as TFKO. However, previous literature*?#® has provided
experimental insight on similar systems which suggest the kinetic chain length for TFKO is at least
an order of magnitude higher. These results suggest that, while TFKO resin (and to a certain degree,
TFKS5 resin) can be envisioned as long polyacrylate chains being crosslinked by crosslinkers, in
TFK15 and TFK25 resins the polyacrylate chains are so short (with an average DP of 3 for TFK15
and 2 for TFK25) that they bear more resemblance to a network formed by condensation
polymerization. In a typical photopolymer resin with a high loading of crosslinkers compared to
monomers, stress concentrate on the vinyl chains due to the large number of crosslinkers attached
to them, but they cannot provide much elasticity due to the close proximity of crosslinkers along
the chain. The addition of TFKSs disperses these vinyl chains into smaller fragments and allows
them to move away from each other under stress, allowing stress to be distributed more evenly,

which explains the improved toughness of the TFK resins.
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2.2.6 Accelerated degradation of TFK resins

A major challenge faced by acrylic-based photopolymer resins is that, as they are thermosets, it is
difficult to process or otherwise degrade them at the end of their life cycles. While in theory the
ester bonds in acrylic resins are labile to solvolysis by a variety of nucleophilic solvents, the typical
high crosslinking density and low swellability of the resins disfavor solvent ingress. This limits
the concentration of solvent molecules inside the resin, thus disfavoring cleavage. In addition, as
the vinyl chains themselves are not susceptible to solvolysis, after cleavage they become high
molecular weight polyacrylate fragments which are slow to diffuse into solution, further hindering
the degradation process. We wondered if the shorter kinetic chains in TFK resins would facilitate
faster degradation, as they result in smaller fragments post-cleavage and may clear faster.
Moreover, the presence of TTC groups adds additional cleavable points that could facilitate further

network swelling.

5mm x 3mm x 2mm pellets of TFKO0 and TFK25 were cast and cured under previously described
conditions. The samples were subsequently immersed in a range of solvent mixtures as presented
in Table 2-5 and heated to 60°C. Gratifyingly, TFK25 pellets could be completely dissolved to
soluble products by a 1:1 mixture of a nucleophilic amine (such as piperidine and n-butylamine)
and a nucleophilic solvent (such as methanol) over 2-3 days, while TFKO pellets remained intact.
TFK25 samples remain intact in 100% methanol under the same conditions. TFK25 samples
immersed in 1:1 mixtures of n-butylamine and non-nucleophilic solvents (such as DMF and

chloroform) turn colorless and swell, but do not dissolve.
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Figure 2-7 Accelerated degradation of TFK resins in the presence of an amine. A)
Resin pellets cured with TFK resins are immersed in a 1:1 mixture of n-butylamine
and heated to 60°C and observed the course of 4 days. B) Weight loss and swelling

ratio of TFK resins during degradation.

Further degradation studies were carried out with pellets of TFKO, TFK5, TFK15 and TFK25
resins. The pellets were initially weighed dry and then submerged in a 1:1 mixture of n-butylamine
and methanol and heated to 60°C. One group of samples was taken out after each day, removed
from the solvent, rinsed 3 times with acetone, and weighed to obtain the wet mass. The samples

were then dried under vacuum until no change in weight was observed, at which point the dry mass
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was recorded. Swelling ratio is defined as the ratio between the wet and dry masses. Cleavage of
the trithiocarbonate occurs relatively fast (over 12 hours of immersion) as evidenced by the
disappearance of the yellow color, and the resin pellet is swollen into a gel. Resins with higher
TFK concentration swell faster. Degradation takes place over the next few days until the gel
collapses and eventually disappears. TFKO displays some swelling and weight loss but remains

mostly intact over the time period of observation.
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Figure 2-8 GPC traces of degradation residues. Scheme on the left depict proposed structures of
polymeric and small molecule degradation products. Figure on the right is the GPC trace of the
soluble products formed by the degradation of TFK resins. Gray arrow shows the shift of the

polymeric peak corresponding to the decreasing kinetic chain length.

As TTCs are labile to cleavage by aminolysis, and the acrylic crosslinkers are labile to cleavage
by alcoholysis, we hypothesized that, after complete cleavage of the resin, the only polymeric
residues that remain would be the vinyl chains formed during photopolymerization. Subjecting the
soluble residues of the degradation studies to GPC analysis (Figure 2-8), TFKO did not completely

88



degrade so the supernatant was used), we were able to observe a polymeric peak in all groups,
assumed to be the undegradable acrylates. Consistent with our simulation studies, the molecular
weight of this polymer peak decreases with increasing TFK incorporation, suggesting shorter
kinetic chains. In TFKO, its molecular weight was ~30kDa, consistent with previous studies in
similar systems. In TFK5 the molecular weight was ~3kDa, on the same order of magnitude as
suggested by our simulation. To our knowledge, this is the first report of a direct observation of

the modulation of kinetic chain length by CTAs in a photopolymer network.

While the shorter kinetic chains in TFK resins are likely to have played a role in their faster
degradation, the observation that both an amine and an alcohol need to be present for the
accelerated degradation to occur, and the fast cleavage of TTCs throughout the resins suggest that
the aminolysis of TTC plays an important role in accelerating degradation. While the low
concentration of solvent molecules within the network is not sufficient for the solvolysis of
acrylates to take place at any significant rate, the irreversible nature of TTC aminolysis means that
they can be cleaved much faster. The cleavage of TTC lowers the crosslinking density of the
network and allows it to swell, increasing the concentration of solvent molecules accessible to the
ester bonds, facilitating their cleavage. This further swells the resin and the degradation proceeds
at an accelerated rate until the entire resin is consumed. While TFK accelerates degradation by
facilitating solvent ingress in the presence of an amine, the specificity of this reaction means that
resistance to solvents under normal conditions is not compromised, as evidenced by the fact that

accelerated degradation is not observed in pure solvents.

2.3 Conclusion

In conclusion, a crosslinker bearing a CTA or "transferinker" (TFK) has been synthesized and its
effect in photopolymer resins was investigated through simulation and experiment. Simulation
suggests that TFKs have a positive effect on the mechanical properties of the resin by decreasing
the amount of dangling chains and preventing the formation of long vinyl chains. This agrees with
experiments which show that the introduction of TFKs can increase the toughness of the cured
resin by a significant margin at the cost of very little loss in modulus and ultimate tensile strength.

Such improvement in mechanical properties cannot be replicated by adding the same amount of
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unfunctionalized CTAs. In fact, the addition of unfunctionalized CTAs drastically reduce the
modulus of the material, possibly as a result of increased amount of dangling chain ends and the
dilution effect of the CTAs themselves. We also demonstrated that TFKs can be used as a drop-in
additive to modify the property of off-the-shelf acrylic formulations. In general, building CTAs
into crosslinkers could be a translatable strategy towards the introduction of CTAs into
photopolymer resins while avoiding significant detriment to mechanical properties. In addition,
the introduction of TTC-based TFKs also has the effect of accelerating the degradation of the cured
resin under specific conditions, by means of an altered network architecture that leaves lower
molecular weight fragments and the fast degradation of TTC. We believe this strategy is not limited
to TTC; the incorporation of fast-cleaving moieties could a represent a general approach for
accelerating degradation in densely crosslinked polymer network systems in which degradation is
limited by solvent diffusion.
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2.4  Experimental Section

24.1 General

Unless otherwise specified, all reagents are purchased from Sigma-Aldrich and used as received.
2-Hydroxyethyl acrylate is purchased from TCI and used as received. 'H NMR spectra were
recorded on Bruker Avance DRX 400 MHz NMR spectrometers at 22 °C. Signals are reported in
d units, parts per million (ppm), and were measured relative to residual solvent peak (CDCls: 7.26
ppm). Deuterated chloroform was purchased from Cambridge Isotope Laboratories. S,S"-bis(a., o
"-dimethyl- o"-acetic acid)-trithiocarbonate (BDMAT) was synthesized following a previously
described procedure.**

2.4.2 Synthesis of Di(2-(acryloyloxy) ethyl) 2,2'-(thiocarbonylbis(sulfanediyl))bis(2-
methylpropanoate) (TFKDA)

OSSO socl, Oss owosso/\,o
Lo e o e Eamndlle o o o Tarraghd a8 Sl O
S

Figure 2-9 Synthesis of model transferinker TFKDA

A 250 mL round bottom flask equipped with a reflux condenser and magnetic stirring is charged
with 10 g S,S"-bis (a,a"-dimethyl-a"-acetic acid)-trithiocarbonate (BDMAT, 35.4 mmol, 1 eq) and
50 mL SOCI; and heated to 60°C for 3 hrs. Excess SOCI. is removed via rotary evaporation (excess
1M NaOH solution is placed in the traps to neutralize the SOCI, and HCI) to give the acyl chloride
as an dark orange solid which is used without further purification. 10.3 g 2-Hydroxyethyl Acrylate
(88.5 mmol, 2.5 eq) and 58.5 g Triethylamine (531 mmol, 15 eq) are dissolved in 50 mL DCM in
a 500 mL round bottom flask equipped with magnetic stirring and cooled to 0°C with an ice bath.
The acyl chloride is dissolved in 50 mL DCM and added in dropwise at 0°C and the reaction is
stirred overnight at room temperature. The solvent is removed via rotary evaporation and the
residue is dissolved in ethyl acetate, washed 3x with water and extracted with ethyl acetate, dried

over anhydrous Na>SO4 and purified by column chromatography to give TFKDA as an orange oil
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(4.7 g, 28%). 'H NMR (400 MHz, Chloroform-d) 5 6.42 (dd, J = 17.3, 1.4 Hz, 2H), 6.12 (dd, J =
17.3,10.4 Hz, 2H), 5.85 (dd, J = 10.5, 1.4 Hz, 2H), 4.42 — 4.26 (m, 8H), 1.65 (s, 12H).

2.4.3 Synthesis of Di(2-(methoxy) ethyl) 2,2'-(thiocarbonylbis(sulfanediyl)) bis(2-
methylpropanoate) (TTCDG)

o o DEAD, PPh, 0 o
HOJJ><S“n’S7€LOH + \o/\,OH T ,0\/\OJJ><ST],S7€LO/\/O\
s s

TTCDG
Figure 2-10 Synthesis of model RAFT agent TTCDG

A three-necked round bottomed flask equipped with a stirring bar and a nitrogen inlet is charged
with 5 g BDMAT (17.5 mmol, 1 eq) and 16.2 g triphenylphosphine (61.2 mmol, 3.5 eq) and
subsequently purged with nitrogen for 30 minutes. 7 g 2-Hydroxyethyl acrylate (62 mmol, 3.5 eq)
and anhydrous tetrahydrofuran (100mL) were added to the mixture. The flask is cooled to 0°C
with an ice bath. A 40% solution of diethyl azodicarboxylate (28 mL, 62 mmol, 3.5 eq) in toluene
was added dropwise. The solution was stirred at room temperature overnight (16 h) and
subsequently at 40 °C for 3 hours. It was then diluted with DCM and washed twice with saturated
aqueous NaHCO3 solution, extracted with DCM and dried over anhydrous Na2SO4 and purified
by column chromatography to give TTCDG as an orange oil (3.6g, 50%). *H NMR (400 MHz,
Chloroform-d) 6 4.40 — 4.00 (m, 4H), 3.60 — 3.55 (m, 4H), 3.36 (s, 6H), 1.67 (s, 12H).

2.4.4 FTIR study of conversion

FTIR is performed on a Bruker ALPHA 1l FTIR Spectrometer. A 1mm thick shim plate with a
5mm diameter hole in the middle is placed over the ATR crystal. The hole is filled with resin to
ensure thickness of the resin puck. The FTIR spectrometer is programmed to perform an
acquisition every 60s. A 30W 405nm LED array is placed 130mm above the setup and turned on
after the first two acquisitions are completed. The relative amount of acrylates in the resin is
obtained by comparing the intensity of the vinyl C=C peak at 1635cm to the aromatic C=C peak
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at 1610cm™*. Assuming conversion to be 0 before irradiation, and the aromatic C=C peak does not

change in intensity, conversion at a subsequent time point can be calculated:*
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Figure 2-11 Acrylate conversion with irradiation time for TFK resins at 405nm and
1.95mw/cm?,

The resins are molded into dogbones in a machined PTFE mold. Dimension of the dogbones are
shown in Figure 2-12. Curing is accomplished by placing the mold under the center of a 30W
405nm LED array. Distance between the top of the mold and the LED array is 130mm. Light

intensity of the setup is measured to be 1.95mW/cm?. The samples are cured for 2h under the LED
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lamp, before undergoing post cure in a Formlabs Form Cure enclosure with 405nm irradiation at
60°C for 10 hours.

!
%8 2
o, e &

Figure 2-12 Dimension of dogbones used for mechanical testing. Units are in mm.

2.4.5 Mechanical testing

Mechnical testing is performed on an Instron 8848 MicroTester. Dogbone samples were tested to
failure at room temperature at a rate of 1mm/min to obtain a stress-strain curve. 25 Samples are
prepared and tested for each formulation. Modulus is measured by the slope of the stress-strain
curve in the initial linear range. Toughness is measured by integrating stress against strain up to
the point of failure. Elongation at break is defined as the strain at point of failure. Maximum tensile
strength is defined as the value of stress at yield point.

2.4.6 Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis was carried out in triplicate on a TA Instruments DMA Q800 in
tensile mode. A TA Instruments Liquid Nitrogen Purge Cooler (NPC) was used for samples which

required low temperature measurements.

DMA samples are Imm*2.5mm*18mm bars cast in a PTFE mold. Irradiation and post-curing

conditions are the same as in dogbones.
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Temperature sweeps were conducted from a total range of 0 °C to 220 °C at a heating rate of
3 °C/min (note: sample runs with higher crosslink density were initiated at temperatures up to
50 °C, and sample runs of lower crosslink density were terminated as low as 180 °C). A preload
force of 0.01 N and 125.0% force tracking was applied during the measurements. Strain was
applied at a frequency of 1 Hz. Unless otherwise indicated, glass transition temperatures were
estimated from the average global maxima in tan (0) peaks across triplicate runs. Molecular weight

between crosslinks are calculated with the following formula:

Erubbery

M. =
¢ 3RT

Where Erubnery is taken as the storage modulus at 110°C, well above the glass transition temperature.

The addition of TFK resins does not introduce a significant change in T4 of the network (Figure
2-13A), although at higher incorporations TFK still shows some plasticization effect, likely due to
the fact that, despite similar in molecular weight, TFKDA is more flexible and less bulky as
BPAEDA it replaces. This is also reflected in the network homogeneity in Figure 2-13B. TFK
inherently improves the network homogeneity, however at higher incorporations the dichotomy

between the BPAEDA and TFKDA chains start to offset the improvement in homogeneity.
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Figure 2-13 Thermomechanical data of TFK resins obtained from DMA. A) Glass
transition temperature. B) FWHM of the tand peak, reflecting homogeneity of the
network. C) Glassy modulus. Storage modulus at 20°C was used. D) Molecular

weight between crosslinks.
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2.4.7 3D printing

Models for 3D printing are designed in Solidworks 2017, exported as .stl files and sliced with
Chitubox 1.6.5 software. 3D printing is performed on an Elegoo Mars Pro 3D printer. Post cured
using a Formlabs Form Cure enclosure. Images are recorded using a Sony A7R Il camera with a
Tokina AT-X 90mm 2.5 Macro lens.

Printing parameters for resins are as shown in Table 2-4:
Table 2-4 Printing parameters for different resins. a. The first few layers are

generally irradiated for longer time to ensure adhesion to the build plate. b. Per
manufacturer recommendations.

Cure time for Cure time for Layer
Resin first 5 layers subsequent layers height Post cure
(s)? (s) (mm)
TFKO 100 40 0.05 60°C 10nat
405nm
TFKS 120 40 0.05 60°C 10nat
405nm
Elegoo Standard 40°C 1min at
White (ESW) 60 8 0.05 405nmP
ESW with 5% 40°C 1min at
TFKDA 00 18 0.05 405nm
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Figure 2-14 Models printed using commercial resin doped with TFKDA. A)

Submarine model printed with unmodified Elegoo Standard White Resin (left) and
resin doped with 5% wt TFKDA (right). The doped resin shows a distinctive
yellow color. Compared to the unmodified resin, the doped resin is capable of
reproducing similar resolution, but requires longer irradiation times and has a
steeper overhang threshold (see sail part of submarine). B) A snap-fit toy printed
with doped resin. A nickel coin (Diameter 17.91mm) shown for scale. The model

is available at https://www.thingiverse.com/thing:90265
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2.4.8 Numerical Simulation

The simulation code is written in Python and hosted at:

https://github.com/johnsongroupmit/Network simulation.

It takes the following parameters, which are listed in the current_parameters dictionary:

repeats: The program repeats simulation for a set number of times and average the results.

conversion: The simulation terminates when the desired monomer conversion is reached.

Repeat_unit_length, crosslinker_length, TTC length, TFK_TTC length, TFK_ arm_length:
gemoetry of different kinds of species.

monomer_number: Total number of polymerizable functional groups. This includes functional
groups contained in crosslinkers. For example, in a system of 2000 monofunctional monomers and
4000 difunctional crosslinkers, the monomer_number will be 10000.

crosslinker_number: Number of difunctional crosslinkers.

TTC_number: Number of trithiocarbonate objects without reactive end groups.

TFK_number: Number of transferinker objects with reactive end groups.

initiator_number: number of initiators

k_transfer_to_ttc and k_transfer_to TFK: Chain transfer constant of the AFCT agent. For

tritiocarbonates in acrylic systems, the number is set as 220. In practice, setting these at any value

higher than 20 yields very similar results. The larger the values are, the slower the simulation is.
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rland r2: Reactivity ratios as defined in the Mayo-Lewis reaction. They are not used for the scope
of this paper and set as 1 at all times. All monomers are initiated with attribute kind = 1, meaning
they are M1 in the Mayo-Lewis equation. If one wishes to change a certain kind of molecule M2,
do so at the end of the definition of initiation() function. An example is given in the code comments.

As an output, the program prints the number and weight average molecular weight between
crosslinks, the total number of elastic segments, and the total molecular weight contributing to

elasticity. It also plots a histogram of elastic segment lengths and exports the data to an Excel file.

|Initiation()|

|

Simulation()| y , | Chain_grow()| c1a

Conversion > 0.8? Monomer or CTA?

Y Monomer
Propagation |

Data Chain Transfer

Chain

[Mw_bw_XLink Calc() |

Figure 2-15 Flowchart depicting the relationship between important functions in

the simulation program
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2.4.8.1 Algorithm overview

Figure 2-15 shows an overview of the algorithm. The process shown is repeated for a set number

of times and the results are aggregated to minimize statistical fluctuation.

Initiation(): This function runs at the start of each simulation. It generates monomer, crosslinker,
TTC, and TFK objects. Next it allocates monomers to crosslinkers and TFKs by updating the
"parent” attribute of a monomer and the "monomer1" or "monomer2" attribute of the parent object.
Chains are created next. One active chain is created for each initiator, with the initiator as the
"head" attribute of the chain. Two inactive chains are created for each TFK or TTC and

associations are made accordingly by updating the corresponding attributes in both objects.

Simulation(): The simulation() function manages the propagation process until a set conversion is
reached. It creates a combined list of monomers, TTCs and TFKSs called "molecule_list" which
represent all the species an active chain end can possibly react with. It picks an active chain at
random and passes it on to the chain_grow() function. It will continue picking active chains until
conversion reaches the set value at which point it exits and passes all the data to the
Mw_btw_Xlink_Calc() and MW __calculator() function.

Chain_grow(): The chain_grow() funtion determines the fate of a chain in a reaction step. first it
loops through all the members of the molecule_list and creates a probability map of the chain end
reacting with each member of the molecule_list, depending on the identity of the member and of
the chain end. Typically, a monomer would be assigned 1 and a TFK or TTC would be assigned
their chain transfer constant. Then it performs a weighted random pick from the molecule_list
based on the probability map. If a monomer is picked, it would be appended to the chain, marked
as reacted, and dropped from the molecule_list. If a TFK is picked, the current chain is deactivated
and appended to the TFK, and a random chain on the TFK is activated. TTCs are treated in the

same way.
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The process of generating a weight map for each cycle of the chain growth is computationally time
consuming, but it allows new species with different reactivities to be easily modelled in the future.

A chain_grow_alt() is provided which runs faster but is limited to a monomer-TFK system.

Mw_btw_Xlink_Calc(): This function calculates the molecular weight between crosslinks. First, it
identifies crosslinking points. If both ends of a crosslinker are reacted, they are both crosslinking
points. For chains that are originally part of a TFK, which means they have a monomer in the
beginning, the monomer is a crosslinking point if it is reacted. Then, it loops through all the chains
and adds the length all the monomers and TFK side chains between two adjacent crosslinking
points on a chain to obtain the lengths of elastic segments along the vinyl backbones (which are
what the chain objects represent). Unreacted or partially reacted crosslinkers are not counted, nor
are monomers at the end of a chain that is not attached to anything. Finally, the lengths of
crosslinkers, TTCs and TFKs are considered to give the final distribution of elastic segments. The

number average and weight average length of these segments can also be calculated.

MW _calculator(): This function calculates the length of each chain to give the distribution of

kinetic chain lengths.

2.4.9 Degradation studies

emm*4mm*2mm pellets of resin are cured as previously described and placed in 2 mL
autosampler vials. The vials are filled with a 1:1 mixture of n-butylamine and Methanol and placed
on a hotplate heated to 60°C. The degradation process is optically monitored using an Olympus E-
M1 camera with a Canon FD 50mm 3.5 SSC Macro lens.

For gravimetric studies, resin pellets are cured as previously described and weighed. Degradation
samples are prepared in triplicates for each time point. At each time point, solvent is removed by
decantation (or filtering if the sample is broken into small pieces) and the insoluble content is
weighed to obtain the wet mass. The insoluble content is then placed under vacuum at 40°C and

weighed daily until no further change in mass is observed. The final mass of the dried sample is
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the dry mass. Weight loss is obtained by comparing the remaining dry mass with the original mass

of the sample. Swelling ratio is defined as the ratio between the wet mass and dry mass.

For gel permeation chromatography (GPC) measurements, the degradation residue is filtered to

remove any insoluble content. Solvent is removed in vacuo and the remaining residue is dissolved

in CHCI3 and filtered through a 0.2um syringe filter to prepare a GPC sample.

Table 2-5 Screening of degradation conditions. Sample pellets are immersed in

solvent mixtures, heated to 60°C and observed over the course of 7 days.
Abbreviations used: MeOH (methanol); n-BuA (n-butylamine); EtOH (ethanol);
DMF (N, N’-dimethylformamide); MeCN (acetonitrile); CHCIs (chloroform); TEA

(triethylamine). a. Unless otherwise specified, solvent mixtures are 1:1. b. 100% n-

Butylamine. c. “Degraded” means no insoluble mass is observable.

Solvent Mixture?

Resin Formulation

TFKO TFK25
MeOH / n-BuA Unchanged Degraded in 4 days®
MeOH / Piperidine Unchanged Degraded in 4 days®
EtOH/ n-BUA Unchanged Degraded in 4 days®
n-BuAP Unchanged Degraded in 6 days®
MeOH Unchanged Unchanged
DMF / n-BuA Unchanged Colorless, broken
MeCN / n-BuA Unchanged Colorless
CHCIs3 / n-BuA Unchanged Colorless, broken
TEA/n-BuA Unchanged Colorless
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2.4.10 Gel Permeation Chromatography (GPC)

GPC measurements were performed on a Tosoh Ecosec HLC-8320 GPC system with three TSKgel
Super HZ columns (SuperHZ 4000, SuperHZ 3000, SuperHZ 2500) in tandem at 40°C and a flow
rate of 0.6mL/min with Chloroform with 0.75% Ethanol as the mobile phase. Molecular weight
determination is performed by calibrating the elution curve in dRI against a calibration curve
obtained with Agilent EasiCal PS-2 standards.

2.4.11 Degradation studies of 3D printed samples

Rectangular blocks with printed letters are printed with TFKO and TFKS5 resins and submerged in
a 1:1 mixture of n-butylamine and Methanol and heated to 60°C. Images are recorded using a Sony
ATR Il camera with a Tokina AT-X 90mm f2.5 Macro lens.

Day0 Day5 Day8

Figure 2-16 Degradation of samples printed with TFKO and TFKS5 resins. The
TFKG5 sample swells and degrades faster than the TFKO sample. The TFKO sample
fractured on day 2 due to uneven swelling, typical of large 3D printed objects. On
day 4 TFK5 sample is completely degraded, while TFKO sample largely remains

intact.
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2.5 Supplements
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Figure 2-18 3C-NMR of BDMAT in CDCl3
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13C NMR (101 MHz, Chlorofora) 218.48, 172.77, 70.15, 65.02, 59.01, 56.06, 25.11.
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Chapter 3 In-situ Generation of
Trithiocarbonate RAFT Agents with a

Spirocyclic Precursor
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3.1 Introduction

2,2'-(Carbonothioyldisulfanediyl) bis (2-methylpropanoic acid) (BDMAT) is a common precursor
to synthesizing a variety of functionalized trithiocarbonate RAFT (TTC) agents. Its carboxyl
groups provide reaction handles for attaching a variety of desired end groups via coupling reactions
that produce an ester or amide linkage. However, all reported modification of BDMAT to date is
achieved by transforming the diacid into an acyl chloride! or via the Mitsunobu reaction?. Treating
BDMAT with coupling agents such as EDC results in the complete conversion of BDMAT into a
side product that does not react further with alcohols. The isolation of this compound was first
reported by Lewis and co-workers.2. A cyclic anhydride structure was proposed, as shown in
Figure 3-1. While the proposed structure agrees with the molecular weight obtained through mass
spectrometry, the highly symmetric structure is not consistent with the reported *H-NMR spectrum,
which displays four discrete peaks, indicating that the four methyl groups in the molecule are in

distinct chemical environments.

3.2 Results and discussion

BDMAT was subjected to a variety of conditions and coupling reagents (vide infra), all of which
resulted in the same side product Sp, as observed by TLC and LC-MS. The product can be readily
purified with flash column chromatography and is a white solid. The *H-NMR spectrum and MS

is identical to the side product reported by Lewis and co-workers.

All of the attempted coupling reagents transforms the carbonyl group on BDMAT into an activated
ester. Attack on the activated ester by the other carbonyl results in the proposed cyclic anhydride
structure. We proposed a different mechanism in which the sulfur atom on the TTC group acts as
the nucleophile as shown in Figure 3-1, resulting in a proposed spirocyclic structure.
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Figure 3-1 A) Reaction conditions that yields Sp. B) Proposed structure for Sp in
literature® and proposed reaction mechanism for its formation. C) Proposed

structure and mechanism in this work. D) *H-NMR spectrum of Sp in CDCls

We obtained a single crystal of the compound and resolved its structure with X-Ray
crystallography (Figure 3-2). The crystallographic structure agrees with the proposed spirocyclic
structure. The simulated powder X-Ray diffraction (PXRD) spectrum of the compound based on
the single crystal X-Ray diffraction data matched well with PXRD data obtained experimentally.
This is further corroborated by the IR spectrum of the spirocyclic structure predicted from DFT
calculations, which matches very well with the FTIR spectrum of the compound obtained
experimentally (Figure 3-11). The simulated IR spectrum of the cyclic anhydride structure does

not match the experimental spectrum (Figure 3-12).
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Figure 3-2 A) ORTEP representation of Sp. Ellipsoids are plotted at the 50%
probability level. Hydrogen atoms removed for clarity. B) Simulated and
experimental powder diffraction pattern of Sp.

The spirocyclic structure contains a reactive thioester group and is strained so we hypothesized
that it can be ring opened with a suitable nucleophile to regenerate a TTC. We attempted to treat
it with a variety of alcohols and amines. Generation of TTCs can be detected by monitoring the
characteristic n-n* transition of TTCs at around 464nm. Sp reacts readily in the presence of a
primary amine. Secondary amines react very slowly. Alcohols did not react at all under conditions
tested.

An issue with primary amines is that once they generate the TTC, they will proceed to also attack
the central carbon atom of the newly formed TTC, resulting in aminolysis of the TTC. A
dithiocarbamate is formed first, which can be subsequently attacked by another equivalent of
amine for form a thiourea. *H-NMR experiments(Figure 3-13) suggest the generation and the
degradation of the TTC occur simultaneously. In addition, as the TTC generated has a carboxyl
end group, some amines can be expected to be consumed by acid-base reactions as well. To find
optimal conditions for generating TTCs, we treated Sp with different equivalents of dodecylamine
and monitored the reaction with UV-Vis over the course of 3 days. Dodecylamine is chosen for its
low volatility. The reaction between dodecylamine and Sp occurs almost instantaneously.
However, if an excess of dodecylamine is used, the concentration of TTC will decrease over time,

indicating degradation. By measuring the absorption by known concentrations of BDMAT, a
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structurally similar TTC compound, a calibration curve can be established to estimate the

concentration of trithiocarbonate generated.

Next we sought to determine if the generated trithiocarbonate can be used to regulate RAFT
reactions.*’ In a system with methyl acrylate(MA) as the monomer and azobisisobutyronitrile
(AIBN) as the initiator, adding Sp and dodecylamine in place of a RAFT agent leads to lower
molecular weight and low dispersity compared to uncontrolled free radical polymerization. In fact,
molecular weight and dispersity control is similar to those obtained using a coventional
trithiocarbonate RAFT agent under the same conditions. No control is observed in the absence of
either Sp or the amine, as both the molecular weight and dispersity are nearly identical with
uncontrolled polymerization. The degradation of TTC also generates dithiocarbamates and
thioureas. Thioureas are not known to be capable of mediating RAFT activities. Although
dithiocarbamates are known RAFT agents, those without stabilizing groups on the nitrogen atom
(such as N,N-dialkyldithiocarbamates) have been shown to have very low transfer constants for
acrylate monomers.® The monoalkyl ditiocarbamate generated here with a primary amine is even
less stabilized and can therefore be expected to have even less RAFT activity. As such, the only

possible species that is capable of controlling polymerization is the TTCs that are generated.

Although low dispersities can be achieved at lower molecular weights, attempts to synthesize
higher molecular weight polymers lea to a rapid increase in dispersity. While this is an inherent
drawback for many RAFT systems, we hypothesize that at elevated temperatures, the amines may
be continuing to degrade trithiocarbonates, leading to irregular chain lengths. The presence of
thiols may also negatively influence dispersity. However, these drawbacks can be overcome in
future work by further optimization of the conditions, such as controlling the equivalents of amine
added, or neutralizing the excess amines after the ring opening process, or using a photoinitiator

to run the reaction at ambient temperature.
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Figure 3-3 A) Proposed reaction pathway for the ring opening and aminolysis of
Sp. B) UV-Vis spectrum of Sp and reacting Sp and leq of dodecylamine. C) The
generation and degradation of trithiocarbonates by reacting Sp with dodecylamine,

as followed by UV-Vis absorption at 464nm.

Aside from low dispersities, other advantage of controlled radical polymerization are its ability to
keep chain ends alive for reinitiation, and its control over chain end functionalities.® These
properties enable the synthesis of block copolymers and telechelic polymers. In the case of RAFT
using TTCs, the R group that flanks the TTC determines the chain end functionality of the resulting
polymer. However, if a series of polymers with diverse chain end modifications is desired, one
either needs to conduct divergent post-polymerization modification, which can be inefficient, or a

different kind of TTC needs to be synthesized for every modification, which can be tedious.
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Table 3-1 Reaction conditions to demonstrate control over free radical
polymerization by ring opening Sp with dodecylamine (DdcA), and the number
average molecular weight and dispersity of the resulting polymers. a. 2-
(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DMAT) used as positive
control. Its equivalent was calculated from concentration of trithiocarbonate

generated in Sp-DdcA systems, determined via colorimetry.

AIBN Sp DdcA MA Mn D
0.06 1 1.2 30 2679 1.14
0.06 0 1 30 6997 1.65
0.06 1 0 30 6672 1.65
0.06 0 0 30 6762 1.57
0.06 DMAT 0.3eq? 30 4132 1.14

As Sp readily generates a TTC in-situ with the amine attached to one of its R groups, TTCs with
different end groups can be generated simply by varying the amine used. As the TTC end groups
determine the end functionality of the polymers synthesized, we wondered if Sp could be used as
a precursor to quickly generate polymers with desired end functionalities. To demonstrate this, we
used 4-Fluorobenzylamine(4-FBA) to ring open Sp, and to control the polymerization of 2-
methoxyethyl acrylate (2-MEA) with AIBN as the initiator. 4-fluorobenzylamine was chosen as
its presence on polymer chain ends can be detected with °F NMR. Due to its weaker
nucleophilicity compared to dodecylamine (DdcA), 4-FBA takes longer to fully react with Sp,
thus the reaction is allowed to sit at room temperature for 30min before being heated. After
polymerization and precipitation in ether, 4-FBA can indeed be detected in the purified polymer,
indicating successful chain end functionalization. When treated with additional monomers and
initiators, the polymers are able to reinitiate and undergo chain extension to achieve higher

molecular weight, and 4-FBA can still be detected in the purified chain extended polymer.
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Figure 3-4 (A) GPC trace of poly-MEA macroinitiators prepared by reacting 4-
FBA with Sp, before and after chain extension. (B) *°F-NMR of 4-FBA and poly-
MEA macroinitiators before and after chain extension.

3.3 Conclusion

In conclusion, we have isolated and identified a new spirocyclic compound that is generated upon
treating BDMAT with certain coupling reagents. Its structure was elucidated with X-Ray
crystallography. It can be ring opened in-situ with nucleophilic amines to give a trithiocarbonate
that is capable of mediating RAFT polymerization. This strategy opens up the possibility of adding
logical control to polymerization processes through the presence of amines. In addition, a diverse
library of TTCs can be readily generated by using different kinds of amines, which leads to facile
divergent synthesis of polymers with diversified end group functionalities. The new compound is
easy to prepare in large scales and stable under ambient conditions, lending itself to be a potentially

useful reagent in polymer synthesis.
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3.4 Experimental Section

3.4.1 General

Unless otherwise specified, all reagents are purchased from Sigma-Aldrich and used as received.
Azobisisobutyronitrile was recrystallized from methanol before use. Methyl acrylate(MA) and 2-
Methoxyethyl acrylate (2-MEA) were run through a plug of neutral alumina to remove inhibitors
prior to use. *H NMR and *C NMR spectra were recorded on Bruker Avance DRX 400 MHz
NMR spectrometers at 22 °C. Signals are reported in ¢ units, parts per million (ppm), and were
measured relative to residual solvent peak (CDCls: 7.26 ppm). Deuterated chloroform was
purchased from Cambridge Isotope Laboratories. UV-Vis measurements were taken on an Implen
NP80 NanoPhotometer using Firefly Scientific screw cap cuvettes with 10mm light path. Gel
Permeation Chromatography (GPC) measurements were performed on a Tosoh Ecosec HLC-8320
GPC system with three TSKgel Super HZ columns (SuperHZ 4000, SuperHZ 3000, SuperHZ 2500)
in tandem at 40°C and a flow rate of 0.6mL/min with Chloroform with 0.75% Ethanol as the
mobile phase. Molecular weight determination is performed by calibrating the elution curve in dRI

against a calibration curve obtained with Agilent EasiCal PS-2 standards.

3.4.2 Synthesis of S,S"-bis(a,a'"-dimethyl-a'*-acetic acid)-trithiocarbonate (BDMAT)

S,S"-bis(a,a"-dimethyl-a"-acetic acid)-trithiocarbonate (BDMAT) was synthesized following a

previously described procedure.

3.4.3 Attempted coupling reactions with BDMAT

250 mg BDMAT (0.89 mmol, 1 eq), 255 mg 4-Penten-1-ol (3.54 mmol, 4 eq) and 57 mg DIPEA
(0.44 mmol, 0.5 eq) are dissolved in 5mL anhydrous THF and cooled to 0°C. 510 mg N-Ethyl-N'-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI, 2.66 mmol, 3 eq) is dissolved
in 5mL anhydrous THF and added dropwise to the reaction. Immediately upon addition of EDC-

HCI the reaction mixture turned from yellow to colorless. The only isolable product is Sp.
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The reaction is repeated in dichloromethane (DCM), acetonitrile, acetone and dimethylformamide
(DMF) with identical result. Using 4-dimethylaminopyridine (DMAP), triethylamine (TEA) or not
using a base at all does not change the outcome. Running the reaction at room temperature or not
adding an alcohol also yield the same product. Using N,N’-Dicyclohexylcarbodiimide (DCC) or
HBTU also yields the same product.

Interestingly, upon treating BDMAT with oxalyl chloride and catalytic amounts of DMF at 0°C
the reaction mixture also turned colorless, indication the formation of Sp, but upon warming up to
room temperature the reaction mixture turned orange the desired ester product can be recovered,
suggesting that Sp is a kinetically favored product and is susceptible to ring opening by ClI" to
regenerated the acyl chloride.

3.4.4 Synthesis of Sp

1 g BDMAT (3.55 mmol, 1 eq) is dissolved in 40 mL anhydrous THF and cooled to 0°C. 1.02 g
N-Ethyl-N'-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI, 5.31 mmol, 1.5 eq)
is added to the reaction. Immediately upon addition of EDC-HCI the reaction mixture turned from
yellow to colorless. The reaction is warmed to room temperature and allowed to stir overnight.
The reaction is then concentrated with rotary evaporation and redissolved in 200mL DCM, washed
three times with water and once with brine, before being dried over anhydrous Na>SOa. Sp is
purified with flash column chromatography in 1:19 EtOAc-Hexane as a white crystalline solid
with 75% yield. *H NMR (400 MHz, Chloroform-d) § 1.88 (s, 1H), 1.76 (d, J = 3.1 Hz, 2H), 1.60
(s, 1H). C NMR (101 MHz, Chloroform-d) & 67.19, 53.78, 30.28, 28.56, 27.82, 23.50.
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Figure 3-5 *H NMR (400 MHz, CDCls) of Sp
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Figure 3-6 *C NMR (101 MHz, CDClIs) of Sp in CDCls
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3.45 2D NMR of Sp
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Figure 3-7 *H-13C HMBC NMR spectrum of Sp
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Figure 3-8 'H-13C HSQC NMR spectrum of Sp
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3.4.6 Fourier Transform Infrared Spectroscopy(FTIR)

FTIR is performed on a Bruker ALPHA Il FTIR spectrometer equipped with a Platinum ATR

module.
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Figure 3-10 FTIR spectrum of Sp powder

3.4.7 DFT Calculations

DFT calculations were performed using Spartan 14. A conformer search is first performed with
PM6. Geometry optimizations and frequency calculations were both performed with DFT to
B3LYP/6-31G(d) level. The spirocyclic structure is predicted to have only one conformer, the
predicted IR and *H-NMR spectra of which matched very well with those obtained experimentally.
Conformation search of the cyclic anhydride structure yielded 4 conformers. All of them were
predicted to have one peak in *H-NMR, and their predicted IR spectrum did not match that of the

experimental.
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Figure 3-11 Energy minimized geometry and predicted *H-NMR and FTIR spectra

of the proposed spirocyclic structure

"H NMR FTIR

Figure 3-12 Energy minimized geometry and predicted *H-NMR and FTIR spectra

of the proposed cyclic anhydride structure
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3.4.8 'H-NMR Study of ring opening products

25 mg Sp (0.088 mmol) and 9.5 mg (0.088 mmol) benzylamine were each dissolved in 0.3mL
CDCI3 and mixed in an NMR tube. A *H-NMR spectrum is taken immediately upon mixing and
then after 5h. *H-NMR shows complete consumption of benzylamine. Two new species were

observed and their proposed structures are shown in Figure 3-10.

Methyl

"H-NMR in CDCl, l t=5h

l o” 0 Si’
Benzyl 11
! [ CDCl,, RT

) o WL

t=0 Hoﬁxsysxolu’\(;

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 3-13 'H-NMR monitoring of the reaction between Sp and benzylamine.
Orange arrows indicate unreacted Sp. Green arrows indicate newly formed ring

opening product. Red arrows indicate newly formed degradation product.

3.4.9 Kinetic UV-Vis study of ring opening reaction of Sp by Dodecylamine

51.6 mg (0.2 mmol, 1 eq) Sp and 44 uL (0. 2 mmol, 1 eq) dodecylamine are separately dissolved
in 1.5 mL THF and mixed in a UV cuvette. Absorption at 464nm is monitored to quantify the

generation of TTCs.
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Figure 3-14 Kinetics of TTC generation by reacting Sp with DdcA, as monitored
by UV-Vis absorption at 464nm.
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Figure 3-15 Calibration curve of UV absorption against concentration of BDMAT

3.4.10 General procedure for RAFT reactions of MA

A 4mL vial is equipped with a magnetic stirbar and charged with 1 mg AIBN (0.006 mmol, 0.06
eq) and 26.4 mg Sp (0.1 mmol, 1 eq). 1.5 mL THF was added to dissolve the solids. 271uL (3
mmol, 30 eq) MA was then added. 22.2 mL (0.12 mmol, 1.2 eq) Dodecylamine was added last.
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The mixture was freeze-pump-thawed for three cycles, let stand for 5min at room temperature for
the amine to fully react with Sp at which point the mixture turns from colorless to yellow. The
mixture was then heated at 70°C for 2h after which crude samples were taken and analyzed with
GPC.

Absorption at 464nm

0 1000 2000 3000 4000 5000 6000 7000

time(s)
Figure 3-16 Kinetics of trithiocarbonate generation by reacting Sp with 4-FBA, as
monitored by UV-Vis absorption at 464nm.

3.4.11 Synthesis of MEA macroinitiator

A 40mL vial is equipped with a magnetic stirbar and charged with 4.92 mg AIBN (0.03 mmol,
0.06 eq) and 132mg Sp (0.5 mmol, 1 eq). 7.5mL THF was added to dissolve the solids. 3.2mL (25
mmol, 50 eq) MEA was then added. 75mg (0.12 mmol, 1.2 eq) Dodecylamine was added last. The
mixture was freeze-pump-thawed for three cycles, let stand for 30min at room temperature for 4-
FBA to fully react with Sp at which point the mixture turns from colorless to yellow. The mixture
was then heated at 70°C for 2h after which the reaction mixture is precipitated in 500mL cold
diethyl ether three times. MEA macroinitiator was yielded as a slightly yellow oil. The
macroinitiaor was analyzed by GPC to have an My of 6kDa and dispersity of 1.50.

137



3.4.12 Chain extension of MEA

A 40mL vial is equipped with a magnetic stirbar and charged with 260 mg MEA macroinitiator
(0.4 mmol, leq), 282 mg MEA (2.2 mmol, 55 eq) and 0.7 mg AIBN (0.00 4 mmol, 0.1 eq) and
dissolved in 7.5mL THF. The mixture was freeze-pump-thawed for three cycles and then heated

at 70°C for 2h after which the reaction mixture is precipitated in 100mL cold diethyl ether three

times. Chain extended MEA was yielded as a slightly yellow oil, with M, of 10kDa and dispersity
of 1.27.
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Chapter 4 Design, Synthesis, and 3D
Printing of a Photoswitching Polymer

Metal-Organic Cage Gel

140



4.1 Introduction

Materials chemists have relied on the incorporation of dynamic bonds that can be controlled
through a specific external stimulus (e.g., light, force, heat, electricity) to give rise to a host of
novel “stimuli-responsive” materials with properties that could be altered to achieve a desired
function.’ 6 These dynamic bonds, however, are often binarily actuated by this stimulus, resulting
in two-state materials that return to the initial state upon the removal of the stimulus. Recently, a
new concept has emerged for polymer network design wherein supramolecular interactions are
leveraged to produce materials that reversibly switch topological structure in response to a given
set of stimuli and that are subsequently stable in each state upon removal of the stimulus.t’!8 For
example, by using photo-switchable dithienylethene-based polymer ligands to link Pd-based
metal-organic cages (MOCs), a “polyMOC” material capable of alternating between PdsLe and

Pd24L4s topological states with different static and dynamic mechanical properties was reported.®

Herein, we introduce polyMOC gels derived from Cu(ll) and polymer strands with m-
benzenedicarboxylate (m-BDC = L) termini (e.g., 4 PL, Figure 4-1A). A combination of
small/wide-angle X-ray scattering (SAXS/WAXS), UV-vis absorption, rheology, and simulation
experiments supported a polyMOC network structure composed of high branch functionality MOC
junctions interconnected by flexible polymer strands. In particular, the high branch functionality
of these polyMOCs leads to mechanically robust materials with MOC junctions that can be
modularly functionalized without impacting the mechanical properties of the material. Leveraging
this unique aspect of the polyMOC topology,*® we demonstrate the installation of coumarin-based
m-BDC ligands (CL) that, in the presence of a photosensitizer and a hydrogen atom donor,
facilitate controlled reduction of the Cu centers within the MOC junctions of the material, thereby
enabling photoswitching between three distinct redox states (Cu(ll), Cu(l), and Cu(0)) that each
display dramatically different mechanical, optical, catalytic, and electronic properties (Figure
4-1B). We utilize this material to introduce a fundamentally new way to form interpenetrating
networks, in this case a “metal-organic cage interpenetrating networks” (MINs), by leveraging the
Cu(l) polyMOC functional state to catalyze the formation of a covalent network and subsequent
switching back to the Cu(ll) state to reform a polyMOC. The resulting MIN has >100-fold
increased toughness compared to the polyMOC and the covalent network alone. Moreover,
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because this process is photoinduced, we can leverage the mechanical robustness and dynamics of
the polyMOC to 3D pattern and print MINs of arbitrary shape, addressing a major challenge in the
field of 3D printing of gels.

4.2 Results and Discussions

4.2.1 Synthesis and properties of Cu-based polyMOCs (s-Gel)

When PL was combined with m-BDC in a 1:3 ratio with respect to m-BDC groups (each PL
contributes 4 m-BDC groups) and mixed with a dimethylformamide (DMF) solution of Cu(ll)
acetate (Note: 5.3wt. % polymer was used for these studies; polymer concentrations as low as 2
wt. %, however, still formed robust gels) (Figure 4-2A). Gelation occurred immediately;
annealing for 4 h at 60 °C provided a translucent blue gel (s-Gel) with a maximum absorption
(Amax) at 724 nm (Figure 4-2B), which is diagnostic of the paddlewheel complexes in the desired
m-BDC-based Cuzlzs MOCs.? The small- and wide-angle X-ray scattering (SAXS/WAXS)
curve (Figure 4-2C) for s-Gel displayed two peaks: one in the high g region (0.47 A) that
corresponds to the form factor of a ~2.7 nm spherical particle, which agrees well with the size of
the cuboctahedral Cuzsl24 MOC,? and a broad peak at low g (~0.07 Al) that provides the average
distance between the MOC junctions (~9 nm). These two peaks, which are unique to the spherical
shape of the MOC and the predictable inter-MOC distance within the network, respectively, are
strong indicators of the presence of nanoscale MOCs within the material. In oscillatory rheology
frequency sweep studies, s-Gel behaved as an elastic solid (G’ > G") at all measured frequencies
(0.1 to 100 rad/s) with G’ = 6.6 kPa @ 10 rad/s (Figure 4-2D). This modulus value is consistent
with the presence of high branch functionality junctions as expected for the proposed polyMOC
structure. Cuzsl 4 MOCs are known to undergo rapid ligand exchange in solution,?>?? which in
the case of s-Gel could provide a mechanism for stress relaxation. Indeed, s-Gel relaxes stress
(Figure 4-2E) with a characteristic relaxation time (t) of 132 £ 5 s at room temperature, which is
~100-fold less than previously reported polyMOCs with cuboctahedral Pdi2L24 MOC junctions at
55 °C.1°
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strands from CL and PL, respectively. The Cu(ll) state of this material provides its
deep 21 blue color. B) Combining this material with suitable reagents and exposing
it to light or oxygen enables its reversible interconversion between primarily Cu(ll),
Cu(l), and Cu(0) functional states. The properties of each state can be used alone

or the different states can be leveraged against one another for more advanced

functions.
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Figure 4-2 Synthesis and characterization of star polymer-based CuzsL24 polyMOC
s-Gel. a, Synthesis and schematic representation of s-Gel. DMF = N,N-
dimethylformamide. b, UV-vis spectrum of s-Gel network (black line) showing the
red-shifting of Amax t0 724 nm compared to copper acetate (red line). This red shift
is indicative of the formation of Cu-m-BDC paddlewheel complexes. c,
SAXS/WAXS curve depicting the spacing between CuzsL24 MOCs within s-Gel as
well as the form factor of the individual MOCs. d, Frequency sweep rheology curve
for s-Gel (5.3 wt. %) swollen to equilibrium in DMF. e, Stress relaxation curve for
s-Gel. The red line corresponds to fitting of the data using the Kohlrausch stretched
exponential model, which provide the characteristic relaxation time t. Inset: Image
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of s-Gel mashed into several pieces (left). Placing the mashed sample in a mold and

applying pressure leads to complete healing (right).

4.2.2 Reversible photoswitching of coumarin functionalized Cuz4L24 polyMOCs (c-Gel)

The photo-induced reduction of Cu(ll) complexes in the presence of benzophenone and hydrogen
donors is well-known.2% Recently, Park and coworkers?’ applied this strategy to the
photoreduction of Cu24sm-BDC24 MOCs bearing exohedral coumarin ligands, the latter of which
were required for accessing the Cu(l) state in a controlled manner (as opposed to rapid reduction
to Cu(0)). A distinguishing feature of polyMOC:s is their ability to be modularly functionalized by
the addition of small molecule ligands'® into the network junctions without affecting their
mechanical properties, which is not possible in traditional supramolecular networks based on point

metal-ligand complexes as junctions.

Here, we leverage this capability for the installation of coumarin-based m-BDC into the junctions
of s-Gel (providing “c-Gel”), enabling controlled photoreduction of the network junctions from
Cu(Il) to Cu(l). It was hypothesized that such a photoreduction would disrupt the paddlewheel
complexes within these Cuxsl24 MOCs and induce a corresponding change in the network
topology. Moreover, selective access to a catalytically active species (here, Cu(l)) could enable
the chemical remodeling of the material in a way that creates new multi-material properties, for

example through the polymerization of polymeric azides and alkynes.
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Figure 4-3 Multi-state switching of c-Gel in the presence of benzophenone and
EDMAB. A) UV-vis spectra of the material (6.6 wt. %) before UV exposure (black
line), in the Cu (1) state (red line), in the Cu (0) state (gray line), and after oxidation
via exposure to air (blue line). B) SAXS/WAXS curves for c-Gel before (black)
and after UV exposure and re-oxidation (red). The structure of the Cu(ll) c-Gel is
restored upon re-oxidation. C) Frequency sweep rheology curves for c-Gel before
(black) and after UV exposure and re-oxidation (red). The slight increases in the
storage and loss moduli are attributed to a small amount of solvent evaporation
during the course of the 25 switching and re-oxidation processes. D) Images of c-
Gel as it proceeds through a full switching cycle. After 2 h of UV exposure the gel
converts into a green fluid, which further converts into a brown opaque liquid after
2 additional hours of UV exposure. 16 h after exposure to air the blue Cu(ll) c-Gel
is re-formed. E) Switching of c-Gel through 4 complete cycles (12 total state
conversions) as monitored by UV-vis spectroscopy. The blue circles represent
absorbance at 724nm corresponding to the Cu (Il) state, while the brown squares
represent absorbance at 580nm corresponding to the Cu(0) state. Dashed lines are

drawn between points to aid the viewer; they are not mathematical fits or actual
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data. Note: oxidation labels indicate the primary functional oxidation state of the
material; they are not intended to imply that 100% of the Cu centers have a given

oxidation state.

To prepare coumarin functionalized CuzsLo4 polyMOCs (c-Gel), PL was combined with CL in a
1:3 ratio with respect to m-BDC groups and Cu(ll) acetate (6.6 wt. % polymer) (Figure 4-1). Park
and coworkers?’ reported on the use of a mixture of benzophenone, N,N-dimethylformamide, and
methanol or THF to achieve controlled photoreduction of discrete coumarin-based MOCs in
solution. Searching for conditions to achieve a similar photoreduction in the context of materials,
where solvent evaporation and long-term storage stability are concerns, we screened several
alternatives and identified ethyl-4-(dimethylamino)benzoate (EDMAB) as a suitable H-donor to
achieve, in combination with benzophenone, controlled photoreduction of our polyMOCs. Thus,
EDMAB (3 equiv relative to Cu) and benzophenone (0.5 equiv relative to Cu) were added and the
mixture was annealed for 4 h at 60 °C. The resulting material, c-Gel, displayed the characteristic
Amax = 724 nm of Cu(ll) paddlewheel complexes (Figure 4-3A) while the SAXS/WAXS (Figure
4-3B) and frequency sweep rheology (Figure 4-3C) results were similar to those of s-Gel,
suggesting that, as expected for the unique high branch functionality polyMOC topology,
coumarin incorporation and the presence of EDMAB and benzophenone have little effect on the
structure and topology of the polyMOC network. Strikingly, when c-Gel was exposed to 368 nm
light (FL8BLB-368 8W bulb) under N2 atmosphere, it converted over the course of 2 h into a
transparent green liquid (Figure 4-3D). This solid-to-liquid phase transition along with
disappearance of the 724 nm absorbance peak (red line, Figure 4-3A) are consistent with
photoinduced reduction of the Cu(ll) polyMOC to a primarily 7 Cu(l) state. The material was
stable in this state indefinitely under N. atmosphere, while exposure to 368 nm light for an
additional 2 h produced an opaque brown liquid (Figure 4-3A) with Amax = 580 nm (grey line,
Figure 4-3A), which is consistent with the formation of Cu(0)%. Once again, the material was
indefinitely stable in this state under N2 atmosphere. Exposing either the primarily Cu(l) or Cu(0)
solutions to ambient air, however, led to their slow conversion back to Cu(ll) c-Gel with Amax =
724 nm (blue line, Figure 4-3A; Figure 4-3D), an identical SAXS/WAXS profile (red line, Figure
4-3B), and a similar G’ value compared to c-Gel (red line, Figure 4-3C) (10.3 kPa vs 13.1 kPa @
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10 rad/s before and after photoreduction/re-oxidation, respectively; the increase in G’ is attributed
to solvent evaporation during the re-oxidation process). This switching between the primarily
Cu(ll), Cu(l), Cu(0) and back to Cu(Il) states was repeated for 4 cycles without the addition of any
new reagents, which corresponds to 12 separate state transformations for a single sample (Figure
4-3D). We note that the photoreduction required a longer irradiation time with subsequent cycles
(~4 h for the fourth cycle compared to ~2 h for the first cycle) likely due to the consumption of
EDMAB during each photoreduction step; more EDMAB can be added to the material to enable
further switching if desired).

4.2.3 Cu(l)-catalyzed formation of covalent secondary network in c-Gel

Inspired by Park and coworkers,?” who used photoreduction of discrete Cuzsal24 MOCs in solution
to induce a Cu(l)-catalyzed azide-alkyne cycloaddition (CuAAC) between small molecule
reactants, we anticipated that reduction of c-Gel could be used to create new material functionality.
Specifically, we envisioned that the Cu(l) functional state of c-Gel could serve as a catalyst for the
formation of a covalent polymer network via copper-catalyzed azide-alkyne cycloaddition
(CuAAC) of suitable polymeric azides and alkynes. Then, re-oxidation to the Cu(ll) state would
provide a Metal-organic cage interpenetrating network (MIN) that is composed of both the CuzsL 24
polyMOC and a secondary covalent network. Related interpenetrating networks featuring energy
dissipating supramolecular networks and ductile covalent networks have received extensive
attention due to their similarity to biological tissues and their outstanding toughness;?®3! the use
of a primary supramolecular network, however, to catalyze the formation of a reinforcing
secondary covalent network represents, to our knowledge, a fundamentally new way to generate

such materials.

a, m-azide-terminated PEG (Mn = 2.0 kDa) (A2) and tetrakis(prop-2- ynyloxymethyl)methane (B4)
were included (2:1 ratio of A2:B4, 13 wt. % of A2) during the formation of c-Gel as precursors to
covalent A2 + B4 covalent networks (Figure 4-4A). The mixture was annealed into a sheet, which
was cut into uniform strips and placed in nitrogen-purged vials (Figure 4-4B, i). The strips were
then irradiated with 368 nm light for 4 h to achieve switching throughout the sample (Figure 4-4B,

ii). In contrast to c-Gel alone, which converts into a fluid upon switching (Figure 4-3D), the

148



material prepared in the presence of A2 and B4 retained its structure hinting at the creation of a
new covalent network. UV-vis analysis after irradiation showed complete disappearance of the
characteristic 724nm absorbance associated with the Cu(ll) paddlewheel complex; re-oxidation by
air provided the desired MIN (min-Gel, Figure 4-4B, iii) with the original blue color and Amax =
724 nm. Notably, the SAXS/WAXS scattering profile (Figure 4-6) for min-Gel was identical
before and after irradiation, indicating that formation of an interpenetrating covalent network does
not significantly alter the structure of the polyMOC network (Figure 4-4A). Thus, though a new
covalent network is formed irreversibly in this process, the polyMOC network is able to reversibly
switch between states (e.g., from Cu(l) back to Cu(Il)) within the MIN, making it available to

catalyze subsequent reactions if desired.

We reasoned that by leveraging the light-induced state-switching properties of c-Gel it should be
possible to spatiotemporally control MIN fabrication. To demonstrate this concept, a fish-shaped
slab (Figure 4-4E, i) of c-Gel containing A2 and B4 was covered by a fish skeleton-shaped
photomask (Figure 4-4e, ii). After exposure to 368 nm light for 8 h, the Cu(l) functional state
could be readily observed in the pattern set by the photomask (Figure 4-4E, iii). Re-oxidation
provided a fish with a soft polyMOC body and a tough MIN skeleton, the covalent component of
which could be isolated by dissolving away the polyMOC component with ethylene diamine
(Figure 4-4E, iv). Notably, the isolated fish skeleton is composed of a covalent, end-linked PEG
network; given the liquid-like nature of the PEG network components this shape could only
otherwise be generated using a fish skeleton-shaped mold or complex viscosity
modification/processing techniques. Our approach provides a way to utilize the dynamic
polyMOC as a scaffold to hold the liquid PEG components in place for subsequent covalent 11
crosslinking. Given that covalent PEG gels of defined shapes are widely used as biomaterials, the
approach described here could find broad applications in 3D bioprinting and related fields. Rather
than re-oxidizing the material after covalent network formation, further photoreduction using a
365 nm UV LED light source enabled the deposition of Cu(0) in irradiated regions. We reasoned
that this phenomenon could provide a novel way to pattern metallic copper onto soft materials. To
demonstrate this concept, a 2.1 cm square slab of c-Gel containing A2 and B4 (Figure 4-4F, i)

was switched to the Cu(l) state to form a covalent network. A photomask was applied (Figure
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4-4F, ii) and the sample was exposed to the UV-LED until a metallic pattern was apparent (~2 h,
Figure 4-4F, iii). Removal of the polyMOC provided a covalent PEG network with a film of Cu(0)
in a circuit-shaped pattern embedded on its surface (Figure 4-4F, iv). Notably, the resistance of
the Cu(0) regions of this material was ~1000-fold lower than in non-irradiated regions. Though
this work serves as a proof-of-principle, we believe that with further engineering and optimization
the switchability of c-Gel could open new avenues for the fabrication of integrated soft-material

circuits that could have applications in biometrics, sensing, and soft robotics.

The results provided above represent, to our knowledge, the first examples of a multi-state
switchable material capable of catalyzing a self-reinforcing reaction (MIN formation) and
deposition of metal on a soft material in response to an external stimulus. Thus, the properties of
each state of this material can be leveraged to create a complex object (i.e., a soft circuit board)

using a simple apparatus (a UV lamp or LED and a photomask).

4.2.4 Application of c-Gel in Direct Ink Writing (DIW) additive manufacturing

Seeking further applications that highlight the synergistic interplay between redox states in the
material, we were drawn to using MIN as a template material for DIW additive manufacturing. To
fabricate covalently crosslinked networks via DIW 3D printing, gels composed of
photocrosslinkable moieties is often employed, such as gelatin methacrylate (GelMA)32-3,
methacrylated hyaluronic acid (MeHA)%, PEG diacrylate (PEGDA)® or composites thereof3%40,
A post-print irradiation process is required to induce photocrosslinking. These methods tap into
materials proven to be suitable towards DIW 3D printing in order to provide a template for the
crosslinked network, but are also limited in that the properties of the final material are still
influenced by those of the template material, as it is difficult to remove the large biopolymers from
which the template is constructed. Template-free printing of crosslinkable soft matter can be
achieved only through a more complex 3D printing setup (such as a modified extrusion 3D
printer*, or a resin 3D printer*?), or printing into a sacrificial template*>#4; but complexity in
hardware in the former case and the challenge of maintaining flow stability in the latter case*®

limits the widespread application of either strategy. An extrudable templating material that can be
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subsequently removed has the potential to broaden the scope of materials and properties accessible

through DIW additive manufacturing.
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Figure 4-4 Metal-organic cage interpenetrating network (MIN) fabrication enabled
by photo-induced switching of c-Gel. a, Synthesis of c-Gel (6.6 wt. %) in the
presence of 2 kDa bis-azido-PEG A2 and tetrakis-alkyne B4. Images of the material
immediately after annealing (i), after irradiation with UV light to induce the

CUuAAC reaction (ii), and re-oxidation (iii) to provide a MIN min-Gel. In case ii,
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some dark regions of Cu(0) were observed, which had no apparent effect on the
subsequent MIN formation. b, Schematic depiction of the interpenetrating
polyMOC and PEG supramolecular and covalent networks, respectively, within
min-Gel. The covalent PEG network consists of linear strands (green) that can
connect two junctions (green spheres) or be connected to the same junction. The
latter “primary loop” defects reduce the network connectivity giving rise to double-
network-like properties. c, Stress-strain plot from tensile testing showing the
increased toughness of min-Gel compared to control samples. The observed
enhancement of toughness is attributed to the IPN effect. d, Stress-strain curves
showing hysteresis of min-Gel over 4 cycles. Strain rate = 1 mm/min; sample length
=5 mm. There was no resting period between cycles. e, A fish-shaped sample of c-
Gel with A2 and B4 (i) is covered with an aluminum foil photomask (ii). Irradiation
of the sample with a 365 nm UV lamp for 8 h leads to the formation of Cu(l) in
irradiated regions (iii). Washing the sample with aqueous ethylene diamine allows
for isolation of the newly formed PEG-based covalent network (iv). f, A rectangular
sample of c-Gel (i) was first switched to the Cu(l)state to induce covalent network
formation throughout the sample. Then, a photomask in the shape of a circuit was
placed over the sample (ii), and the material was irradiated with a 365 nm UV LED
to deposit Cu(0) in irradiated regions (iii). Washing the material with aqueous
ethylene diamine allowed for isolation of the PEG covalent network with patterned
Cu(0) regions (iv). Note: oxidation labels indicate the primary functional oxidation
state of the material; they are not intended to imply that 100% of the Cu centers

have a given oxidation state.

Given its rapid stress relaxation, we surmised that cGel could be extruded to form filaments that,
in the presence of A2 and B4 (or any suitable CUAAC reactants), could be converted to MINs of
a desired geometry following irradiation. As a proof-of-principle demonstration of this concept,
we examined extrusion of c-Gel using an inexpensive (~$200) custom-built 3D printer with an
attached syringe pump and heating element. c-Gel was extruded at a rate of 0.06 cm® /s at 60 °C

to provide uniform 2 mm diameter filaments (Figure 4-5A, i). A multi-layered structure was
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created by overlapping filaments of c-Gel that fused together over the course of 2h at room
temperature (Figure 4-5A, ii and 12 iii). Using this approach, a raft-shaped object was printed
(Figure 4-5B, i), irradiated, and re-oxidized to provide a MIN of the same shape (Figure 4-5B, ii).
Extraction of the polyMOC provided a raft-shaped covalent PEG gel (Figure 4-5B, iii),
demonstrating that c-Gel can support printing a mixture of A2 and B4 monomers and then, upon

irradiation, it can catalyze their conversion to a covalent network.

A longstanding challenge in the field of additive manufacturing, particularly of soft gel materials,
is the production of overhanging or bridging regions.3"#1454" The state switching capability of c-
Gel can overcome this challenge. By alternating filaments of c-Gel with and without A2 and B4
(Figure 4-5C), a lattice with several overhangs and bridges was produced (Figure 4-5D, i).
Photoswitching to the Cu(l) state led to covalent network formation only in the filaments
containing A2 and B4. Extraction of the polyMOC components provided a covalent PEG lattice
with the overhang and bridging regions preserved (Figure 4-5D, ii). This process was repeated
with a second lattice featuring fewer overhangs (Figure 4-5D, iii and iv). It should be noted that
in these examples, (diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide) (TPO) was used as a
photoinitiator rather than benzophenone. We found that TPO can be used to access the Cu(l) state
of c-Gel without further reduction to Cu(0), which allows for the use of excess initiator, reducing
the light-induced switching and CuUAAC reaction time to as little as 30 min.*® This rapid CUAAC
reaction precluded diffusion of the A2 and B4 components across filaments allowing access to
well-resolved bridges and overhangs. Despite this advantage for covalent gel patterning, it should
be noted that TPO-induced switching was not reversible (i.e., the polyMOC could not be reformed
to generate a MIN after TPO-initiated photoreduction). The origin of this difference is the subject
of ongoing investigations. Nevertheless, these results demonstrate that the unique state-switching
of c-Gel can provide facile access to 3D printed gel geometries with overhangs and bridges, thus

providing a complementary strategy for soft material and composite additive manufacturing.
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Figure 4-5 c-Gel-mediated additive manufacturing. A) c-Gel (6.6 wt. %) can be

extruded to form a single uniform 2 mm diameter filaments (i and ii). Over the
course of hours, the filaments fuse together generating a slab of material (iii). B)

By overlaying filaments, c-Gel objects containing A2 and B4 can be fabricated (i).
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Irradiation of the resulting object induces covalent network formation; re-oxidation
converts the object into a dimensionally stable min-Gel (ii). Then, the polyMOC
component of the newly fabricated objected can be removed with aqueous ethylene
diamine, yielding an entirely covalent network with the same shape as the printed
c-Gel (iii). C) Schematic of lattice structures that can be fabricated by alternating
c-Gel with and without A2 and B4 components. D) Images of c-Gel lattices before
(iand iii) and after (ii and iv) extraction of the polyMOC components. The resulting
covalent PEG networks preserve the overhanging and bridging regions of the 3D

printed lattice
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43  Experimental

4.3.1 Rheology

Frequency sweep, amplitude sweep, and stress-relaxation experiments were performed using a TA
Instruments Discovery HR-2 rheometer. An 8 mm parallel plate geometry was used to engage the
samples. Sample discs were 8 mm in diameter with a thickness of 1.5 mm. Samples were made
either using a Teflon mold or a circular punch using a 1.5 mm thick sheet of sample. Amplitude
sweeps were performed on newly prepared materials to ensure that the strain % was in the linear
viscoelastic regime. Frequency sweep experiments were performed from 0.1 to 100 rad/s at 1%
strain. Stress relaxation experiments were carried out at 2% strain. The stress relaxation curves
were fitted to a stretched exponential function (see below), to extract the characteristic relaxation

time, t, of the material:

a

G(D) = Gy - )

Experiments were performed at room temperature (25 °C). For samples only containing DMF,
solvent loss was assumed to be negligible during measurements that were shorter in duration than
10 min. For longer-term measurements, the samples were covered in mineral oil to reduce

evaporation and de-swelling induced by moisture adsorption.

4.3.2 Nuclear magnetic resonance spectroscopy (NMR)

'H NMR spectra were recorded using either a 300 or 500 MHz Varian Inova or a 400 or 600 MHz
Bruker AVANCE NMR spectrometer. The instrument used for each individual experiment is
indicated below where NMR chemical shifts are listed. The NMR spectra were referenced to the
relevant residual solvent peak. Chemical shifts are reported as parts per million (ppm) and splitting
patters are designated as follows: s (singlet), d (doublet), t (triplet), g (quadruplet), m (multiplet),
and b (broad).
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4.3.3 Ultraviolet visible light (UV-vis) spectroscopy

UV-vis spectra were collected using an Implen NP80 nanophotometer using the 0.07 mm path
length. The small path length helps avoid excessive scattering by opaque samples and accounts for
the fact that gels cannot be diluted. For liquid samples, a drop of liquid was used. For gel samples,

a small piece of gel (~1 mm?) was compressed between the arm and sample window.

4.3.4 Small angle X-ray scattering

SAXS and WAXS experiments were conducted at the Advanced Photon Source (APS) at Argonne
National Laboratory (Sector 12-1D-b beamline). 13.3 keV X-rays were used. Silver behenate was
used as the standard. An exposure time of 0.5 s was used for all samples. The scattering data were
recorded as 2D and converted to 1D plots via radial averaging. The sample to detector distance
was 2001.5 mm for SAXS and 414.884 mm for WAXS. The cage-to-cage spacing is calculated
from the center of each cage, which is 27t/q. The form factor of a solid spherical particle was used

to calculate the radius (R) of the particle:

[sin(qR) — qR cos(qR)]*

P(q) x R
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Figure 4-6 SAXS/WAXS profiles of min-Gel before and after irradiation (which
forms an interpenetrating covalent PEG network) and re-oxidation. The similar
profiles indicate that the formation of the covalent PEG network does not disrupt
the Cu-polyMOC network.

4.3.5 Preparative gel permeation chromatography (Prep-GPC)

When indicated below, newly synthesized polymers were purified using a Japan Analytical
Industry (JAL) Co. LaboACE Recycling Preperative HPLC (LC-5060) employing either JAIGEL-
2.5HR (20 mm diameter x 600 mm length) and a JAIGEL-2HR (20 mm diameter x 600 mm length)
or JAIGEL-2.5H-40 (40 mm diameter x 600 mm length) and a JAIGEL-2.5H-40 (40 mm diameter
x 600 mm length)) columns. Samples were dissolved in CHCIs and filtered through a 0.2 um PTFE
filter before injection. CHCIs was used as the eluent.
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4.3.6 Materials

Solvents were purchased from Millipore Sigma and were used as received unless otherwise noted.
Dry solvents (e.g., DMF) were used when synthesizing CuzsL24 polyMOCs. All other chemicals
were used as received unless otherwise noted. Isophthalic acid, 5-hydroxy-isophthalic acid,
PEG4.6k, PEG20K, potassium carbonate, sodium azide, tosyl chloride, triethylamine, sodium
azide, diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO), ethyl 4-(dimethylamino)
benzoate (EDMAB), and 7-hydroxycoumarin were used as purchased from Millipore Sigma.
Benzophenone was purchased from Oakwood Chemical. Copper (Il) acetate monohydrate was
purchased from Strem Chemicals. Deuterated solvents were purchased from Cambridge Isotope
Laboratories. Four-arm PEG10k was used as purchased from SINOPEG Inc. 5-((6-((2-oxo-2H-
chromen-7-yl) oxy) hexyl) oxy) isophthalic acid (CL) and tetrakis(prop-2ynyloxymethyl) methane
(B4) were synthesized according to literature procedures.

4.3.6.1 Synthesis of m-BDC-terminated linear polymer (PLL)
4.3.6.1.1 Bis-tosyl-PEG4.6k

OH
Et0OC COOEt COOH
TsCl 1. 052CO3
HO H 7, TsO Ts " 52¥Y8  Hooc o)
Lol —_ SO{Lo)Ts > Naor o COOH

COOH

was prepared according to a modified literature procedure. 4 Polyethylene glycol (number-average
molecular weight = 4.6 k) (4.6 g, 1.0 mmol, 1 eq) was added to a dry 40 mL vial. The vial was
sealed with a septum and placed under a N> atmosphere by vacuum/backfilling with N> for three
times. 15 mL of anhydrous dichloromethane (DCM) was then added via syringe. The mixture was
stirred until the PEG was fully dissolved. Next Sure-Seal™ dry triethylamine (682 pL, 4.0 mmol,
5 eq) was added via syringe. Tosyl chloride (760 mg, 4.0 mmol, 4 eq) was added to a separate vial

and was placed under a N2 atmosphere via vacuum/backfilling with N> for three times. The tosyl
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chloride was dissolved in 5 mL of anhydrous DCM. The resulting solution was added dropwise to
the PEG solution. Upon completion of the addition, the reaction was stirred overnight at room
temperature. The solution was then diluted with 200 mL of DCM and the organic layer was washed
three times with water. The organic layer was then dried with Na>SOg, filtered, and the solvent
was removed under vacuum yielding 4.1 g of a white solid (83% yield). *H NMR (500 MHz,
CDCI3) 6 7.74 (d, 4H), 7.30 (d, 4H), 4.19 — 4.03 (t, 4H), 3.59 (b), 2.40 (s, 6H).

4.3.6.1.2 Bis-diethyl 5-hydroxyisophthalate-PEG4.6k

Bis-tosyl-PEG4.6k (500 mg, 0.11 mmol, 1.0 eq), Cs2CO3 (211 mg, 0.65 mmol, 6.0 eq), and
diethyl-5-hydroxyisophthalate (104 mg, 0.44 mmol, 4.0 eq) were added to an oven-dried 40 mL
vial. The vial was sealed with a septum and the mixture was placed under a nitrogen atmosphere
via vacuum/backfilling with N> for three times. 5 mL of anhydrous DMF was added to the mixture
via syringe. The vial was then heated to 80 °C in an aluminum-heating block for 24 h. After the
reaction was allowed to cool to room temperature, 6 the solution was added dropwise into cold
diethyl ether. The resulting white solid precipitate was collected via filtration and washed with
additional ether. After the precipitate was dried, it was redissolved in minimal CHCI5z and subjected
to purification via dialysis or prep-GPC. 401 mg of a white solid was obtained (74% yield). *H
NMR (600 MHz, CDCI3) & 8.23 (s, 2H), 7.73 (s, 4H), 4.35 (q, 8H), 4.18 (t, 4H), 3.85 (t, 4H), 3.60
(b), 1.37 (t, 12H).

43.6.1.3 PLL

Bis-diethyl 5-hydroxyisophthalate-PEG4.6k (401 mg, 0.08 mmol, 1.0 eq) was dissolved in 10 mL
of 1 M NaOH and the solution was stirred for 5 h. The solution was then diluted with 40 mL of 1
M HCI and the aqueous layer was extracted three times with DCM. The organic layers were then
combined and dried over Na>SOyg, filtered, and the solvent was removed in vacuo. 341 mg of a
white solid was obtained (86% yield). *H NMR (600 MHz, CDCls) & 8.32 (s, 2H), 7.80 (d, 4H),
4.23 (t, 4H), 3.89 (d, 4H), 3.64 (b).
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4.3.6.2 Synthesis of PL
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4.3.6.2.1 Tetra-Tosyl-PEG10k

Four-arm polyethylene glycol (number-average molecular weight = 10 k) (1.0 g, 0.1 mmol, 1 eq)
was added to a dry 20 mL vial. The vial was sealed with a septum and placed under a nitrogen
atmosphere by vacuum/backfilling with N2 for three times. 5 mL of anhydrous DCM was then
added via syringe. The mixture was stirred until the PEG was fully dissolved. Next dry
triethylamine (138 pL, 1.5 mmol, 15 eq) was added to the PEG solution via syringe. Tosyl chloride
(190 mg, 1.0 mmol, 10 eq) was added to a separate vial and placed under a N> atmosphere via
vacuum/backfilling with N2 for three times. 2.5 mL of anhydrous DCM was added and the
resulting tosyl chloride solution was added dropwise via syringe to the PEG solution. After the
addition, the reaction mixture was stirred overnight at room temperature. The mixture was then
added dropwise into cold diethyl ether to provide a white precipitate that was filtered and washed
with additional diethyl ether. 850 mg of a white solid was obtained. It should be noted that though
complete conversion to the product was observed by *H NMR, some tosyl chloride and
triethylamine salts remained in the sample. Regardless, the material was used in the next step
without further purification. 'H NMR (500 MHz, CDCI3) § 7.78 (d, 8H), 7.34 (d, 8H), 4.14 (t, H),
4.01 - 3.44 (b), 3.40 (s, 8H), 2.44 (s, 12H).

4.3.6.2.2 Tetra-diethyl 5-hydroxyisophthalate-PEG10k

Tetra-tosyl-PEG10k (850 mg, 0.08 mmol, 1.0 eq), Cs2COs (390 mg, 1.2 mmol, 15.0 eq), and
diethyl-5-hydroxyisophthalate (228 mg, 0.96 mmol, 10.0 eq) were placed in an oven-dried 40 mL
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vial. The vial was sealed with a septum and the mixture was placed under a N2 atmosphere via
vacuum/backfilling with N> for three times. 5 mL of anhydrous DMF were added via syringe. The
vial was then heated to 80 °C in an aluminum-heating block for 24 h. The reaction mixture was
allowed to cool to room temperature. Afterward, the mixture was added dropwise into cold diethyl
ether providing the product as a white precipitate. The precipitate was filtered and washed with
additional diethyl ether. After drying, the precipitate was redissolved in minimal CHCIs and
subjected to purification via prep-GPC. 540 mg of a white solid was obtained (62% yield). H
NMR (500 MHz, CDCI3) & 8.27 (s, 4H), 7.76 (d, 8H), 4.39 (q, 16H), 4.21 (t, 8H), 3.88 (t, 8H),
3.63 (b), 3.40 (s, 8H), 1.40 (t, 24H).

4.3.6.2.3 PL

Bis-diethyl 5-hydroxyisophthalate-PEG4.6k (540 mg, 0.05 mmol, 1.0 eq) was dissolved in 10 mL
of 1 M NaOH and the resulting solution was stirred at room temperature for 5 h. The solution was
then diluted with 40 mL of 1 M HCI and the aqueous layer was extracted three times with DCM.
The organic layers were then combined and dried over Na>SOs, filtered, and the solvent was
removed in vacuo. 440 mg of a white solid was obtained (83% yield). *H NMR (400 MHz, CDCI3)
8 8.32 (s, 4H), 7.80 (d, 8H), 4.23 (t, 8H), 3.89 (t, 8H), 3.64 (b), 3.41 (s, 8H).

4.3.6.3 Preparation of Bis-azido-PEG2k (A2)

TsCl NaN,

TSO{\/\O);TS > N3{\/\Oa'n\/N3

HO{\/\O}HH

TEA

4.3.6.3.1 Bis-tosyl-PEG2k

Polyethylene glycol (number-average molecular weight = 2.0 k) (2.0 g, 1.0 mmol, 1 eq) was added
to a dry 40 mL vial. The vial was sealed with a septum and placed under a nitrogen atmosphere by
vacuum/backfilling with N2 for three times. 15 mL of anhydrous DCM was then added via syringe.
The mixture was stirred until the PEG was completely dissolved. Next, 682 pL (4.0 mmol, 5 eq)
of dry triethylamine was added via syringe. Tosyl chloride (760 mg, 4.0 mmol, 4 eq) was added to
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a separate vial and placed under a N2 atmosphere via vacuum/backfilling with N> for three times.
The tosyl chloride was then dissolved in 5 mL of anhydrous DCM and the solution was added
dropwise via syringe to the PEG solution. After the addition, the reaction was stirred overnight at
room temperature. Then, the solution was diluted with 200 mL of DCM and the organic layer was
washed three times with water. The organic layer was then dried over Na>SOs, filtered, and the
solvent was removed under vacuum. 1.8 g of a white powder was obtained. The crude product was
used directly in the next reaction (Note: *H NMR analysis of the crude material indicated complete

conversion to the desired tosylate).

4.3.6.3.2 Bis-azide-PEG2k

Bis-tosyl-PEG2k (1.8 g, 0.9 mmol, 1.0 eq) was added to a 20 mL vial and dissolved in 5 mL of
anhydrous DMF. NaN3 was added (260 mg, 4.0 mmol, 4.44 eq) and the reaction was stirred for
24 h. After 24 h, the reaction was diluted with 100 mL of ethyl acetate and the resulting mixture
was washed five times with water. The organic layer was dried over Na,SOg, filtered, and
concentrated to 10 mL volume. The oily liquid was then precipitated into cold diethyl ether, filtered,
and washed with more diethyl ether providing a white powder in 91% yield. *H NMR (600 MHz,
CDCls) 6 3.64 (b), 3.39 (t, 4H).

4.3.7 Preparation of c-Gel with benzophenone and ethyl 4-(dimethylamino)benzoate
(EDMAB)

Samples of c-Gel were prepared using 6.6 wt % of polymer. PL (20 mg, 1.9 umol, 1.0 eq) CL (9.6
mg, 22.5 umol, 12 eq), ethyl 4-(dimethylamino) benzoate (17.4 mg, 0.090 mmol, 48 eq) and
benzophenone (2.7 mg, 15.0 umol, 8.0 eq) were dissolved in 150 pL of DMF. Separately,
Cu(OACc)2+H20 (5.74 mg, 14.4 umol, 16.0 eq) was dissolved in 150 uL. of DMF with some heating.
The copper acetate solution was then added to the polymer and ligand solution. The gelled mixture
was stirred with a spatula until the blue color was homogenous. The vial was then briefly
centrifuged to force all of the material to the bottom of the vial. The vial was then capped and

heated to 60 °C for 4 h providing a blue gel.
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4.3.8 Preparation of c-Gel for 3D printing/extrusion experiments

PL (66.0 mg, 6.3 umol, 1.0 eq) CL (32.1 mg, 75 umol, 12 eq), ethyl 4- (dimethylamino)benzoate
(58.1 mg, 0.30 mmol, 48 eq) and benzophenone (9.1 mg, 50 umol, 8.0 eq) were dissolved in 500
uL of DMF with slight heating. Separately, Cu(OAc)2°H20 (20.0 mg, 100 pmol, 16.0 eq) was
dissolved in 500 uL of DMF with some heating. The copper solution was then added to the polymer
and ligand solution. The gelled mixture was stirred with a spatula until the blue color was
homogenous. The vial was then heated to 60 °C for 15 minutes. Using a spatula, the gel was then
transferred into the top of a 1 mL Norm-Ject syringe with the plunger removed. The bottom of the
syringe was capped with a septum and the material was lightly 9 centrifuged to force the gel to the
bottom of the syringe. The plunger was replaced and the gel was allowed to anneal overnight at

room temperature.

4.3.9 Preparation of min-Gel

PL (16.7 mg, 1.6 umol, 1.0 eq) CL (8.0 mg, 19 umol, 12 eq) benzophenone (2.3 mg, 12.5 umol,
8.0 eq), ethyl 4-(dimethlyamino) benzoate (16.5 mg, 86 umol, 48 eq), bisazide-PEG2k (33.5 mg,
16.7 umol, 10.7 eq), and tetrakis(prop-2ynyloxymethyl) methane (2.4 mg, 8.4 umol, 5.4 eq) were
dissolved in 125 pL of DMF with some slight heating. Separately, Cu(OAc)2*H20 (5.0 mg, 25.1
umol, 16.0 eq) was dissolved in 125 uL. of DMF with some heating. The copper acetate solution
was added to the polymer solution and the gelled mixture was stirred with a spatula until the blue
color was homogenous. The gel was then placed in a Teflon mold, sealed with binder clips, and
allowed to anneal at room temperature for at least 6 h. For larger molds this recipe was linearly

scaled as needed.

4.3.10 Photoreduction of c-Gel

0.3 mL of c-Gel was prepared in a glass vial, which was sealed with a cap that had a septum. The
vial was purged with N2 for 10 min. Then, the sample was exposed to irradiation from a benchtop
UV lamp (Sankyo DENKT Blacklight blue, FL8BLB-368 8W Bulb, 368 nm light) at a distance of
25 cm. The sample was irradiated for a total of 4 h. After 1h, the sample (which was a mixture of

green liquid and blue gel) was briefly vortexed and before irradiation for an additional hour. A
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clear green liquid was obtained (the Cu(l) state). After UV irradiation for an additional 2 h, the
green Cu(l) state converted to a brown liquid (the Cu(0) state). Notably, we observed that clean
switching from Cu(ll) to Cu(l) was only possible using a (sub)stoichiometric amounts of copper
acetate. When excess copper acetate is present, its rapid reduction to Cu(0) is observed, which
attests to the need for assembled Cuzsl24 MOCs possessing coumarin-base ligands to avoid over-

reduction.

4.3.11 Photocrosslinking of c-Gel to form min-Gel

A strip of c-Gel (2 cm long, 0.5 cm wide, and 0.12 cm thick) containing A2 and B4 was placed
against the wall of a glass vial. The vial was purged with N2 for 10 min. The vial was then irradiated
until the sample was green (generally < 8 h) at a distance of 25 cm from a UV lamp (368 nm).
When using a photomask, the sample was placed on a piece of Teflon in a plastic petri dish and
the aluminum foil photo mask was carefully placed on top. The petri dish was sealed with Teflon
tape and electrical tape. The dish was purged by carefully poking a hole in the top with a needle
and introducing N2 for 20 minutes. Then, the sample was irradiated with 368 nm UV light at a 10
distance of 25 cm away for the desired amount of time, (generally < 8 h until the pattern could

clearly be seen). After irradiation, the sample was exposed to air.

4.3.12 Removal of polyMOC network from MOC-interpenetrating network (min-Gel)

material

min-Gel was placed in a vial, which was then filled with 10% aqueous ethylene diamine solution.
The vial was gently stirred on a plate shaker for 30 min. The solution becomes blue and slightly
cloudy during this process while the sample becomes white. This procedure was repeated for three
times. After the third wash, the material was washed three times with dimethylacetamide (DMA).
The resulting clear gel was the covalent PEG network created through the photoreduction-induced
CUuAAC reaction. This gel was then tested via uniaxial tensile testing. The gel was allowed to dry
until it was roughly the same weight as the other samples (accounting for the removal of the c-Gel

network) to ensure a similar wt % polymer.
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Figure 4-7 Removal of the polyMOC component of min-Gel providing the A2 +
B4 covalent PEG network.

4.3.13 Photo patterning Cu(0)

A slab of c-Gel (square, 2.1 cm side, and 0.12 cm thick) containing A2 and B4 was placed against
the wall of a 20 mL glass vial against the wall. The vial threads were lined with Teflon and sealed
with a cap with a septum. The vial was then purged with N2 for 20 min. After this time, the cap
and the septum were sealed with electrical tape. Care was taken to avoid the introduction of air as
the Cu(0) layer formed was observed to be quite thin and it can be readily oxidized. The gel was
14 then exposed to the UV lamp at a distance of 25 cm for 20 MQ) for the background polymer
with no Cu(0) patterned. The deposited copper layer is thin, so care must be taken to ensure the
sample is handled carefully as to not break the copper layer. Non-zero resistance is thought to be
from the discontinuity (i.e., breaks) in the copper layer, the insulating nature of the polymer

backing, as well as the very thin nature of the Cu(0) layer.
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After UV irradiation After Ethylene Diamine Wash

Figure 4-8 a. Image of min-Gels after 30 min of UV irradiation with a UV-LED
source. The presence of Cu(0) is readily observed. b. min-Gel sample which has
been irradiated to deposit Cu(0) onto the surface. The sample was then washed with
2:9:9 ethylene diamine:water:methanol until no more blue color was observed (~2
h).

4.3.14 3D printing

3D printing studies were conducted using a modified Anet A8 3D printer. The extruder carriage
was removed and replaced with a 3D printed one (www.thingiverse.com/thing:2514659) onto
which a customized 3D printed syringe pump was attached. The extruder motor was used to drive
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the syringe pump. An Air-Tite 14-gauge needle was cut to 3 cm long, and the tip was smoothed
with a stone. The extruder nozzle was removed from the heating block and the needle was inserted
into the heater throat. The Z-Endstop was moved to the top of the Z axis to accommodate the extra
height of the syringe pump. No change was made to the wiring. The Marlin 1.1 firmware was
modified to accommodate for the physical changes and was uploaded to the printer board (Follow
these instructions when flashing firmware for the first time on the Anet board:
www.instructables.com/id/HOW-TO-FIX-ANET-BRICKED-BOARD-USING-AN-ARDUINO-
UNO/; with Marlin running on the board, it can be re-flashed by connecting to the computer via
USB). The Repetier-Host software was used to control the printer. A Norm-Ject 1mL syringe
loaded with the gel was attached on the syringe pump and 3D printing was achieved by running a
hand-written G-code. The gel was extruded at 60 °C at a rate 15 of 0.001 mL/s. This extrusion rate

was calculated based on the minimum travel speed of the 3D printer, which is 0.3mm/s.
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Figure 4-9 Image of the custom-built 3D printer used to extrude the gels

169



4.4  Supplement

REMT @SN
mmmmmmmmmm

- 3200000

B.23
373
.72
1.38
1.37
1.35

<
|
£
<

- 3000000

= 2800000

- 2600000

- 2400000

B - - = . L 2200000

- 2000000

1800000

= 1600000

1400000

1200000

F 1000000

- 800000

- 600000

! = 400000

| | - 200000
— L Lo
—

- -200000

TR R

w11
-!?b g
% 3

T T T —T T —T — T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.

Figure 4-10 'H NMR (CDCls, 600 MHz) spectrum of bis-diethyl 5-
hydroxyisophthalate-PEG4.6k.
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