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Abbreviations and symbols

mmol
ppm
SEC
FE-SEM
TGA
DSC

pum

DMF
NaCL
KCl
KOH
LiOH
K>COs
MeOH
THF
DCM
Tm

Te

T4
3DP

ABBREVIATIONS AND SYMBOLS
Number average molecular weight
Weight average molecular weight
Polydispersity Index
Polydispersity index
Nuclear Magnetic Resonance
Room Temperature
Hours
Milligrams
Grams
Millilitre
Millimole
Parts per million
Size exclusion chromatography
Field emission scanning electron microscopy
Thermogravimetric analysis
Differential scanning calorimetry
Micrometre
Millimetre
Dimethyl formamide
Sodium chloride
Potassium Chloride
Potassium hydroxide
Lithium hydroxide
Potassium carbonate
Methanol
Tetrahydrofuran
Dichloromethane
Melting temperature
Glass transition temperature
Degradation temperature

3-dimensional printing
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DLP
SLA
FDM
ACN
DMAc
DMSO
MHz
AHm
PLLA
PLA
HEMA
HEA

PI

TPO
PEEK
PAEL
PTSA
TTT
PETMP
TCCDA
BPAEDMA
BBOT
AIBN
NMP
NaxSOq4
SOCl,
TMS
CAD
KH>PO4
Na,HPOq4
PBS
Sn(Oct)>

Digital light processing
Streolithography

Fused deposition modeling
Acetonitrile

Dimethyl acetamide
Dimethyl sulfoxide
megahertz

Melting enthalpy
Poly(I-lactic) acid

Poly lactic acid
2-Hydroxylethyl Methacrylate
2-Hydroxylethyl acrylate

Photoinitiator

Phenylbis(2,4,6-trimethyl benzoyl) phosphine oxide

Poly ether ether ketone

Polyacryl ethyl lactate

Paratoluene sulfonic acid
Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
Pentaerythritol tetrakis(3-mercaptopropionate)
Tricyclo[5.2.1.02,6]decanedimethanol diacrylate
Bisphenol A ethoxylate dimethacrylate
2,5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene
Azobisisobutyronitrile

N-methyl-2- pyrollidone

Sodium sulphate

Thionyl chloride

Trimethylsilane

Computer-aided design

Potassium dihydrogen phosphate

Disodium phosphate

Phosphate buffer solution

Tin(IT) 2-ethylhexanoate
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Synopsis
SYNOPSIS

1 Introduction

In recent years, there has been a growing demand for biodegradable materials to create
complex 3-dimensional patient-specific biomedical implants using additive manufacturing
(AM) or 3D printing (3DP) technology. Various technologies, including Selective Laser
Sintering (SLS), Fused Deposition Modeling (FDM), light-based methods like
Stereolithography (SLA) and Digital Light Processing (DLP), extrusion-based 3D printing,
and inkjet printing, have been explored to meet these custom design and fabrication
requirements.t* Choosing the right biomaterial for such applications is a challenging task due
to the limited availability of materials that can fulfill both the mechanical and processing
demands of device fabrication while meeting stringent medical application standards. The
rapid advancements in AM machinery technology over the past decade have also fueled the
search for suitable materials that can match the needs of these applications. As the focus on
bio 3D printing research continues to grow, there is an increasing need for the development of
new materials that can meet the functional requirements of customized 3D printing
technologies. Some of the commonly used biopolymers include polylactide (PLA),
polycaprolactone (PCL), and polyglycolide (PGL), which are derived from natural resources
such as starch, sugar cane, corn, wheat straw, and wood chips.>’ These polymers are
characterized by ester linkages that can undergo hydrolytic cleavage to form small molecules.
PLA and its composites, as well as petroleum-based polymers with biodegradable fillers, are
available in the form of solid filaments that can be directly used in additive manufacturing
(AM). For high mechanical properties, poly ether ether ketone (PEEK) can be a suitable
choice of material. PEEK has good mechanical properties, such as high tensile strength and
stiffness, which makes it suitable for producing functional and structural parts. However, 3D
printing with PEEK can be challenging due to its high melting point and the need for a heated
build chamber to prevent warping and maintain part integrity. Thus there is an unmet need to
develop PEEK-based materials that are processible at room temperature for 3D printing, at
the same time, retaining the good mechanical properties that are intrinsically associated with
PEEK. Photo-induced thiol-ene reactions combine the attributes of both photopolymerization
and click reactions, including precise control, selectivity, resistance to oxygen and water, and
high yields without the formation of by-products. Unlike chain-growth acrylate
polymerizations, thiol-ene reactions proceed via a step-growth mechanism, offering benefits

such as delayed gelation, improved monomer conversion, and reduced shrinkage stress.
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Synopsis
Photocuring-based 3D printing technologies, such as Digital Light Processing (DLP), are
well-suited for bio 3D printing due to several advantages, including high resolution and
gentle processing conditions when compared to extrusion-based AM methods. Additionally,
the print speed can be controlled by adjusting the light intensity or exposure time. In contrast
to filament extrusion-based 3D printing, photocuring-based 3D printing offers the added
benefit of improved bonding between layers, as polymerization can continue even in the
absence of light, resulting in better connectivity between polymer chains across different

layers.8

2 Statement of the problem

Additive manufacturing (AM), also known as 3D printing, has become a versatile technology
platform for computer-assisted design (CAD) and rapid manufacturing. This innovative
technology enables the creation of personalized components using metals, ceramics, and
polymers, all while eliminating the necessity for molds or the machining processes
commonly associated with traditional formative and subtractive fabrication methods.
Additive manufacturing has moved from being a specialized manufacturing method to
becoming widely recognized as user-friendly systems with quicker build rates and lower
costs are now available. Despite significant progress in recent years, there are still several
challenges that must be addressed for AM to become a viable large-scale manufacturing tool.
The rapid progress in the technological development of machinery for AM achieved in the
recent decade has also spurred the search for suitable materials that could meet the
requirements of these applications. Photocuring-based 3D printing technologies like the DLP
is very amenable as they offer many advantages like high resolution and gentle processing
conditions compared to extrusion-based AM technologies. Moreover, the print speed can be
controlled by adjusting the intensity of light or the exposure time. Compared to filament
extrusion-based 3D printing technologies, photocuring-based 3D printing has the added
advantage of enhanced bonding across the layers as the polymerization can continue even in

the absence of light thereby connecting polymer chains across the different layers.

So, in DLP 3D printing technology there are commercial acrylate-based materials available
that have limitations in terms of degradability or mechanical properties. To overcome this
problem biobased materials are required which can provide degradability to reduce waste

generation and the use of high-performance PEEK polymer can provide 3D printed parts with
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Synopsis
high mechanical strength. Adopting thiol-ene-based chemistry can enhance the printing

parameter in terms of printing speed for fast curing and degradability also.

3 Objective and Outline of Thesis

The primary objective of the thesis is to provide different types of photocurable crosslinkers
to be utilized in the development of resin formulations. After that, the prepared resins will be
used in light-based DLP 3D printing technology. The thesis also focused on the properties of
the 3D printed materials like- degradability, mechanical properties, and printing resolution.
These 3D printed materials are useful in different fields of applications. The detailed outline

of the thesis is given below,

Chapter 1. Introduction

The introduction starts with the background study of additive manufacturing technologies
which gives an overall idea about the mechanism of the technology and an understanding of
the importance of the technology in terms of creating different materials without using
conventional mold methods. In this chapter, the classification of AM technology is discussed
followed by the types of materials that are required. The materials that are used for light-
based 3D printing need to have a photo-curable group to form a crosslinked network
structure. The challenges of synthesis and characterization of different crosslinker polymeric

materials are discussed in the introduction chapter.

Chapter 2. Biodegradable, Solvent-Free Photocrosslinkable PLLA Resin Formulations for

Additive Manufacturing.

Chapter 3. Biocompatible PVAc-g-PLLA Resin Formulations with Tunable Mechanical
Properties for DLP/SLA 3D Printing.

Chapter 4. Thiol-ene-based Degradable 3D Printed Network from bio resource derived

Monomers Ethyl-lactate and Isosorbide.

Chapter 5. Room Temperature Photocurable PEEK Polymer Formulations for High-

Performance 3D Printing Applications.

Chapter 6. Conclusion

4 Results and their interpretation
Chapter 2. Biodegradable, Solvent-Free Photocrosslinkable PLLA Resin Formulations

for Additive Manufacturing.
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In this study, we synthesized two different low molecular weight Linear and star poly(l-
lactide) (PLLA) polymers by ring-opening polymerization of lactide using 1,6-hexane diol
and pentaerythritol as initiator and Sn(Oct), as a catalyst. The reaction was done in bulk
condition at 130 °C for 5 h reaction time. The terminal hydroxyl groups of the polymers were
reacted with acryloyl chloride to introduce the photo-curable group. After the characterization
of the acrylate PLLA polymer structures, the polymers were used for the resin formulation
with different weight percentages of reactive diluent (2-hydroxy methacrylate) (HEMA). The
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) photoinitiator weight percentage
was calculated using a photoDSC experiment and 1 wt. % of Pl was confirmed. The prepared
resin formulation showed very good resolution DLP 3D printability after using Sudan | dye

and the 3D printed parts showed good mechanical and degradable properties.

3D printed part

Degradation Study

Tensile stress (MPa)

10 20 30 40 50
Degradation Period (days)

Scheme 1 Schematic representation summarizing the conversion of 3D printable

photocurable resin formulation based on PLLA into solid objects using a DLP printer.

The outcome of the synthesis of Linear and star PLLA polymer and their resin formulations

for the DLP 3D printing applications are summarized below,

e Low molecular weight linear and star PLLA polymers are synthesized by ring-
opening polymerization and modified in the end functional acrylic group.

e Three resins were formulated using different weight % of linear and star PLLA
polymer with HEMA as diluent and TPO as PI.

e Resin formulations and characterized and successfully demonstrated the DLP 3D
printing.

e A degradation study was performed in PBS solution over 90 days and almost 30 %

degradation was observed.
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e The 3D printed materials can be used in different fields of application like Tissue

engineering, Tissue culturing matrix, and Soft materials.

Chapter 3: Biocompatible PVAc-g-PLLA Resin Formulations with Tunable Mechanical
Properties for DLP/SLA 3D Printing.

In this chapter, A novel biobased acrylate polymer, PVAc-g-PLLA, was designed and
synthesized to create resin formulations, eliminating the need for toxic organic solvents, by
incorporating reactive diluents such as HEMA and HEA. The successful synthesis of various
polymers, including PVAc, partially hydrolyzed PVAc, PVA-g-PLLA, and acrylate PVA-g-
PLLA (Fig. 1) was verified through NMR and FT-IR spectroscopy. The molecular weights of
these polymers were determined using GPC in a chloroform solvent. The kinetics of the
formulated resins were further examined by measuring viscosity and conducting photoDSC
studies. The curing study revealed that the resins prepared with HEMA required 1.5 weight
percentage of TPO photoinitiator, while those prepared with HEA required 1 weight
percentage of photoinitiator. Furthermore, these resins were successfully used for 3D printing
with a DLP printer at room temperature. They demonstrated high-resolution printing when
used to create complex objects like the Elegoo Mars Test Rook and Benchy. Moreover, the
resin formulations could easily incorporate a fluorescent dye, which emitted a glow under UV
light. Notably, when comparing HEMA and HEA as reactive diluents, HEMA-based 3D
printed parts exhibited superior mechanical and thermal properties, while HEA-based parts
displayed a softer texture and higher elongation properties. This versatility holds great
promise for a wide range of applications, including tissue engineering, soft robotics, tissue
culture, biomedical implants, and scaffolds. Degradability and dye uptake studies were
performed with 3D printed parts and showed HEA containing 3D printed parts absorbed dye
at a higher rate than HEMA containing 3D printed parts.
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Synopsis
Scheme 2: Overall schematic representation for 3D printing of acrylate PVAc-g-PLLA

polymeric crosslinker.

o RAFT polymerization
o —> 0. e
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-

Figure 1 Overall synthetic scheme for acrylated PVVAc-g-PLLA polymeric crosslinker

The outcome of the Acrylate PVAc-g-PLLA polymer, it’s resin formulation and DLP 3D

printing are summarized below,

e Acrylate PVA-g-PLLA crosslinker was successfully synthesized and characterized by

NMR, GPC, and DSC analysis.

o Different resins were formulated using acrylate PVVA-g-PLLA crosslinker with HEMA

and HEA diluents.

e Room temperature DLP 3D printing was performed using prepared resin formulations

and different standard Stl. files were printed with high resolution.

e Mechanical properties of printed parts were tuned depending on the used reactive
diluent HEMA and HEA. HEMA used 3D printed parts showed higher mechanical

properties than the HEA used 3D printed parts

e Degradability and dye uptake studies were performed with 3D printed parts and

showed HEA containing 3D printed parts absorbed dye at a higher rate than HEMA

containing 3D printed parts.

Chapter 4. Thiol-ene-based Degradable 3D Printed Network from bio resource derived

Monomers Ethyl-lactate and Isosorbide.
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This study has successfully demonstrated a scalable and sustainable approach to the
development of 3D printing materials using thiol-ene photochemistry. This method utilizes a
polymeric ene derived from ethyl lactate and a thiol derived from isosorbide. The ethyl
lactate-based polymeric ene component was synthesized through free radical polymerization
of acrylate ethyl lactate monomer, followed by partial hydrolysis and subsequent reaction
with allyl bromide. The study also involved an analysis of thiol-ene photo kinetics through
photo DSC experiments, shedding light on the chemical reactions occurring during the curing
process. Mechanical and thermal property analyses were conducted, providing valuable
insights into the potential applications and performance of these innovative biobased thiol-
ene materials. The practical application of these materials was demonstrated through 3D
printing using a commercial DLP 3D printer, showcasing their suitability for manufacturing
and prototyping purposes. Notably, the research highlighted the hydrolytic degradability of
3D printed parts in a 1 M NaOH solution, emphasizing the eco-friendly nature of these
materials and their potential to address the issue of non-degradable acrylate-based 3D printed
waste. This research sets the stage for the development of environmentally responsible
materials that could revolutionize the 3D printing industry. The rapid degradability of
polymeric thiol-ene 3D print materials derived from Poly(acrylate ethyl Lactate) (PAEL)
opens new possibilities for rapid prototyping in mass production applications, offering a
promising solution to sustainability challenges associated with traditional acrylate-based
materials. By combining the advantages of biobased sourcing, scalability, and degradability,
these materials represent a significant step toward a more sustainable and environmentally

conscious future in the field of 3D printing.
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Scheme 3: Schematic representation of thiol ene resin formulation with allyl PAEL, Triallyl-
1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TTT), Pentaerythritol tetrakis(3-mercaptopropionate)
(PETMP), and Isosorbide thiol (ISMP) and DLP 3D printing.
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The outcome of the all PAEL polymer, it’s resin formulation and DLP 3D printing are
summarized below,
e Poly(acrylate ethyl lactate), hydrolysis of PAEL, and allyl PAEL polymer were
Synthesised successfully and characterized by NMR, GPC, and DSC analysis.
e Allyl PAEL resin formulations were prepared and DLP 3D printing was performed
with less exposure time (5s).
e 3D printed thiol-ene network showed good mechanical properties.
e 3D printed thiol-ene network showed very good acid resistance whereas totally
degraded in an alkaline medium.
Chapter 5: Room Temperature Photocurable PEEK Polymer Formulations for High-
Performance 3D Printing Applications.
In this chapter, we synthesized two different modified acrylate PEEK polymers that were
used in DLP 3D printing. The first modified PEEK was synthesized using Bisphenol A,
difluoro benzophenone, and 4-fluoro benzoate ester as the end-capping group. Whereas, the
second modified PEEK polymer was synthesized using an alkyl chain containing diol which
was synthesized according to the literature report.’® Further, these PEEK polymers were
reacted with isocyanate methacrylate to introduce a photocurable group in the terminal
position of the polymer. Then Tricyclo[5.2.1.02,6]decanedimethanol diacrylate (TCDDA)
and Bisphenol A ethoxylate dimethacrylate (BPAEDMA) were used as a reactive diluent for
the preparation of resin formulation for DLP 3D printing. The DLP 3D-printed parts showed
very high mechanical properties with Young’s modulus of almost 55 % of commercial PEEK
polymer. The PEEK polymer containing a long alkyl chain in the repeat unit showed good
warpage-free properties after 3D printing. And finally, 3D printed materials showed very high
thermal stability almost 400 °C for 10 % weight loss.
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Scheme 4: Schematic representation of modified PEEK polymer and its DLP 3D printed with

high mechanical tensile strength and warpage-free properties.

The outcome of the modified PEEK polymers, its resin formulation, and DLP 3D printing are

summarized below,

e A new monomer was synthesized and used for the synthesis of low molecular weight
mPEEK polymer.

e Urethane acrylate PEEK resin formulations were prepared for DLP 3D printing.

e High mechanical properties achieved using a low weight percentage of urethane
acrylate PEEK polymers.

Chapter 6. Conclusion

The thesis describes the synthesis of different polymeric crosslinkers that were utilized in
light-based 3D printing applications. The thesis also explored the systematic synthesis of
crosslinkers to achieve a particular outcome after 3D printing either improvement of
resolution of the 3D printed parts with expected mechanical properties or degradation
properties. After a discussion of the background history of 3D printing and the availability of
the materials for liquid-based 3D printing in the first chapter, from next working chapter,
synthesis of PLLA-based linear and star PLLA crosslinker was described. In this chapter, the
formulation of organic solvent-free resins was prepared with a different weight percentage of
acrylate linear and star PLLA polymer and reactive diluent (HEMA). The prepared resin
showed good printability and the resolution of the 3D printed parts can be improved using
sudan | dye. The 3D printed parts exhibited promising mechanical properties for use in tissue
culture application and degradability in PBS solution at ambient conditions. In spite of having
good printing and mechanical properties, these resin formulations were not able to print very
complex 3D print structures with high resolution. To tackle this problem, in our third project,
we introduced the grafting polymerization technique to increase the number of curing groups
in the synthesized PVAc-g-PLLA crosslinker. This crosslinker was used to formulate resin
with two different reactive diluents with different weight percentages. The prepared resin
showed good printability with higher resolution even with complex 3D print structures. The
mechanical properties can be also tuned depending on the choice of reactive diluent.
Additionally, the 3D-printed materials showed good dye absorption properties from the
solution depending on their swelling behavior in the dye solution. Finally, these 3D printed
parts showed degradability in PBS solution by 15 % over 90 days of time period. With these
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printing experiences, we moved to the fourth chapter where we showed thiol-ene chemistry in
DLP 3D printing. Thiol-ene chemistry is usually used for faster reactions and high
crosslinking density resulting in higher mechanical properties. We synthesized ethyl lactate-
based poly(acrylate ethyl lactate) (PAEL) which was modified to allyl PAEL polymer and
used as poly ene crosslinker. This crosslinker is used for resin formulation with thiol
molecule and the prepared resin formulation is used for DLP 3D printing. The printing
parameter of the thiol-ene resin formulation was very fast and it was curing one layer within
only 5 sec. The thiol-ene 3D printed parts showed very high mechanical properties due to
high curing density. An isosorbide thiol crosslinker was synthesized by reacting isosorbide
with 3-mercapto propionic acid. Incorporation of this thiol crosslinker in thiol-ene resin
formulation improves the degradation 100 % weight reduction within 2 days of 3D printed
parts in 1M NaOH basic solution without much change in mechanical properties. Whereas,
the 3D-printed parts showed very good acid resistance in 1M HCI solution over 7-day time
period without changing any weight loss. In the fifth chapter, we synthesized two different
modified PEEK polymers and used them in resin formulations. The PEEK polymer
containing 3D-printed parts showed very high mechanical properties. Young’s modulus of the
3D printed part of PEEK polymer achieved almost 55 % of the values of commercial PEEK
polymer. Incorporating a long alkyl chain into the repeat unit of PEEK polymer helped
alleviate the warpage issue observed in PEEK 3D-printed parts.

Overall, the thesis described the synthesis of different photo-sensitive polymeric crosslinkers
and their relation with different fields of application by creating DLP 3D printed parts. The
tuning of the physical properties of 3D printed materials and also giving future aspects of

making more suitable crosslinkers depends on the demands needed.
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Chapter 1: General Introduction and Literature

1. INTRODUCTION

1.1 Definition of Additive Manufacturing

Additive Manufacturing (AM) has revolutionized various aspects by enabling the development
of intricate 3-dimentional (3D) structures through layer-by-layer deposition of materials. AM
involves converting digital files into physical objects using 3D printers. This process, also
known as 3D printing, starts with a Computer Aided Design (CAD) model that guides the
printer in creating the desired object layer by layer. While 3D printing is a crucial component
of AM, the latter encompasses a broader innovation production process. AM involves multiple
steps beyond printing, making it a sophisticated workflow that includes design, material
selection, printing, post-processing, and quality assurance. This technology enables the
construction of complex forms that were previously challenging or impossible to achieve using

traditional manufacturing methods.!

1.2 Historical Evolution of Additive Manufacturing

In 1970, Johannes F. Gottwald invented and patented a technology where metal was melted at
its melting temperature using an electrical field and deposited onto a carrier. Upon contact with
the carrier, the molten metal solidifies, allowing for the continuous deposition of molten metal
to form a metal object. This concept represents one of the earliest forms of material printing by
depositing one layer upon another. The patent's statement, “It is therefore an additional object
of the invention to minimize the use of materials in a process of the indicated class” highlights
the advantage of utilizing a layer deposition approach, even in its early stages.? In 1980, Hideo
Kodama invented an XYZ plotter equivalent to the 3D printer and filed a patent; but the work
was not recognized and the project was terminated.’ Later on, in 1984, Charles Hull made a
groundbreaking contribution to the field of additive manufacturing by introducing a
fundamental SLA (stereolithography) 3D printing method. Utilizing photocurable adhesive
materials composed of urethane dimethacrylate, acrylic acid, and a benzophenone photo
initiator with a hydroquinone inhibitor, Hull aimed to significantly enhance the efficiency,
reliability, and precision of 3D printing processes. This innovation addressed critical challenges
prevalent in traditional plastic part production, particularly the time-consuming and expensive
nature of design iterations and prototyping phases. Hull's invention marked a pivotal moment
in the evolution of additive manufacturing, providing a solution to the complexities associated
with previous methods involving radiation beams and fluid mediums. By filing a patent for his
pioneering work, Hull cemented his legacy as a visionary figure often hailed as the “father of

3D printing.”* In 1989, Scott Crump introduced a pivotal advancement in additive
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manufacturing with the invention of fused deposition modeling (FDM), a widely adopted 3D
printing technology. Driven by the vision of fabricating three-dimensional objects layer by
layer, FDM utilizes a process where successive layers of selectively chosen materials in fluid
form are deposited onto a base and solidified through controlled temperature differentials until
the entire object is completed. Unlike SLA 3D printing, which relies on photocurable adhesive
materials, FDM requires solid filament materials that undergo melting to a fluid state for
deposition onto the base, subsequently solidifying to achieve the final object.> Since 1990,
numerous companies and institutes have developed various 3D printing technologies,
expanding the range of printable materials to include metals and polymers for diverse end-use
products. As printed objects grew in complexity, the use of support materials became common,
aiding in their creation and easy removal post-printing. Despite advancements, the printing
resolution and cost of 3D printers remained a notable consideration in adopting this technology
widely. With time the technology of the 3D printer matured and are able to print more fine
structures. Nowadays, the cost of 3D printer has reduced considerably and become more

affordable.

1.3 Impact of additive Manufacturing Process

The impact of additive manufacturing (AM) techniques has increased enormously in the
domain of scientific and industrial innovation, revolutionizing traditional manufacturing
processes and enabling unprecedented levels of customization, efficiency, and complexity in
product design and production. It has started from the 1980s with the innovation of the SLA
liquid photo-resin based 3D printer. Since, last 40 years AM technology finds the place in every
field of application form medical to aerospace area. Figure 1.1 represents the enhancement
trends in terms of publication in the field of the AM and 3D printing which is generated from
the Sci-finder search engine with the key words “Additive Manufacturing, 3D printing, and vat

polymerization, DLP 3D printing.
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Figure 1.1 Sci-finder search indicating increase in number of publications since 2000 for
keywords a) additive manufacturing, 3D printing, b) vat photopolymerization, DLP 3D

printing.

From the graph it can be seen that since the last two decades there is an impressive increase in
the number of the publications related to AM. From the industrial point of view, the impact of
the AM method was in the rapid production of the end product with lesser time and cost in
comparison with conventional subtractive method. Manufacturers started to use additive
manufacturing depending on its ability to produce custom-made parts with less wastage and
series of products which makes the AM more flexible than conventional moulding or casting
method. The report of the Wolhers 2015, mentions the significant growth rate of the AM
technique in terms of the generation of revenue from materials sales. In 2015, AM generated
revenue over 900 million USD in the field of all kinds of materials either metal, polymer, or
ceramics. Among these Photopolymer itself generated more than over 350 million USD in
2016.% According to the Formlabs report 2022 which is based on more than 400 responses from
different industries, the 3D printing has been a significant uptick in new applications within the
recent adopters who has invested in the last two years. Among them 63 % inventors use end-
use parts which is almost double than the.” The Indian 3D printing industry is expected to
develop at a compound annual growth rate (CAGR) of 20.3% between 2023 and 2030,
indicating that it is set for spectacular expansion. With sales expected to reach an amazing
$705.1 million by 2030, the growth is expected to continue on its upward trend, which saw

strong revenue increase to $111.0 million in 2022 %

1.4 Production Process of 3D Printing

The 3D printing process relies on three key steps. Initially, a computer-aided design (CAD)
model is created using specialized software. Next, the CAD file is transferred to another
software called slicer where the CAD file is converted into a pack of layers with definite
dimensions (Figure 1.2). Then this file is supplied to the 3D printer, where the object is built
layer by layer. Finally, in the post-processing stage, the printed products are refined for use. In
the preprocessing step, a 3D model is designed using CAD software and then converted into a
Standard Triangulation Language (STL) format. This format, established in 1987, serves as the
standard for 3D model production in additive manufacturing (AM). The resolution of the 3D
printed model is determined by its triangular mesh as defined in the STL file. In the processing
step, the STL file is transferred to another software where the 3D model is sliced into layers

based on the desired thickness of the printing layers. Additionally, adjustments to the size of
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the model can be made during this stage. For complex 3D models, support structures may be
generated within the slicing software to prevent printing failures. Ensuring the proper
orientation of the 3D model is crucial; typically, the model's surface should be parallel and
touching the XY plane, but adjustments can be made in both the XY and Z directions. Once the
3D model is sliced, the file is transferred to the 3D printer, which then proceeds to print each
layer of the model sequentially. The printing technique may involve either a top-down or
bottom-up approach, depending on the specific printer and printing method used. In the
postprocessing step, the 3D printed part is removed from the platform and refined to the final
product. In the case of the vat polymerization 3D printing process, the 3D printed part needs to
be washed with isopropyl alcohol solvent to remove the unreacted materials, and a post curing
treatment is necessary. Other post-processes like removal of supports, polishing, heat treatment,

coating, sterilization, etc. can be applied after the removal of the 3D print object.’
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Figure 1.2 CAD filed prepared from CAD file software (solid works) (top), the CAD file was

sliced in the slicer software (anycubic slicer software)

1.5 Challenges of the AM Technology
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Although additive manufacturing (AM) technology has many benefits, there are a few
noteworthy challenges that need to be taken into consideration.

During the early stages of additive manufacturing (AM) technology, a significant challenge
revolved around sourcing suitable materials for 3D printing. Various printing methods
necessitated distinct material properties to ensure optimal performance. For instance, in
extrusion-based 3D printing, materials had to align their melting temperatures with the printer's
limits. Conversely, in liquid-based printing, resin viscosity had to remain within specific
parameters for effective printability. Over time, advancements in 3D printer technology
addressed these issues. Through innovations in temperature control mechanisms, printers now
accommodate a broader range of materials. Furthermore, precise regulation of resin bed heat
enables fine-tuning of resin viscosity, thereby enhancing the smoothness of printing processes.
Achieving high resolution in 3D printed products posed a significant challenge in the
development of additive manufacturing. While liquid-based 3D printing has made substantial
strides in improving resolution, micro-level resolution remains a concern for extrusion-based
methods. Post-processing steps are often required for extrusion-based prints to achieve a
smoother resolution. However, advancements in both printing technologies continue to refine
the resolution capabilities of 3D printed products over time.!

In comparison to traditional manufacturing methods, 3D printing is generally slow. However,
it offers significant advantages in terms of flexibility and cost-effectiveness. Unlike traditional
processes that require changing the entire mould for material alterations, 3D printing allows
for swift modifications by simply adjusting the CAD file. This capability reduces both time
and expenses associated with material changes. On the other hand, post-processing of 3D
printed products remains a major challenge, adding an extra step that increases both cost and
time before the product can be utilized in its final form.

One significant issue with AM technology is scalability. When it comes to mass production,
traditional manufacturing techniques frequently perform better than AM because of things like
slower print rates and smaller build quantities. Furthermore, the initial expenses linked to
additive manufacturing equipment and materials may provide a barrier to their widespread
implementation. Notwithstanding these obstacles, further developments in AM technology,
such as quicker printing methods and bigger build platforms, are progressively resolving
scaling issues and broadening the use of AM in several sectors.!°

1.6 Applications of AM Technology

There are many potential applications for AM technology in different fields, including medical,
education, aerospace, automobile, electronics etc (Figure 1.3). 3D printing serves a multitude
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of purposes across various industries. Primarily utilized for prototyping, it provides designers
with a rapid and cost-effective means to bring their concepts into physical form. Furthermore,
its ability to facilitate custom or low-volume production without the need for expensive tooling
makes it invaluable in manufacturing.

In medicine, 3D printing contributes to the development of medical devices, implants, and
potential organ and tissue engineering.'!,'?> A group of researchers invented a novel 3D printed
class III medical device architecture of tracheobronchial splint for the patient-specific uses.'?
In the field of tissue engineering by rapid prototyping, Albino Martins et al. showed the culture
of human osteosarcoma-derived cells in a 3D print scaffold structure prepared with 30:70 (wt.
%) blend of starch and polycaprolactone.'*.

The aerospace industry has been a prominent sector propelling the expansion of the AM market,
contributing to 18.2% of its revenue. Revenue estimates for the AM industry reached $2.7
billion in 2016, with projections exceeding $100 billion in the next two decades, predominantly

driven by aerospace applications through the supply chain and repair operations.'

Automobile Medical

Aerospace

fue

Figure 1.3 Application of additive manufacturing in different fields like Automobiles,

Medical, electronics, and aerospace.

Automobile industries are acquiring the AM technology for the creation of complex geometries
and intricate components with reduced material waste. AM technology is rapidly
revolutionizing the electronics industry by offering innovative solutions for end-use
production, customization, and prototyping. This technology enables the creation of electronic

parts and assemblies in small batches and prototypes without the requirement for expensive
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tooling and lengthy lead times. Patel et al. investigated the mechanical characteristics of highly
stretchable and UV curable (SUV) elastomer systems, specifically designed for DLP-based 3D
printing. The ink formulation comprised epoxy aliphatic acrylate (EAA), aliphatic urethane
diacrylate (AUD), and a photoinitiator. Their study primarily focused on assessing the impact
of varying proportions of EAA and AUD on the mechanical properties of the elastomers.
Notably, the authors observed a direct correlation between the quantity of AUD and the
enhancement of mechanical properties. They demonstrated that increasing the amount of AUD
resulted in significant improvements, with elongation capabilities reaching up to 1100%.' It
also extends the applications of AM technology to food customization, and fashion where it

enables the creation of tailored products ranging from custom-fit lightweight parts.!”-!8:1

1.7 Classifications of Additive Manufacturing Technologies

The AM technology can be classified into seven major categories which are mentioned below.
The details of each category are explained here; since the thesis work depends on the materials
development for vat polymerization, the main focus is given to the Vat photopolymerization
and a sub section for the different types of vat polymerization AM techniques.?’

1.7.1 Vat Photopolymerization

Among the different AM technology vat photopolymerization is an attractive strategy for
fabricating 3D printed parts with high resolution and accuracy. In this 3D printing method, the
liquid resin materials are selectively cured in the presence of UV light or laser layer-by-layer
either in a top-down or bottom-up fashion. Firstly, the liquid resin is poured into the vat and
build platform is dipped into the resin, light of a selective wavelength is exposed to solidify the
resin according to the CAD file. Vat photopolymerization lithography-based 3D printing
approach is used in Digital light processing (DLP), stereolithography (SLA), Continuous
Liquid Interface Production (CLIP), Computed Axial Lithography (CAL). The details of those

are given in the next section.?!

1.7.2 Material Extrusion

Material extrusion is a dynamic 3D printing process in which a plastic or metal filament is
deposited onto a build platform layer-by-layer through a heated nozzle, constructing the
complete 3D printed product. Fused Deposition Modeling (FDM) is a material extrusion AM
technique, where plastic filament is heated to its molten state and extruded through the nozzle
of the 3D printer. In response to varying demands and the intricacy of the 3D print material,
FDM 3D printers can incorporate multiple nozzles, enabling the creation of multi-material

filament prints with enhanced versatility and functionality.?*%
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1.7.3 Powder Bed Fusion

Powder bed fusion is an AM technique, involving the gradual fusion of powdered materials
layer by layer under the influence of heat sources such as laser beams, electron beams, and
infrared beams. These heat sources selectively fuse the powder materials at precise layer
thicknesses, facilitating the creation of intricate three-dimensional objects. In this AM
techniques different types of powder materials of plastics, ceramics, composite, glass, metals
and its alloys are used. The products manufactured using this technique find applications across

various fields including aerospace, the energy sector, transportation, and more.?®2

1.7.4 Directed Energy Deposition

The DED process, which is classified as an AM method, fuses materials during the depositing
process by using concentrated heated energy. The concepts of welding and cladding are
combined in this technique. Thermal energy sources that are focussed on the layer before them
include electron beams, lasers, and welding heat flux. The concentrated thermal energy zone is
simultaneously supplied with feedstock materials, such as wires and powders. The feedstock
around the thermal energy point melts along with the preceding layer to produce the resulting
molten pool. After cooling the molten layers, the deposited bed form according with the CAD
file. Only metal materials or metal alloys are used in this AM technique.?**

1.7.5 Material Jetting

In material jetting AM technology, the 3D printed product is formed through the deposition of
photocurable droplets onto a build platform, which are then cured by a UV light source
typically ranging from 100 to 400 nm. Photo polymers are stored in air-excluding tanks and
transferred to the nozzle through heating. They are then deposited onto the build platform as
droplets, forming a thin layer. After curing the thin layer, the platform is lowered, and the next
layer begins to form on top of the previous one. This method offers adaptability to thin layer
thicknesses, resulting in high-quality parts with minimal staircase effects and thin wall features.
The technology also allows for the combination of different materials, enabling a multi-
material approach and facilitating the production of composite parts.**3!

1.7.6 Binder jetting

Binder jetting AM technology involves depositing a liquid binding agent onto a powder bed to
selectively bind the powder polymeric or ceramics particles together without using energy
beam. This AM technique has several steps starting from the printing to annealing and finishing

the 3D print product completely. The binder agent is deposited on the powder bed only on the
specific region (according to the CAD file) and first layer is formed. After that the first layer is
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lowered and next layer of powder material is supplied. This process continues until the whole
green body print is finished.*>-*

1.7.7 Sheet Lamination

Sheet lamination is an AM technology where the whole 3D printed part is created by bonding
layers of sheet on top of another. Laminated object manufacturing (LOM) is one category of
the sheet lamination where materials are supplied from a roll of sheet and cut into a desired

shape with laser and the layers of sheets are bonded together using heat activated resin.>*>*

1.8. Different Types of Vat Photopolymerization

Vat photopolymerization technique is further classified into four types depending on the work
function of 3D printer. These vat photopolymerization techniques are stereolithography (SLA)
and Digital Light Processing (DLP), Continuous Liquid Interface Production (CLIP),
Computed Axial Lithography (CAL). The details of each type vat photopolymerization are

described in the next section.

1.8.1. Stereolithography (SLA)

Stereolithography (SLA) is a 3D printing technology that uses a laser to cure resin into a solid
object. It is one of the oldest and most widely used 3D printing technologies and is commonly
used to create high-precision and high-quality parts. In an SLA printer, a laser beam is directed
onto a surface of liquid resin, which is contained in a vat. The laser trace is used to cure the
resin into a solid form, layer by layer. The object is built up from the bottom of the vat, and the
platform on which the object is built is lowered as each layer is cured. Once the object is
complete, it is removed from the vat and any remaining resin is cleaned off using isopropyl
alcohol. SLA is known for its high precision and ability to produce smooth surfaces with fine
features. It is commonly used for prototyping and producing custom or low-volume parts, as
well as for creating unique one-off items. The materials used in SLA printing include
photopolymers, which are liquid resins that are cured by light, making thermosetting three-

dimensional network polymers.*$-38

1.8.2. Digital Light Processing (DLP)

Digital Light Processing (DLP) is a 3D printing technology that uses a digital projector to cure
resin into a solid object (Figure 1.4 Schematic representation). Unlike the stereolithography, in
the DLP 3D printing technique a digital projector light source is used rather than a laser to cure
the resin formulations. The projector is used to cure the resin into a solid form, layer by layer,
as the object is built up from the bottom of the vat. Once the object is complete, it is removed
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from the vat and any remaining resin is cleaned off. DLP is known for its fast-printing speeds

and high resolution, as it can cure resin at a pixel level.

Platform moaoving vertically (Z-Axis)

Platform

Liquid Resin Tank

\

PDMS

UV Lighting

! |
Mirror

Lens Projector

Figure 1.4 Schematic representation of a DLP 3D printing technology®’ Copyright © 2016,
IEEE

It is commonly used for prototyping and producing custom made products, as well as for
creating unique solitary objects. DLP printing is often used for prototyping, jewellery making,
and other applications that require fine detail and high resolution. It is also used in the
manufacturing of end-use products, such as dental crowns and bridges, hearing aids, and other
medical devices. The materials used in DLP printing include photopolymers, which are resins
that are cured by light. Bio-based photo-polymeric resin formulations are also used for DLP
3D printing. The resolution of the 3D printed products from DLP 3D printing also depends on

the layer thickness and the curing time of the resin formulation.**+?

1.8.3 Continuous Liquid Interface Production (CLIP)

Continuous liquid interface production vat photopolymerization is an advanced version of the
DLP 3D printing. Unlike the DLP technique in this 3D printing an oxygen permeable film is
used which inhibits the polymerization making a dead zone above the thin film. The printing
process of CLIP like UV exposure, resin renewal, and part elevation are continuous. Just above
the dead zone the cured 3D printed part can be continuously pulled out making a suction for
the renewal of reactive resin. The size of the dead zone is nearly 20-30 um for the fast and

precise CLIP 3D printing.*>*

1.8.4 Computed Axial Lithography (CAL)
Computed axial lithography also called volumetric lithography is an advanced DLP 3D printing
technique. In this technique the whole 3D printed part is formed by the arbitrary projection of
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the 2D image in a rotational resin bed and the photosensitive resin is cured in the presence of
the UV light source. After forming one layer, resin cylinder rotates for the next layer. The
enhancement of material properties of this 3D printed product is still challenging but this 3D

printing technique showed promise of higher printing speed with high resolution.*>**¢

1.9 Materials for the DLP 3D Printing

The materials that can be used for DLP 3D printing are liquid curable resins. The exact
formulations of commercial resin materials are often proprietary and undisclosed. Typically,
these commercial resins consist of a blend of acrylates or methacrylate along with a photo
initiator. DLP printers utilize a diverse list of resins tailored to specific 3D printing
requirements. Some resins are optimized for swift printing with a variety of colours, while
others are specialized for prototyping applications demanding high toughness and elongation
properties or for bio-medical application. This section gives a detailed insight into the structures
and curing chemistry of commercial acrylates and methacrylate’s, photo initiator, and reactive

diluents utilized in DLP 3D printing.*”#

1.9.1 Commercial (meth)acrylate Molecules

RJLH’O\/\oj\N/q\JJOLO 0 O oj\Nji)\Nj\o/\/om/K

Bisphenol A Urethane meth(arylate)

)\[ro‘é/\o [ O O o/\)r’no\n/R&
0 0

Bisphenol A ethoxylate meth(acrylate)

R= CH;, H

Figure 1.5 Structural representation of some (meth)acrylate oligomers

The commercial materials containing acrylates or methacrylate double bonds undergo radical
polymerization during the 3D printing process, involving initiation, propagation, and
termination stages (Figure 1.5). Different weight percentage of these (meth)acrylate molecules
are used for the preparation of the resin formulations with organic solvent or reactive diluents
to optimize the resin viscosity. The viscosity of the resins is a crucial parameter for the DLP
3D printing. The viscosity of the resin should be less than 10 Pa.s** to perform smooth DLP
3D printing. Higher viscosity will make it challenging for the resin to flow during 3D printing,

which will lead to printing failure at room temperature. A photo initiator is mixed with the resin
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formulation in minimum quantities to start the curing of the (meth)acrylate group and after that
it will form a crosslinked polymer network. The presence of urethane group in the
(meth)acrylate molecule has been shown to improve the mechanical toughness after 3D
printing by inter molecular hydrogen bonding and also improve the elongation properties of
the 3D printed parts.’! The photo initiator present in the resin triggers the radical formation
upon exposure to light from the printer projector which react with the (meth)acrylate double
bond and starts the polymerization propagation, resulting in the formation of layered solid
polymer. This process is repeated for each layer formation to complete the whole 3D printed
part. Chiappone A. et al. reported 3D printing for creating hybrid nanocomposites with superior
mechanical properties using commercial silica-based acrylate molecules. A complex multi-
layered architecture was 3D printed in the building area of 100 X 56.25 X 150 mm using a
mixture of 3-(trimethoxy silyl) tetracthyl orthosilicate (TEOS), propyl methacrylate (MEMO),
and poly(ethylenglycol)diacrylate (PEGDA, Mw 600 g mol1) in the presence of photoinitiators
(Irgacure 819 and Irgacure 1173). The mechanical properties of the 3D printed structure was
improved by acidic vapour treatment, which caused the formation of metal-alkoxysilane
linkages in the polymeric network, resulting in the in-situ creation of inorganic nanoparticles

(Figure 1.6a).%

a) 0 \l ( 0
- \s|/\/\o)j\( O‘Si’o 4\"(0\/9\0%
°\ b— /0" Yo\ o n
MEMO TEOS PEGDA
\)L JL \)L 0 Zn?* Jj\/ \)L » BN
Urethane acrylate H Zn-Diacrylate Acrylic acid _.“ g g ‘L

Figure 1.6 a) Commercial silica acrylate used for the fine 3D printed product formation, Ref
52. Copyright © 2016, American Chemical Society b) urethane acrylate used for tuneable
(soft or hard) DLP 3D printed product. Ref 53. Copyright © 2021, American Chemical
Society.

Zhu G et. al. reported a 3D printed structure with recyclable and healable properties using the
commercial urethane mono-acrylate and zinc metal-based di-methacrylate as crosslinker,
camphorquinone (CQ) and ethyl 4-dimethylaminobenzoate as photo-initiator. The 3D printed

parts from this resin formulation showed tuneable mechanical properties depending on the
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acrylic acid monomer ratio. This is attributed to the hydrogen bonding within the 3D print
network polymer. (Figure 1.6b).>

The commercial resin formulations come in various formulations tailored for specific
properties and applications, including strength, flexibility, transparency. Selecting the right
resin is crucial for achieving desired outcomes, considering their distinct characteristics.’
Moreover, strict adherence to manufacturer guidelines regarding resin handling and storage is
paramount due to potential toxicity and skin/eye irritation risks. Researchers are continuously
working to improve the materials used in DLP 3D printing, aiming for better printing ability
and application in bio-medical, aerospace, etc fields. Additionally, the development of
degradable polymeric materials for DLP 3D printing, aiming to create eco-friendly solutions

for sustainable manufacturing.

1.9.2 Photo initiator

M I OF

D1173 1184 1651 /ﬁ:ﬁ?)ﬁé\
|| [ /?\ BAPO
/ N 0

1369

TPO

Figure 1.7 List of photo initiators generally used for 3D printing resin formulations.

The photo initiator is a crucial component of photo resin formulation, initiating the
photopolymerization process of (meth)acrylate, thiol-ene, or thiol/acrylate resin formulations
through radical generation. It breaks down into radicals upon absorbing light energy, thereby
initiating radial polymerization. Typically, photo initiators used in resin formulations are
classified into two categories known as Norrish type I and Norrish type II. In type I, photo
initiators consist of single molecules that cleave into radicals when exposed to light at an
appropriate wavelength. The Darocure 1173 is an example of type I photo initiator, which

cleaves into radical by exciting the energy from n — 7z transitions when 350-360 nm
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wavelength light falls on it. Similarly, Irgacure 184, Irgacure 651 and Irgacure 369 belong to
the same type of photo initiator (Figure 1.7). Phosphine oxide-based photoinitiators (TPO and
BAPO) also fall under the category of type I photo initiators. They are widely preferred due to
their high wavelength (405 nm) absorption capability. The presence of a phosphorus atom
adjacent to the carbonyl group in the photoinitiator structure lowers the energy level of m*,
facilitating the n — m* energy transition.> Norrish type II is generally two component system
for generating the radical. A co-catalyst is required for the formation of the radical in type II
photo initiator which make it not so favourable for the DLP 3D printing. Lim S. K. et. al. used
metal-based photo initiator, tris(2,2- bipyridyl)dichlororuthenium(Il) hexahydrate (Ru) with
sodium persulfate for the visible light initiation of the DLP 3D printing resin.>> Sandmeier M.
et. al. used a polymeric photo initiator consisting of a cross linkable group in the terminal
position of the photo initiator. Two different types of polymeric photo initiators have been
reported for the ring opening polymerization of e-caprolactone. Finally, different weight
percentage of the low molecular weight BAPO containing photo initiator was used for the heat
assisted DLP 3D printing.>® Recently, a smartphone-powered projector portable DLP 3D printer
fabricated for generating designed patterns of hydrogel of polyethylene glycol diacrylate
(PEGDA) reported tris(2,2'-bipyridyl) dichloro-ruthenium (II) hexahydrate with sodium

persulfate, Ru/SPS mixture as photo initiator.’’

1.9.3 Reactive diluents

Synthetic photopolymers or highly viscous commercial (meth)acrylates are difficult to 3D print
with DLP 3D printer at room temperature. The desirable viscosity for printable resin
formulations should not exceed 10 Pa.s.>® Various types of diluents are employed to decrease
the viscosity of resin formulations, with organic solvents being a common choice. They
effectively reduce viscosity and aid in achieving a homogeneous solution of dissolved
photopolymer. However, the utilization of organic solvents presents several challenges:*%

1. While organic solvents can effectively reduce viscosity, they may lead to issues such as
solvent leaching post-printing, resulting in shrinkage of the 3D printed product.

2. Uneven shrinkage caused by solvent evaporation can lead to warping or the generation of
cracks in the printed part.

3. Toxicity concerns associated with organic solvents pose a significant obstacle, rendering the

3D printed part non-biocompatible.
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Figure 1.8 Commercially available reactive diluents used to reduce the viscosity of the resin

formulation for convenient smooth DLP 3D printing.

According to the literature reports it was found that different types of organic solvents have
been used for the preparation of the resin formulation. Seck T. M. et. al. prepared resin
formulation adding 54 weight percentage (wt. %) of water and 11 wt. % of dimethyl sulfoxide
(DMSO).°! Ferry P.W. M. et. al. and Green B. J. et. al., used 19 wt. % of ethyl lactate as non-
reactive diluent and dioxane in 1:1 ratio with photopolymer for the stereolithographic resin
preparation.’>%* Arvin B. S. et. al. used 20 wt. % of 2-ethyl-2-hydroxymethyl- Trimethacrylate
(TMPTMA) as reactive diluent and 20 wt. % of n-methyl pyrrolidone as non-reactive diluent.%*
Instead, of using organic solvent, a reactive diluent can be used which possess one or more
than one reactive functional group and can take part in the network polymer formation during
the photopolymerization 3D printing. By using the reactive diluent there is no chance of
leaching, making the 3D printed part more reliable. Luo Y. et al. used diethyl fumarate (DEF)
as reactive diluent for the reduction of the viscosity as well for the enhancement of the
mechanical properties of the 3D printed part.®® Finally, it can be concluded that by selective
use of the reactive diluent for a particular resin formulation both viscosity and the mechanical
properties can be fine-tuned (Figure 1.8). Using biobased reactive diluents, the 3D printed parts
become amenable for nontoxic biomedical applications.

1.10 Development of Bio-Based Photopolymer for DLP 3D Printing

Commercial resin formulations containing (meth)acrylate small molecules or oligomers are
widely utilized in rapid prototyping across various fields. However, in biomedical applications,
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commercial (meth)acrylate-based materials face limitations due to their toxicity and lack of
biocompatibility. Moreover, these materials are often non-degradable, leading to significant
waste generation after use. To address these challenges, there is a growing need for the
synthesis of bio-based polymers tailored to meet the specific requirements of biomedical
applications. These bio-based polymers are anticipated to offer solutions by providing
biocompatible alternatives while also addressing concerns regarding toxicity and waste
generation associated with acrylate-based materials.®® Numerous research groups have
successfully developed bio-based photopolymers designed for DLP 3D printing applications.
The most commonly employed bio-based polymers are polylactide (PLA), polycaprolactone
(PCL), and polyglycolide (PGL). These polymers are derived from renewable natural resources
such as corn, sugar cane, starch, wheat straw, and wood chips.®’*® By introducing photocurable
groups into the polymer backbone, these materials can be utilized as photo-polymers. Different
weight percentage of these photopolymers are used for the resin formulation with reactive
diluents enabling them to solidify under light exposure during the printing process.

1.10.1 Polylactide

Polylactide (PLA) is a renewable bio-based polymer. PLA is synthesised from the monomer
lactic acid or lactide. Lactic acid is produced from bio-based sources like- corn, sugarcane,
potatoes, and biomass. PLA is bio-compatible and biodegradable which make it a bio-medical
polymer. PLA exhibits favourable physical (glass transition temperature 50-70 °C and melting
temperature 170-190 °C) and mechanical properties (tensile strength 28-50 MPa and modulus
1.2-3 GPa) along with changeable functionality. With acid and hydroxyl groups present at the
terminal positions, PLA can undergo reaction with other molecules to introduce various
functional groups. This capability to modify functionality makes PLA to be a highly promising
polymer for biomedical applications.®”’! PLA is used to make biomedical implants, tissue
engineering, suture, etc. The presence of the ester linkage in the PLA backbone makes this
polymer susceptible for the degradation by ester bond cleavage. The cleavage of the ester bond
of the PLA polymer can be enhanced by introducing esterification enzymes resulting in the
non-toxic byproduct of lactic acid.”> The incorporation of PLA in the DLP 3D printing is an
evolutionary step to make customizable bio-compatible products. Many research groups have
reported the use of functionalized PLA in the production of DLP 3D printing products for
application in tissue engineering, bio-scaffold, dental implants, biodegradable implantable
screws, etc.546%7 The synthesis of PLA and introduction of the curable functional groups are

described in the next section.
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1.10.2 Synthesis of the PLA polymer
The synthesis of the PLA polymer can be done in three different steps: a. direct condensation
polymerization of the lactic acid b. azeotropic dehydration condensation c. ring opening

polymerization (ROP) of the lactide as shown in the figure 1.9.

/ ‘\ ]
o a. Direct condensation c. Ring opening
polymerization polymerlzatlon O
OH

Pon lactic amd Lagtide

Lactic acid p, Azeotropic dehydration
condensation

Figure 1.9 Different methods for the synthesis of the PLA polymer

The ROP of lactide is the most widely used polymerization technique in the industries for
attaining well-defined molecular weights. Lactide has three different stereoisomers, L-lactide,
D-lactide, and D, L-lactide. Among them L-lactide is the more commercially available and
mostly used stereoisomer for the synthesis of the poly(l-lactide) polymer.”* By employing
various types of initiator molecules for the ROP of lactide, it is possible to create different
architectures of PLA polymer.”” Stannous octoate (Sn(Oct);) is the predominant catalyst
utilized in the ROP of lactide. Several metal-free catalysts are available for ROP of lactide.
Some of these include 4-dimethylaminopyridine (DMAP), 4-pyrrolidinopyridine (PPY), 1,8-
diazabicycloundec-7-ene (DBU), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), and its N-
methylated analogue (MTBD).” For the synthesis of the linear PLA polymer primary, or
secondary alcohol or amine can be used. The coordination complex between the hydroxyl
group and lactide monomer initiates the ring-opening polymerization of lactide with the
catalyst. This process generates the repeat unit of the lactide and a secondary hydroxyl group,
which forms a complex with the catalyst, facilitating the propagation of the ROP
polymerization. For the synthesis of star or branched PLA polymers, multifunctional initiators
are employed. Alternatively, grafting serves as another method to create branched polymers.
Graft copolymers offer versatility and can be finely adjusted using various synthetic grafting
techniques, including grafting through, grafting to, and grafting from methods.”® The objective
behind synthesizing different architectures of PLA polymers is to tailor their mechanical

properties to suit diverse application requirements.
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1.10.3 Introducing Acrylate Bond in the PLA Polymer

PLA polymers can be transformed into photosensitive polymers by incorporating cross-
linkable groups. Linear, star, and branched PLA polymers all possess hydroxyl groups at their
terminal positions, making them susceptible to modification by reacting with other molecules
to introduce curable groups. Various curable groups such as acrylate, methacrylate, and
fumarate can be incorporated into the polymer structure (Figure 1.10). These groups facilitate

the formation of a crosslinked network polymer during DLP 3D printing when combined with

o
1. R\OAH/O}T(&
n
o

Methacrylate

a photo initiator.

1. methacrylate
o 2. acrylate

o] 0
O)H‘\\ R o) 3. fumarate R o
ROH + WO — 3 O ' —— 2. ‘OAI\( h]/%
o o

Poly(l-lactide) Acrylate

o o
3. R\O‘JJ\(OWLOR'
n
(0]

Fumarate

Figure 1.10 Modified PLA polymers with methacrylate, acrylate, and fumarate curable
group.

Sawhney A. S. et al. synthesized a degradable copolymer consisting of Poly(ethylene glycol)-
co-poly(a-hydroxy acid (Figure 1.11a). The copolymer was produced through ring-opening
polymerization of lactide and glycolide under bulk conditions at 130°C using different
molecular weight of polyethylene glycol as ROP initiator. Subsequently, the terminal hydroxyl
group of the copolymer underwent reaction with acryloyl chloride to introduce the curable
acrylate group. Finally, the photocurable copolymers were utilized for the formation of three-
dimensional hydrogels with 2,2-dimethoxy-2-phenylacetophenone as the photoinitiator, under
low wavelength UV light. It was observed that hydrogel formation occurred rapidly, even in
the presence of oxygen.”” Coullerez G. et. al. synthesized telechelic PLA oligomers through a
transesterification reaction of PLA polymer with a commercial diacrylate in the presence of a
titanium catalyst (figure 1.11b). The resulting acrylate-containing PLA oligomer was employed

in the formation of a crosslinked hard network polymer. This polymer exhibited a softening
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effect in open atmospheric conditions, indicating moisture-induced hydrolytic degradation.’”®

Moeinzadeh S. et al. developed a novel star poly(ethylene oxide-co-lactide-glycolide acrylate)
macromonomer to create a network structure (figure 1.11c). This multi-armed polymer formed
a crosslinked hydrogel structure with water uptake properties and degradability in PBS
solution. The mechanical properties of the hydrogel were improved by incorporating a small

amount of n-vinyl pyrrolidone as a solvent.”
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Figure 1.11 Introduction of the acrylate groups in the terminal position of the PLA polymer
to form telechelic acrylate PLA polymer. Ref 77. Copyright © 1993, American Chemical
Society, Ref 78. Copyright © 1969, Kluwer Academic Publishers, Ref 79. Copyright © 2011
Elsevier Ltd. All rights reserved.

Many researchers have developed photocurable PLA polymers for resin formulations in DLP
3D printing applications by incorporating curable groups into the bio-based PLA polymer
backbone and understanding the curing kinetics based on factors such as molecular weight and
multi-arm curable chain formation. Melchels et al. developed a resin formulation for
stereolithography, using poly(D, L-lactide) macromers functionalized with methacrylate end-
groups and ethyl lactate as a non-reactive diluent (figure 1.2a). They achieved sturdy structures
and permeable scaffolds suitable for tissue engineering applications. The resin composition
included dye, inhibitor, visible light photoinitiator, and 0.6 k PDLLA macromer. Successful
photo-crosslinking was achieved with blue light exposure, resulting in specimens with
comparable mechanical properties to those produced by compression moulding. The viscosity
of the resin formulation was controlled by adjusting the molecular weight of oligomers and the

weight percentage of ethyl lactate.
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Figure 1.12 a) Synthesis of the telechelic acrylate PLA polymer and resin 3D printing with
same polymer for tissue engineering. Ref. 62 Copyright © 2009 Elsevier Ltd. All rights
reserved. b) Synthesis of the photo initiator containing PCL-b-Pla polymer for the DLP 3D
printing with moderate tensile strength. Ref. 56 Copyright © 2021 Open access

Sandmeier et al. developed a versatile approach for solvent-free 3D printing of biodegradable
polymeric materials by covalently bonding the photoinitiator to a polymer chain structurally
similar to macromonomers (figure 1.12b). They synthesized random copolymers of
caprolactone and lactide with a photoinitiator containing hexyl ethyl acrylate, creating two
types of copolymers with varying molecular weights. These copolymers were used in resin
formulations with PEGDA or DUDMA for printing with a heat-assisted DLP 3D printer.
Tensile testing revealed significant impacts of polymer chain length on mechanical properties,
with Young's modulus and tensile strength decreasing as molecular weight increased. The
research offers new possibilities for solvent-free 3D printing of functional devices, particularly

for scaffolds and implants made of bioresorbable materials.
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1.10.4 Thiol -Ene Chemistry in DLP 3D Printing

Thiol-ene chemistry involves the organic reaction between a thiol and an alkene group,
resulting in the formation of a thioether bond. Much like the radical photopolymerization of
acrylic monomers, thiol-ene polymerization is also a rapid process and acquire lots of
advantages. It proceeds via a step-growth mechanism. The reaction begins with the initiation
of a photo initiator, which forms a thiyl radical from the thiol group. Subsequently, this thiyl
radical reacts with the alkene molecule, leading to the formation of a thioether bond linkage
(figure 1.13a). In thiol-ene polymerization, no solvent is necessary, and no byproducts are
generated during the reaction. The propagation of the thiol-ene reaction is not hindered by the
presence of oxygen. By utilizing multifunctional thiol and ene molecules, crosslinked thiol-ene
polymers can be formed, exhibiting exceptionally high mechanical properties.®*8! Stewart, S.
A. et al. demonstrated the formation of a polymer hydrogel using thiol-ene chemistry. They
synthesized a series of cysteamine vinyl sulfone-functionalized poly(methyl vinyl ether-alt-
maleic acid) polymers and subsequently reacted them with a poly ethylene glycol dithiol
crosslinker to produce the hydrogel. Through cytotoxicity testing, they established the
biocompatibility of the resulting hydrogel structure.®® Similarly, the multifunctional
commercial thiol and ene molecules can be used for the resin formulation and DLP 3D printing.
A list of several commercial thiol and ene containing molecules and their structures are shown
in the figure 1.13b. The minimal shrinkage properties exhibited by thiol-ene crosslinked
networks enhance their suitability for 3D printing applications, offering improved precision
and dimensional stability during the printing process.®* Oesterreicher A. et al. developed alkyne
carbonate molecules, which were combined with multifunctional thiol-containing molecules to
create resin formulations for room temperature DLP 3D printing. They synthesized di- and tri-
functional alkyne molecules with varied chemical structures to improve mechanical properties.
The resulting resin formulations were utilized in DLP 3D printing, where different
combinations of alkyne and thiol molecules were tested to adjust mechanical and
biocompatibility properties.®* Chen L. et al. presented resin formulations comprising
commercial primary, secondary thiol, and tri-functional ene molecules for DLP 3D printing.
They assessed the stability of the resin formulation containing secondary thiol, finding it to last
approximately 7 days, while observing similar mechanical properties across all functional
thiols.®> Concerns arose regarding the degradability of commercial thiol or ene molecules after
forming the thermoset crosslinked network polymer in DLP 3D printing which generates non-
degradable plastic pollution. Hence, there is increasing interest in the development of bio-based
and degradable thiol-ene resin formulations.
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Figure 1.13 a) Reaction of the thiol-ene polymerization via three steps initiation,

propagation, and termination, b) Commercial thiol and ene containing small molecule.

1.10.5 Biobased Thiol-Ene Polymers for DLP 3D Printing

Biobased polymer production is now growing as a sustainable alternative to mitigate the
environmental impact of non-degradable rapid prototyping materials generating from
commercial (meth)acrylate polymers. Thiol-ene chemistry, with its numerous advantages, is
gaining increasing interest as a viable approach in this transition towards more eco-friendly

materials.
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Figure 1.14 a) Synthesis of the bio-based poly(limonene-co-myrcene) and resin formulation
with thiol molecules for thiol ene DLP 3D printing, Ref. 86 Copyright © 2022, American
Chemical Society, b) The DLP 3D printing of the allylic levoglucason with different thiol

molecule and the 3D printed part showed degradability in basic medium. Ref. 87 Copyright

2023, The Royal Society of Chemistry

Weems et al. synthesized Poly(limonene-co-myrcene) with various ratios of Limonene and f3-
myrcene. Among these, the PL10-co-M90 variant was utilized in a photopolymer resin
formulation (figure 1.14a). This formulation included 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TTT) and pentaerythritol tetrakis(3-mercaptopropionic acid)
(PETMP) added sequentially as reactive diluents, along with Irgacure 819 as the photoinitiator.
DLP 3D printing was conducted, with each layer printed within 3-5 seconds. The resulting 3D
printed products exhibited a tensile strength of 55 MPa and a modulus of 1 GPa, along with
positive cytocompatibility test results.®® Similarly, Porwal et al. extracted Levoglucosan, a bio-
based compound, from cellulose biomass through a pyrolysis process (figure 1.14b).
Levoglucosan was then utilized in the synthesis of an ene-containing molecule, which formed
the basis for a thiol-ene network polymer designed for use in 3D printing technology. The
resulting 3D-printed objects demonstrated promising degradability characteristics in
THF/NaOH solution, thus presenting a viable solution for rapid prototyping applications and
reducing waste generation associated with acrylate-based printing. The 3D printed product

prepared with bio-based polymer offers a combination of bio-compatibility and sustainability,
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making it ideal for applications requiring environmentally friendly materials. Additionally, use

of these products reduces the dependency on traditional petroleum-based raw materials.®’

1.11 High Performance Polymer in 3D Printing

In high-performance applications, bio-based polymers face challenges with mechanical
properties that restrict their application. Achieving high mechanical properties in DLP 3D
printing requires the use of high-performance polymers (HPP). Within the category of HPPs,
several options exist, including polyether ether ketone (PEEK), polyimide, and polysulfone
(figure 1.15).3% These polymers possess a strong aromatic polymer backbone and pi-pi
interactions within their chains, resulting in exceptional mechanical strength (tensile strength

90-100 MPa and Young’s modulus 3.5-4 GPa).?*!

“Unprintable “ Additive
t Manufacturing

-

=

et

v .
—

GJ r."v"Av." n. I
Q aYavavavavav. v N
E IRARAAAR |
()] P/ ‘v.v.v‘v‘v 2
= Yava¥a¥avav.". I
()] ATaTaAaTAY, Y v
.2 “‘.-“""... -
E - 3 - - - _w " I
o printe ]
i N Part v

Figure 1.15 Schematic representation of high-performance polymers with printability and

processing temperature. Ref. 88 Copyright © 2020, American Chemical Society

Processing these polymers typically necessitates high-energy instrument setups, whether for
extrusion moulding or compression moulding. This requirement reflects the complex nature of
these materials and the need for precise conditions to achieve the desired mechanical properties
in the final product. Additive manufacturing brings advantages in the processing of High-
Performance Polymers (HPPs) by enabling the creation of new technologies and facilitating
changes in the chemical structure of these polymers, thereby making it possible to process them

in a more efficient and customizable manner.
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1.11.1 Polyether Ether Ketone (PEEK) polymer

NoarBasy

PEEK polymer

Figure 1.16 General chemical structure of PEEK polymer.

Polyether ether ketone (PEEK) (figure 1.16) belongs to the class of high-performance aromatic
polymers and stands as a promising contender for modern industrial applications. With its
commendable mechanical properties and resistance to chemicals and solvents, PEEK finds
utility across diverse sectors including aviation, aerospace, and electronics. Consequently, the
refinement of PEEK polymer through modified chemical structures emerges as a promising
research approach. The synthesis of PEEK polymer can be achieved via either electrophilic or
nucleophilic substitution reactions. However, the nucleophilic substitution pathway presents a
more convenient route for PEEK polymer synthesis compared to electrophilic methods, owing
to certain mechanistic advantages. The solubility of PEEK polymer poses a challenge due to
its aromatic backbone structure and the strong packing tendency of the ketone and phenyl ether
linkage. To address this challenge, various strategies have been pursued, including the
incorporation of non-planar structures into the PEEK polymer backbone. Introducing pendent
groups, meta or para substitutions, or aromatic repeat units, as well as incorporating cardo
groups, represent attractive approaches aimed at enhancing solubility and reducing the glass
transition temperature for improved processability.”>* Additive manufacturing of the PEEK
polymer is promising for the production of complex structures with high mechanical strength.
The filament of the PEEK polymer can be prepared by the extrusion process and the filaments
can be used for the FDM 3D printing by melt deposition. The high melting temperature of the
PEEK polymer and handling of the high temperature FDM 3D printer makes 3D printing quite
challenging and energy consuming. Modifying the chemical structure and molecular weight of
the PEEK polymer makes it possible to process PEEK at lower temperatures. 3D printing of

PEEK polymer with improved processibility are reported with modified chemical structure.”
98

1.11.2 3D Printing of the PEEK Polymer
In a study conducted by Inan T. Y. et al., they detailed the synthesis of a curable modified PEEK

urethane polymer aimed at producing UV-curable lenses. Initially, PEEK polymer was
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synthesized with tertiary butyl moieties as pendent groups in each repeat unit. Subsequently,
the PEEK polymer underwent end-capping with an isocyanide-containing capping group,
which further reacted with 2-hydroxyethyl methacrylate to introduce curability into the
polymer (figure 1.17a). Various weight percentages of this modified polymer were then
blended with acrylate diluents to prepare a curable resin. This resin was employed in the
fabrication of lenses, exhibiting desirable properties such as short UV-light blocking

capabilities.”’
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Figure 1.17 a) Synthetic strategy for the preparation of urethane acrylate PEEK polymer for

the preparation of the lens, Ref. 99 Copyright © 2014, Springer Science Business Media New

York, b) Introduction of the curable epoxy group in the PEEK polymer for room temperature
processing. Ref 100. © 2019 Elsevier B.V. All rights reserved.

Recently, the research group of Lee C. U. et. al. reported the preparation of thermally curable
PEEK polymer paste based on epoxy-containing PEEK polymer and formulated a thermally
curable paste (figure 1.17b). This paste was created by blending 10 wt. % of the curable PEEK
polymer into fenchone solvent at 100 °C for 3 hours, followed by mixing high molecular weight
PEEK powder in a 1:2 ratio to form the paste material. Subsequently, this material was utilized
for Direct Ink Writing 3D printing to produce green bodies. Post-printing, the green bodies
underwent heating within a temperature range of 100-380 °C for varying durations. The
resulting 3D printed parts exhibited significantly improved mechanical properties, with a 62%
increase in modulus compared to commercial PEEK polymer. Additionally, the 3D printed
parts displayed favourable chemical resistivity.!?” However, it is to be noted that DLP 3D
printing of PEEK polymer has not been reported yet. In our research work we have
demonstrated for the first time the synthesis of curable PEEK polymer and their DLP 3D

printing.
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1.12 Aim of the Thesis

The comprehensive literature review focuses on the importance of developing bio-based
polymeric materials for liquid-based DLP 3D printing technology. DLP 3D printing stands as
a widely utilized additive manufacturing technology, offering rapid production, design
flexibility, and high-resolution outputs. Its adoption allows for the creation of complex
structures with ease. However, a significant challenge lies in the development of bio-based
polymeric resin materials suitable for DLP 3D printing. Polymeric materials have garnered
attention due to their favourable processability and the ability to adjust curing properties to
achieve desired mechanical properties. The primary objective of the thesis is to develop
different types of photocurable crosslinkers to be utilized in the development of resin
formulations. After that, the prepared resins will be used in light-based DLP 3D printing
technology. The thesis also focuses on the properties of the 3D printed materials like-
degradability, mechanical properties, and 3D printing resolution. These 3D printed materials
are useful in different fields of applications. In chapter 2, we have developed two different
architectures of the linear and star PLLA polymer by the ring opening polymerization. These
polymers were further functionalized with photo curable methacrylate groups in the terminal
position. The polymeric crosslinkers were then used for the preparation of resin formulation
and DLP 3D printing. The resin showed good printability with moderate mechanical and
degradable properties. Chapter 3 focused to improve the printability and the mechanical
properties of the DLP 3D printing materials. PLLA was grafted on to Poly(vinyl acetate)
backbone after partial hydrolysis, followed by end functionalization with acrylate moieties.
Different weight percentage of the grafted acrylate PVAc-g-PLLA was mixed with HEMA and
HEA as reactive diluents for the formulation of the resins. The prepared resin showed
promising DLP 3D printing with tuneable mechanical properties. Very interestingly, the 3D
printed parts exhibited swelling and dye absorption from solution of various dyes. Chapter 4
describes the incorporation of the thiol-ene chemistry in the bio-based polymer and the DLP
3D printing of the thiol-ene resin formulations. Poly(ethyl acrylate lactate) was synthesised by
the radical polymerization of the acrylate ethyl lactate, which was partially hydrolysed to acid.
The acid group was reacted with allyl bromide to introduce ‘ene’ functionality in the polymer
structure. The ene polymer was used for the resin formulation with tetra thiol molecule and
DLP 3D printing was performed. The 3D printed parts showed high modulus (1.8 GPa) and
degradability in basic solution. Chapter 5 described the development of high-performance
polymer resin formulation for DLP 3D printing. In this work, low molecular weight PEEK and
its derivatives incorporating long alkyl pendent group were synthesised by nucleophilic
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substitution condensation polymerization. Further, urethane acrylate groups were introduced at
the terminal to develop photo curable PEEK polymers. These PEEK polymers were used for
the resin formulation with reactive diluents and applied for DLP 3D printing. The 3D printed
parts showed high modulus (2.2 GPa) with high tensile strength. Chapter 6 gives a brief
overview of all the chapters along with a discussion for potential improvements in the design
of monomer and polymers for high resolution and mechanical properties for the DLP 3D

printed parts.
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Chapter 2: Biodegradable, Solvent-Free Photocrosslinkable....

2.1 INTRODUCTION

In recent years there is an increasing demand for biodegradable materials for fabricating
complex 3D biomedical patient specific implants.! The additive manufacturing (AM) or 3D
printing technology has been trying to meet these requirements for custom-designed device
fabrication using various technologies like the selective laser sintering (SLS), fused deposition
modeling (FDM), light based technologies like the stereolithography (SLA) and digital light
processing (DLP), extrusion-based 3D printing, inkjet printing, etc.*® The challenge for
suitable biomaterial selection is uphill with severe limitation in the availability of materials that
can meet all the mechanical and processing requirements of device fabrication and at the same
time meet the stringent requirements acceptable for medical application.!'® The rapid progress
in technological development of machinery for AM achieved in the recent decade has also
spurred the search for suitable materials that could meet the requirements of these
applications.!! With the on-going focus on research in bio 3D printing, there is a need for the
development of more new materials that meets the functional requirements of customized 3D
printing technologies.'*!* The examples of some of the most commonly used biopolymers are
polylactide (PLA), polycaprolactone (PCL), and polyglycolide (PGL), which are all derived
from natural resources such as starch, sugar cane, corn, wheat straw, and wood Chip.14’15 These
polymers are characterized by the ester linkage that is amenable to hydrolytic cleavage to form
small molecules.!®!” PLA and its composite or petroleum-based polymers with bio fillers are
available in the form of solid filaments that can be used directly in additive manufacturing. '
Photocuring based 3D printing technologies like the DLP is very amenable for bio 3D printing
as they offer many advantages like high resolution and gentle processing conditions compared
to the extrusion-based AM technologies.?’?> Moreover, the print speed can be controlled by
adjusting the intensity of light or the exposure time.?*** Compared to filament extrusion-based
3D printing technologies, the photocuring based 3D printing has the added advantage of
enhanced bonding across the layers as the polymerization can continue even in the absence of
light thereby connecting polymer chains across the different layers.?>*® Although many natural
polymers satisfy the biological function requirements, they seldom possess the mechanical
properties and structural integrity that are required to develop printable resin formulations.?’
One approach to improve the mechanical integrity is to incorporate crosslinking strategy.
Among the available biopolymers, PLA is the most promising one for 3D printing due to its
biocompatibility and biodegradability. Photocurable PLA can be developed by end
functionalization with acrylate or by transesterification reactions to obtain oligomeric

crosslinkers.?® ! Recent work has also reported 3D printing using photocurable monomer
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incorporating tri-thiocarbonate that could undergo photo-Reversible Addition Fragmentation
Chain Transfer (RAFT) polymerization.*?** Melchels et al. reported photocurable formulations
based on methacrylate end functionalized star shaped poly(d,l-lactide) diluted with ethyl lactate
as a nonreactive diluent for 3D printing by SLA technique. They demonstrated porous 3D
printed scaffolds that exhibited around 10% isotopic shrinkage upon removal of the nonreactive
diluent. The 3D printed scaffold exhibited excellent mechanical properties and was compatible
for cell attachment and proliferation.>* Seck et al. reported synthesis and formulation of an
aqueous photo-curable resin based on methacrylate-functionalized poly(ethylene glycol) /
poly(d,l-lactide), which was demonstrated for printing porous scaffolds using SLA technique
with pore size in the rage of 400-500 microns that was compatible for cell seeding.’® Ronca et
al. prepared a composite resin formulation with methacrylate end capped poly(d, I-lactide)
macromer and nano-hydroxyapatite which was dispersed with N-methyl-2- pyrollidone (NMP)
as nonreactive diluent and demonstrated for 3D printing schwarz pore network structure with
the help of micro-stereolithography.’® Arvin et al. reported the synthesis of methacrylic end-
functionalized PLLA which was formulated into a photocurable resin by adding 20 wt. % 2-
ethyl-2-hydroxymethyl-trimethacrylate as crosslinker, 20 wt. % of NMP as nonreactive diluent
along with 4 wt. % phenyl bis(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) as photoinitiator
(PI). This formulation was used to 3D print gyroid scaffold with interconnected pores using a
DLP 3D printer; the 3D printed part exhibited good cell viability although it had comparatively
feeble mechanical strength to be applicable for actual bone grafting.>” In most of the reported
PLA based literature, nonreactive solvents are used as diluent for the preparation of resin
formulation in order to avoid the use of nondegradable reactive diluents like methyl
methacrylate. However, the nonreactive diluents lead to shrinkage of the printed object upon
its removal with solvent after 3D printing. Recently, Sandmeier et al. reported the solvent free
resin formulation to 3D print biodegradable elastomer using heat-assisted DLP 3D printer.*®
This was achieved by covalently incorporating the photoinitiator bisacylphosphane oxide
(BAPO) as part of macro-photoinitiator into random copolymers of d,l-lactide, and e-
caprolactone, resulting in viscous liquid polymers that were 3D printed using customized DLP
printer equipped with heating facility. In this work, we demonstrate the development of solvent-
free resin formulations based on star and linear PLLA polymer crosslinkers, which was utilized
to generate 3D network structure using DLP 3D printer at room temperature. Two different
resin formulations were developed by diluting the linear and star PLLA acrylate crosslinkers
with 50 % by weight of biodegradable hydroxy ethyl methacrylate (HEMA) as a reactive
diluent. A third resin formulation with a 50 wt. % of PLLA oligomer (50:50 wt. % of mixture
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of linear and star PLLA acrylate crosslinkers) and 50 wt. % of HEMA, had optimum viscosity
for DLP 3D printing and exhibited compatible tensile strength, Young’s modulus and
elongation for 3D printing tissue engineering scaffold. The photocuring kinetics of formulated
resins with respect to photoinitiator concentration was studied using photo-differential
scanning calorimetry (photo-DSC). The PLLA based formulation is anticipated to add to the
palette of photocurable materials for DLP printing that do no exhibit shrinkage after printing

and are also biodegradable.

2.2 EXPERIMENTAL SECTION

2.2.1 Materials

(3S, 6S)-3, 6-dimethyl-1, 4-dioxane-2, 5-dione, 1, 6-hexanediol, pentaerythritol, stannous 2-
ethylhexanoate (Sn(Oct)z2), Hydroxyethyl methacrylate were purchased from Sigma-Aldrich
(India) and used as such without further purification. Acrylic acid was purchased from Sigma
Aldrich and purified by distillation. Phenylbis(2,4,6- trimethylbenzoyl) phosphine oxide was
purchased from TCI chemical (India) Pvt. Ltd and used as such. Thionyl chloride (SOCI,),
Tetrahydrofuran (THF), Chloroform (CHCI3), Methanol (MeOH), Dichloromethane (DCM)
and Sodium sulphate (NaxSO4) were purchased locally. For gel permeation chromatography

HPLC grade THF was purchased from Merck Chemicals (India).

2.2.2 Measurements

Proton NMR spectra were recorded using 400 MHz Brucker-AVENS NMR
spectrophotometers using CDCl; as solvent with small amounts of Trimethylsilane (TMS)
added as an internal standard. BRUKER alpha-E Fourier transform (FTIR) spectrometer was
used to record the FTIR spectra. The molecular weights of polymers were determined using
gel permeation chromatography (GPC) equipped with Viscotek VE 3580 RI detector. The GPC
was calibrated with polystyrene standard and THF solvent as eluent at 1 mL min~' flow rate.
The thermal properties of all polymers were analysed using thermal gravimetric analysis
(TGA), TA discover 550 second-generation TGA instrument, under nitrogen atmosphere by
heating from 50 to 900 °C at the heating rate of 10 °C min™'. The glass transition temperature
(Tg) was determined using TA Discover 250 second-generation differential scanning
calorimeter under nitrogen atmosphere by heating from —30 to 180 °C at the heating rate of 10
°C min~!. The DSC was calibrated with indium standards before measurement. 2-3 mg of

sample was taken in an aluminium pan, sealed, and measured at the same heating rate.
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2.2.3 Methods

A) Resin Formulation with Acrylate Linear and Star PLLA Polymer

Photocurable resin formulations were prepared by mixing 50 wt. % of PLLA acrylate
crosslinker (linear or star; resin A and resin B, respectively) in HEMA as a reactive diluent with
1% by weight of TPO as a photoinitiator in a 30 mL vial. The third formulation resin C was
prepared by mixing a 50:50 wt. % mixture of the linear and star PLLA acrylate crosslinkers
with 50 wt. % of HEMA along with 1 wt. % of TPO. The vial was sonicated for 1 h at room
temperature while covered with an aluminum foil and stored in the fridge until the time of 3D
printing. Just before use for DLP 3D printing, the resin was shaken in a vortex mixer for 5 min
at room temperature. To print in custom-built 3D printer one more resin formulation was
prepared by mixing of 80 wt. % of 50:50 mixture of linear and star acrylate PLLA, 19 wt. %
of HEMA and 1 wt. % of TPO. The materials were taken in a round bottom flask and sonicated

for 1 h at room temperature after covering the flask with aluminum foil to protect from light.

B) Spot Curing of the Prepared Resin Formulations

a)

b) _ i
esin A

oRfe

Swt. % 1wt. % 15wt %

Q)

2 wt. % 2.

Resin C'

123 O o " (%) \
Ea‘ ';ww-,’ 1.sww.t 2wt.9% |2

Figure 2.1 a) Photograph of the home-made spot curing setup b) spot curing experiment of

the three resins formulation with different weight percentage of TPO photo initiator.

For the spot curing experiment, a homemade setup having six commercial LED lights
positioned in a circular fashion was made use of. The wavelength of light was 365 nm and the
intensity of the light was measured to be 35 mW cm 2, with the help of UNO Gentec laser
power meter (from a distance that was approximately equal to the space between the projector
and the lower part of the vat in the 3D printer). Five samples each of resin A, resin B, or resin

C (without the PI) were taken in 5 ml vials to which different weight percentages of TPO (from
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0.5 to 2.5 wt. %) were added. The resin mixtures were sonicated for a period of 30 min for
proper mixing of the resin formulation. After that one drop of resin was taken on a glass slide
and kept under the homemade light setup at a specific distance and irradiated for 60 s. After 60
s the glass slide was tilted to visually inspect if the drop had solidified into a film or still

exhibited liquid nature by flowing.

C) Photo-Differential Scanning Calorimetry

The photo-DSC studies were carried out in a TA Discover 250 second-generation differential
scanning calorimeter equipped with a photo calorimetric unit (Omni cure series 2000). A 200
W high pressure mercury lamp which transmits the light of wavelength 320-500 nm, provides
the irradiation to the sample chamber via dual-quartz light guide with neutral density.>* The
sample preparation was similar to that described for the spot cure studies. 5.5 mg of samples
were weighed out exactly into the sample pan and measurement was carried out under constant
nitrogen flow rate of 60 mL min'. For the photo DSC experiment, the sample was initially
held in isothermal condition for 2 min under nitrogen atmosphere and equilibrated at 30 °C,
following which the electronic UV light shutter was opened and sample was exposed to UV
light for 2 min of irradiation. The shutter was closed automatically at the end of irradiation time
and the baseline was recovered. The peaks were integrated to get the curing enthalpy from a

plot of normalized heat flow as a function of irradiation time.

D) Viscosity Measurement

Rotational parallel plate measurements of formulations without added photoinitiator were
performed on a Brookfield DV-II+ pro viscometer using Spindle CPE-42 and CPE-52 to
analyse viscosity of the resins. The gap between the upper and lower plate was 1 mm; the
amount of sample was 0.5 mL and 1 mL for the CPE-52 and CPE-42 spindle respectively. The
temperature was constant at 30 °C throughout the experiment and the rotation was 0.3 to 12
rpm. The evaluation of viscosity as a function of shear rate was determined using the Anton
Paar Physica Modular Compact Rheometer (MCR) 301. The test was performed in cup and
bob with the diameter of 18.08 mm and 16.66 mm respectively. The shear rate was performed

from 1 to 1000 s !,

E) Cure Depth Measurement of each Resin Formulations
In light-based 3D printing, the cure depth is a critical parameter that provides a rough estimate
of the curing time required to print each layer. This parameter can be obtained using the Jacob’s

equation based on the Beer-Lambert law shown in Equation (1).%4!
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EO
Ca=Dp In— (1)

Here, Cd is the thickness of the printed part, Dj, is the penetration depth or the depth to which
the light can cure inside the liquid resin, Ec is the critical exposure energy required for starting
the curing process of the resin at room temperature, Eo is the energy of the incident light at the
surface. Photocuring properties of the formulated resin like penetration depth and critical
energy dose were determined using a Solus DLP 3D printer. The resin was irradiated in a
square-shaped area on the vat of the 3D printer with different exposure times ranging from 20
to 60 s. The thickness of the crosslinked part was measured using a micro meter calliper. The
value of the E¢ and D, was evaluated from the slope of the working curve and x-axis intercept,

respectively.

F) Calculation of Critical Energy and Penetration Depth Measurement

The critical energy of each resin is where the extrapolated line touches the X-axis.
The extrapolated line touches the X-axis for: resin A- 2.75, resin B- 2.44, and resin C- 2.7
The intensity of the projector light was 31.67 mW/cm?

In case of Resin A the X axis value is 2. 75

So, log (Ec)=2.75; Ec = antilog (2.75) = 631 mJ/cm?

For Resin B the X axis value is 2.44

So, log ( Ec)=2.44; E. = antilog (2.44) = 251 mJ/cm?

For Resin C the X axis value is 2.7

So, log (Ec)=2.7; Ec = antilog (2.7) = 501 mJ/cm?

These are the critical enegry values of resin A, resin B and resin C.

Now the Penetration Depth (D;) was calculated using this equation
Cd=Dpln o
Ec

For all resin, Eo at 40 s i.e 31.67 mW/cm? x 40 s= 1266.8 mJ/cm?
Cure depth (Cq) at 40 s for resin A- 0.478 um, resin B- 1.11 ym and resin C- 0.539 ym
So, the D, for resin A= Cq /In(Eo/ E,)
=0.478/In(1266.8/631)
=0.478/0.697 =0.686 mm = 686 pm
Dy for resin B = Cq4 /In(Eo/ E;)
=1.11/In(1266.8/251)
=1.11/1.62 = 0.685 mm = 685 um
Dy, for resin C = Cd/In(Eo/ E,)
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=0.539/In(1266.8/501)
=0.539/0.928 =0.581 mm = 581 pm
G) 3D Printing of Prepared Resin Formulations

Figure 2.2 Photograph of the DLP 3D Printer with light projector.
The prepared solvent-free resin formulations were printed using the commercial Solus DLP 3D
printer at room temperature. The DLP 3D printer was connected with a projector having light
source of HI1186HD projector. The intensity of the projector light was 31.67 mW cm
measured using UNO Gentec laser power meter. The printing was performed at room
temperature, with layer thickness of 50 pm and exposure time 40 s for initial 5 layers to enable
proper adherence to the aluminum build platform followed by 25 s for the rest of the layers.

After 3D printing, the printed objects were washed with isopropyl alcohol three times.

H) Custom Built 3D Printer (Direct Ink Writing)

Figure 2.3 Photograph of the DIW 3D Printer
A direct ink writing 3D printer was custom built (Manufacturer: Utpal 3dsystems, U3DS,
Gujarat, India) to additionally have a UV light source attached to it so as to cure the resin as it
was deposited on the substrate bed (Figure 2.3). The viscous resin was taken in a 25 cm
diameter syringe connected with an 18-gauge diameter needle and fitted to the 3D printer. For
the extrusion of the resin from the syringe through the needle, controlled pneumatic pressure

(50 psi) was applied and the printing speed was 8 mm s !. The resin formulation was taken in
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the syringe and each layer thickness was set at 200 um and filling density was100%. The printer
was connected with a 365 nm UV light source which cured the photo curable resin. The
intensity of the light was 35 mW cm 2. After supplying the CAD file information to the printer
though the software, the printer recognized the bed levelling automatically and printed the file.
To print an object from this printer, the parameters like layer thickness, printing speed, and
pressure of the air could be controlled. After printing, the object was kept in a UV chamber for

1 h to ensure complete curing of the printed part.

I) Mechanical Test of the 3D Printed Parts

The tensile test measurements of the 3D printed parts were obtained using a Universal Testing
Machine (Instron, Series 5943) with a 500 N capacity load cell at room temperature. Tensile
tests were performed on dog bone-shaped objects which were cut from 3D printed films. The
size of the testing sample was approximately 30 x 10 x 0.5 mm3 and the gauge length was 5
mm with the stretching rate of 5 mm min™!. 5 samples were tested for each resin formulation.

The tensile strength, Young’s modulus, and elongation at break were determined.

J) In Vitro Degradation Study

3D printed square specimens of each resin formulation were immersed in 150 ml of neutral
PBS solution (pH 7) at 25 °C. The buffer solution (Sorensen solution) was prepared by mixing
two different concentrations of salt solution. The first solution was prepared by dissolving 1/15
mol (9.078 g) of potassium dihydrogen phosphate (KH2PO4) in 1 L of de-ionized water. The
second solution was prepared by dissolving 1/15 mol (11.876 g) of disodium phosphate
(Na2HPOg4) in 1 L of de-ionized water. The PBS solution was prepared by mixing 18.2 v/v %
of first solution and 81.8 v/v % of the second solution.*> The printed samples were weighed to
obtain the initial weight and then kept inside a 2k dialysis tube inside the PBS solution with
constant stirring at 25 °C. The first weight loss reading was taken by removing the samples
from the tube, wiping it gently with soft tissue paper and drying under a vacuum at 50 °C for

overnight. The PBS solutions were replaced every week keeping the pH level same as before.

K) Scanning Electron Microscopy Imaging

A cross-section of the 3D printed part was examined using FE-SEM with an FEI Nova Nano
SEM 450. The surface of the 3D printed films before and after degradation were examined with
the same instrumentation. To examine the cross-section the samples were prepared by cutting
the 3D printed film with a sharp blade and the cross-section part was mounted on the

measurement stub vertically with the black carbon tape. To examine the surface of 3D printed
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film before degradation, a small part of the fresh 3D printed film was cut and washed with
deionized water and dried in vacuum oven. After 28 days of degradation, the film was removed
from the dialysis tube and a small part was cut, washed and dried in vacuum oven. After that,
the samples were mounted on the stub with carbon tape. All the samples were coated with gold

prior to the SEM analysis.

2.2.4 Synthesis and Characterizations

Low molecular weight linear and star PLLA polymers were synthesized by the ring opening
polymerization of I-Lactide with stannous 2-ethylhexanoate as the catalyst and 1,6-hexane diol
as initiator for the linear and pentaerythritol as the initiator for the star PLLA respectively as
detailed in Scheme 2.1. The details of synthesis and structural characterization of the polymers
are given below. The molecular weight (Mn and Mw) and polydispersity index (D) for the

linear and star PLLA was obtained from GPC and the values are shown in the Table 2.1.
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HO}COH Ho/\/\/\/OH
HO OH

% &
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Scheme 2.1 Overall synthetic scheme for acryloyl functionalized linear and star PLLA

crosslinkers.
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a) Synthesis of Acryloyl Chloride from Acrylic Acid
o) o)

VLOH SOCl,. DCM _ %)J\CI

4 h reflux, 50 °C

Acrylic acid (10.5 g, 145 mmol) was taken in a two-neck round-bottomed (RB) flask, to which
30 ml of dry DCM was added under a nitrogen atmosphere. Then 10.58 ml of SOCI> (17.25 g,
145 mmol) was added drop-wise under cold conditions. The reaction was refluxed for 4 h at
50 °C. For workup, DCM was removed by distillation at 50 °C followed by acryloyl chloride
by increasing the temperature to 75 °C. Yield: 85 %. 'H NMR spectrum (400 MHz, CDCl3) §
in ppm: 6.65 (dd, 1H), 6.32-6.38 (dd, 1H), 6.20 (dd, 1H). '3*C NMR spectrum (100 MHz,
CDCI) 6 in ppm: 166.06, 136.29, 132.72.
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Figure 2.4 a) 'H and b) '3C NMR spectrum of acryloyl chloride (CDCls)
b) Synthesis of Linear Poly (I-lactide) Polymer (PLLA)
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L-lactide (15 g, 104.07 mmol), 1, 6-hexanediol as initiator (1.54 g, 13.009 mmol) and Sn(Oct)»
catalyst (0.1 mol % of 1,6-hexanediol) were taken in 50 mL RB along with stir bar. The vacuum
was applied for 1 h with stirring to remove any trace of moisture from the mixture. Then the
RB was immersed into a pre-heated oil bath at 130 °C for 5 h with constant stirring. After the
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completion of polymerization, the RB was cooled to room temperature. Then the polymer was
dissolved in a minimum volume of chloroform and precipitated in ice-cold petroleum ether and
the procedure was repeated three times. The polymer was dried in a vacuum oven at 50 °C for
overnight. Yield: 98%. 'H NMR spectrum (400 MHz, CDCl;3) & in ppm: 4.13 (t, 4H), 4.35 (q,
2H), 5.15 (m, 16H), 1.57 (m, 64H). '3C NMR spectrum (100 MHz, CDCl;3) & in ppm: 169.60,
69.00, 66.69, 28.32, 25.32, 20.52, 16.63.
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Figure 2.5 a) 'H and b) '*C NMR spectrum of linear PLLA (CDCls)

¢) Synthesis of Acrylate Linear PLLA Polymer
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Linear poly (I-lactide) (5 g, 3.93 mmol) was taken in a 50 mL two-necked RB along with a
magnetic stir bar. 30 mL of dry THF was transferred into the RB by syringe under nitrogen
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atmosphere. Triethyl amine (0.99 g, 9.83 mmol) was added slowly maintaining 0 °C followed
by slow addition of acryloyl chloride (3.56 g, 39.3 mmol). The reaction was allowed to stir for
24 h under nitrogen atmosphere at room temperature. After that, the reaction mixture was
filtered using Whatman filter paper. The filtrate was evaporated with the help of a rotary
evaporator and the polymer was dissolved in chloroform and washed with brine solution three
times. The organic layer was dried using anhydrous sodium sulfate. Finally, the chloroform
was evaporated and the polymer was dried in a vacuum oven at 40 °C for overnight. Yield:
80%. '"H NMR spectrum (400 MHz, CDCl3) § in ppm: 4.13 (t, 4H), 5.18 (broad, 15H), 5.91
(dd, 1H), 6.19 (dd, 2H), 6.55 (dd, 2H). '*C NMR spectrum (100 MHz, CDCl5) & in ppm: 169.27,
165.08, 131.65, 127.21, 68.67, 68.08, 27.99, 24.99, 20.17, 16.30.
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Figure 2.6 a) 'H and b) '°C NMR spectrum of acrylate linear PLLA (CDCl5)

d) Synthesis of Star PLLA Polymer
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L-lactide (15 g, 104.07 mmol), pentaerythritol (PET) as an initiator (1.77 g, 13.009 mmol), and
Sn(Oct), catalyst (0.1 mol % of PET) were taken in 50 mL RB along with magnetic stir bar.
The vacuum was applied for 1 h to remove any trace of moisture from the mixture. Then the
RB was immersed into a pre-heated oil bath at 130 °C for 5 h with constant stirring. After the
completion of polymerization, the RB was cooled to room temperature. Then the polymer was
dissolved in a minimum volume of chloroform and precipitated in ice-cold petroleum ether and
the procedure was repeated three times. The polymer was dried in a vacuum oven at 50 °C for
overnight. Yield: 97%. '"H NMR spectrum (400 MHz, CDCl3) & in ppm: 4.35 (broad, 12H),
5.19 (broad, 16H), 1.59 (broad, 63H). '*C NMR spectrum (100 MHz, CDCls) & in ppm: 174.85,
169.33, 68.73, 66.44, 62.00, 53.15, 20.06, 16.44.

CHLOROFORM-d
I — O~ o v Ov o
[} o = - on e o— =3
a e < < —lr CQ

i
{3
L

2 1 0
~ o oo
TF o
S88%
i
1
|
5
160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)
Figure 2.7 a) 'H and b) '°C NMR spectrum of star PLLA (CDCls)

e) Synthesis of Acrylate Star PLLA Polymer
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Star poly (I-lactide) (5 g, 3.88 mmol) was taken in a 50 mL two-necked RB along with a
magnetic stir bar. 30 mL of dry THF was transferred into the RB by syringe under nitrogen
atmosphere. Triethyl amine (1.77 g, 17.46 mmol) was added slowly maintaining 0 °C
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temperature followed by slow addition of acryloyl chloride (7.02 g, 77.63 mmol). The reaction
was allowed to stir for 24 h under a nitrogen atmosphere at room temperature. After that, the
reaction mixture was filtered using Whatman filter paper. The filtrate was evaporated with the
help of a rotary evaporator and the polymer was dissolved in chloroform and washed with brine
solution three times. The organic layer was dried using anhydrous sodium sulfate. Finally, the
chloroform was evaporated and the polymer was dried in a vacuum oven at 40 °C for overnight.
Yield: 80%. 'H NMR spectrum (400 MHz, CDCI3) & in ppm: 4.18 (s, 8H), 5.17 (m, 16H), 6.10
(dd, 2H), 6.13 (dd, 4H), 6.50 (dd, 3H), 1.59 (broad m, 53H). '*C NMR spectrum (100 MHz,
CDCl) 6 in ppm: 175.18, 169.82, 134.90, 132.67, 128.21, 127.68, 69.22, 66.92, 20.70, 16.85.
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Figure 2.8 'H and '*C NMR spectrum of star PLLA acrylate (CDCls)

Sr. no. Polymers Molecular weight
Mn Mn? Mw? b2
(NMR) (gmol™) (gmol™)
(gmol™)
1 Linear PLLA 1200 2600 3500 1.34
2 Star PLLA 1.5 2300 2700 1.17
3 Linear PLLA 1.3 2700 3700 1.37
Acrylate
4 Star PLLA Acrylate 1.6 2600 3400 1.31

Table 2.1. The molecular weight of all four synthesized PLLA polymers
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Figure 2.9 GPC spectra of all four synthesized PLLA polymers
2.3 RESULT AND DISCUSSION

2.3.1 Synthesis and Characterizations of Polymers

In Figure 2.10a, the two terminal methine protons of linear PLLA labeled “e” appeared at 4.38
ppm, while the methine protons in the repeat unit labelled “c” (on either side of the central
hexamethylene chain), appeared at 5.15 ppm. From the ratio of these two peak areas, the
number of repeat units on either side of the central hexamethylene spacer could be assigned as
8 for the linear PLLA in accordance with the theoretical calculation. In the case of the star
PLLA, shown in Figure 2.10b, the central methylene (CHz) protons of the initiator (labelled
“a”) was integrated for 8 protons for the four arms. The methine proton of the terminal (total 4
for four arms, labelled “e”) was also partially merged with the “a” protons. So, the total
integration of the peaks in the range 4.19 to 4.38 ppm was taken as 12. The integration for the
methine protons of the repeat units at 5.19 ppm was obtained as 16. Taking the ratio of this
peak area with respect to the e+a protons, the average number of repeat units per arm was
obtained as 4 which match with the theoretical monomer to initiator ratio. The linear and star
PLLA was reacted with acryloyl chloride in presence of triethyl amine as base to convert the
terminal hydroxyl units into acryloyl functionality. This reaction was optimized in THF as
solvent to obtain reasonable yields in the range of 80 to 85%.*** The introduction of the
acryloyl functionality was confirmed by the appearance of the new peak corresponding to the
acryloyl double bond in the range of 5.8—6.63 in the proton NMR spectra. The formation of the
acryloyl double bond could be further confirmed with '*C NMR and FT-IR spectroscopy as
well. Comparing the '*C NMR spectra data of linear and star PLLA polymers with their
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respective PLLA acrylate polymer, it was observed that two new peaks appeared at 131 ppm
and 127 ppm in linear PLLA acrylate, 135 and 127 ppm in star PLLA acrylate due to the

presence of carbon—carbon double bond.

a) Linear PLLA b) Star PLLA
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Figure 2.10 Comparison of the expanded region (3.5 to 8.0 ppm) in the 'H NMR spectra in
CDCI; of a) linear PLLA and linear PLLA acrylate; b) star PLLA and star PLLA acrylate.

Similarly, the stack plot of the FT-IR spectra of linear and star PLLA before and after acrylation
(Figure 2.11) clearly indicated the appearance of new peaks at 1629 cm™! in case of linear and
1627 cm™! for star PLLA corresponding to C=C stretching frequency respectively. The
molecular weights of the polymers were determined using GPC recorded in THF using
polystyrene standards. The GPC plot is provided Figure 2.9 and the molecular weight is
tabulated in Table 2.1. The GPC data revealed almost similar molecular weight for the linear
and star PLLA, and their acrylate derivatives. The polydispersity index for all four polymers
was in the range of 1.17—1.37. The number average molecular weight of linear and star PLLA
were 2600 and 2700 gmol™! respectively while that after their modification with acrylate

moieties were 2300 and 2600 gmol™! respectively.
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Figure 2.11 Comparison of FT-IR spectra of (a) linear PLLA and linear PLLA acrylate; (b)
star PLLA and star PLLA acrylate.

2.3.2 Photo Calorimetric Studies of Acrylate Polymers and HEMA

Isothermal (at 30 °C) photo-DSC studies under nitrogen atmosphere were undertaken to extract
information regarding the enthalpy of double bond conversion. Figure 2.12 compares the
specific heat flow obtained for HEMA, Linear PLLA acrylate and Star PLLA acrylate with 1
wt. % of PI. The theoretical heat of polymerization (AHp) of HEMA was estimated as 421.16
J g7! based on literature value for heat of polymerization of 13.1 Kcal mol~! per methacrylate
double bond.** Similarly theoretical heat of polymerization was calculated for the linear and
star PLLA oligomers based on literature values of 20.6 Kcal mol™! per acrylate double bond.
The calculated AHp values were 125.09 J ¢! for the linear PLLA acrylate and 229.24 J ¢! for
the star PLLA acrylate. Here due consideration was taken to account for two acrylic double
bonds for the linear PLLA acrylate and 4 double bonds for the star PLLA acrylate. The details
of the calculation are provided in section 2.2.3.F. From the theoretical heat of polymerization
for 100% double bond conversion the extent of cure achieved for HEMA was estimated to be
92.9% while the percentage cure for the linear and star acrylate oligomers were 62.1% and
49.5% respectively at 1 wt. % of PI concentration.*® Table 2.2 lists the curing parameters
determined for HEMA, Linear PLLA acrylate and star PLLA acrylate. A shoulder peak was
observed in the reaction rate curve for HEMA, which has been attributed to fast reaction leading
to microgel formation in the bulk material as reported in the literature.*” However, it did not
impact the final conversion rate achieved for HEMA. The lower cure rate observed for the
acrylate compared to the methacrylate double bond (HEMA) is due to the higher viscosity of

the oligomeric acrylates—linear as well as star PLLA.
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Normalized Heat Flow (W/qg)
AN
o

120 140 160 180 200 220 240
Time (s)

2024-Ph.D. Thesis, Shibam Pal, CSIR-NCL, AcSIR Page | 50



Chapter 2: Biodegradable, Solvent-Free Photocrosslinkable....

Figure 2.12 Specific Heat flow obtained from Photo DSC measurements at 30 °C for HEMA,
Linear PLLA acrylate and Star PLLA acrylate with 1 wt. % of PI.

Materials Curing enthalpy Theoretical heat of Curing
J/g) polymerization (AHp) (J/g) (%)
HEMA 391.47 421.16 92.9
Acrylate Linear PLLA 7771 125.09 62.1
Acrylate Star PLLA 113.37 229.24 49.5

Table 2.2 Photocuring Enthalpy (J/g) of 1 wt. Percentage of TPO as Photo-initiator

SI. no. Linear PLLA Star PLLA HEMA TPO Viscosity
wt. % wt. % wt. % wt. % Pa.s
Resin A 49.5 - 49.5 1 0.072
Resin B - 49.5 49.5 1 0.051
Resin C 24.75 24.75 49.5 1 0.060

Table 2.3 Composition of the resin formulations used.

Table 2.3 lists the composition of the three resin formulations that were prepared by mixing 50
wt. % HEMA with equal weight percentage of linear PLLA acrylate (Resin A), star PLLA
acrylate (Resin B), and the third formulation Resin C with 50 wt. % HEMA and 50 wt. % each
of linear and star PLLA acrylate. Prior to 3D printing, screening experiment was designed by
varying the amounts of the PI TPO used for the three resin formulations A, B and C. A drop
each of these formulations was placed on a clear glass slide and irradiated for 60 s using a set
of 6 commercial LEDs of wavelength 365 nm fitted into a circular holder in a homemade setup.
The detail of the homemade setup is provided under 2.2.3.b (Spot Curing of the prepared resin
formulations) and the photo of the setup is provided in the figure 2.1b. At the end of the
specified time of irradiation, the glass slide was tilted to observe if the formulation had
solidified or exhibited liquid-like flow behaviour. Figure 2.1b shows the image of glass slides
for three formulations. The weight % of the PI TPO was varied from 0.5 to 2.5 wt. % for each
of the 3 resin formulations. From these screening experiments, it could be observed that
formulations with PI concentration >1 wt. % exhibited incomplete curing with the sample
flowing at the end of the 60 s irradiation, while those with 0.5 and 1 wt. % PI formed solid
films. At higher PI concentration, the rate of recombination also increased resulting in reduced

conversion.*8
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Isothermal photo-DSC analysis was carried out for the 3 resin formulations, i.e., Resin A with
50-50 wt. % of HEMA and linear PLLA acrylate, Resin B having 50-50 wt. % of HEMA and
star PLLA acrylate and Resin C having 50 wt. % HEMA and 25-25 wt. % linear and star PLLA
acrylate each. Figure 2.13 shows the Photo-DSC plots for the 3 resins at various PI
concentrations ranging from 0.5 to 2.5 wt. % and the corresponding enthalpy values are listed
in Table 2.3. From the values of enthalpies listed in the table, it could be observed that for all
3 resin formulations the heat of photopolymerization increased initially from 0.5 to 1 wt. %,
after which it continuously decreased with an increase in the concentration of PI. This indicated
that the highest cure conversion was obtained at the optimum PI concentration of 1 wt. %. This
was in corroboration with the screening studies carried out on the glass slides. Insufficient
amounts of PI can lead to incomplete curing, while larger amounts of PI can lead to higher
absorption of the incident light. This would result in insufficient light for the bulk of the sample
leading to incomplete curing. Therefore, an optimum concentration of PI is necessary for
photocurable formulations.*’ Thus, the resin formulations were optimized with 1 wt. % of TPO

as PI for the 3D printing (the formulation used for 3D printing is given in Table 2.2).

Resin Curing enthalpy (J/g) at different PI wt. %
formulations 0.5 1.0 15 2.0 25
Resin A -237 -283 -279 -272 -256
Resin B -244 -284 -256 -250 -242
Resin C -251 -309 =277 -275 -273
Table 2.3 Photocuring enthalpy (J/g) of Resin A, Resin B, and Resin C with different weight
% of PI (TPO).
a) b)

Resin A

0.5
— 10
1.5
—2.0
2.5

Resin B

— .5

— 10

v & W oo
P S

—2.0
15

o
1

—-
%
I 1

Heat flow normalized (W/g)

Heat flow normalized (W/g)

[
=
1

T T T T T T T T T T

2.0 25 3.0 35 4.0 20 2.5 3.0 35 4.0
Time (min) Time (min)

c)

Resin C

Heat flow normalized (W/g)
1
S

; T T T
2.0 25 3.0 35 4.0
Time (min)

2024-Ph.D. Thesis, Shibam Pal, CSIR-NCL, AcSIR Page | 52



Chapter 2: Biodegradable, Solvent-Free Photocrosslinkable....

Figure 2.13 Isothermal curing of a) resin A, b) resin B and ¢) resin C with different weight

percentage of photo initiator.

2.3.3 Viscosity Measurement

For DLP 3D printing, the viscosity of the photocurable resin is a critical parameter to ensure
easy flow as well as smooth, warpage-free printed material at room temperature. Ideally, the
viscosity of photo resin used in room temperature DLP 3D printing should not exceed 5 Pa
55931 Figure 2.14a compares the increase in viscosity of resin formulation with increasing wt.
% addition of linear or star acrylate PLLA in HEMA which were determined using an
isothermal parallel plate rotational rheometer. From the figure, it could be seen that the linear
polymer exhibited slightly higher viscosity compared to the star polymer for all the studied
compositions in HEMA. Figure 2.14b shows the plot of viscosity of resin formulations versus
shear rate for the three resin formulations (without added PI) from which the viscosity was
calculated. From Figure 2.14b it could be observed that the formulated resins exhibited
viscosity in the range of 0.051 to 0.072 Pascal-second (Pa s) with resin A having the highest
viscosity at 0.072 Pa s, Resin B lowest at 0.051 Pa s, and Resin C exhibiting viscosity value in
between that of Resin A and Resin B at 0.060 Pa s (Table 2.3). The viscosity at 30 °C remained
constant with increasing shear rate, indicating the Newtonian fluid-like behaviour of the
materials. Although the viscosity values of the 3 resin formulations were lower than those
reported in the open literature, it was adequate for 3D printing using a commercial DLP 3D

printer at room temperature.
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Figure 2.14 a) Viscosity as a function of increased weight percentage of the oligomer (linear
or star PLLA acrylate) in HEMA; b) plot of complex viscosity of resin formulations (without

photoinitiator) versus shear rate (1/s).

2024-Ph.D. Thesis, Shibam Pal, CSIR-NCL, AcSIR Page | 53



Chapter 2: Biodegradable, Solvent-Free Photocrosslinkable....

2.3.4 Resin Cure Characteristics

Figure 2.15a compares the cure depths of the resins as a function of increasing energy density.
From the plot, it could be observed that the cure depth gradually increased with increasing
exposure time from 20 to 60 sec for all three resin formulations (the photograph of the cured
square objects with different exposure times is shown in Figure 2.15b. Extrapolation of the
trend line on the x-axis provided the critical exposure energy and the slope of the trend line
provided the depth of penetration of light into the resin formulation. Table 5 summarizes the
critical energy and penetration depth of the 3 resin formulations determined from the working
curve and Equation (1). Higher penetration depth indicated that the resin allowed more photons
to enter deeper inside, which could result in crosslinking of regions outside the required area
leading to poor resolution. From Table 5, it could be seen that the penetration depth of both
resin A and resin B were similar but the critical energy of resin B was lower compared to resin
A. This could be attributed to the higher concentration of crosslinkable groups in resin B—the
star PLLA acrylate with four terminal acrylate groups, which facilitated the formation of a
larger polymer network structure and easy solidification under low exposure of light energy

compared to Resin A (only two terminal acrylate curable groups of linear PLLA acrylate).
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Figure 2.15 a) Working curve of the three new resin formulations irradiated using the
projector of the DLP printer for different exposure time. b) Photograph of cure depth analysis

of resin C.

On the other hand, Resin C which is a mixture of 50:50 wt. % of resin A and resin B, showed

curing behavior which was in between that of resin A and resin B. Based on this evaluation of

2024-Ph.D. Thesis, Shibam Pal, CSIR-NCL, AcSIR Page | 54



Chapter 2: Biodegradable, Solvent-Free Photocrosslinkable....

the curing characteristics, the printing parameter like the layer thickness of the 3D printed
object was fixed at 50 um. The exposure time required for each layer was calculated from the
cure-depth experiment. For instance, the exposure time required for each layer for the DLP 3D
printing using resin C was estimated by dividing the critical energy of resin C—=501 mJ cm ™2 by
the DLP projector light intensity of 31.67 mJ cm 2 to get the critical exposure time of 16 s. The
critical exposure time indicates the time required to start the curing of the resin using the DLP
printer. Therefore, the exposure time was set higher than the critical exposure time to ensure
complete curing. The printing was performed at room temperature, with layer thickness of 50
pum and exposure time 40 s for initial 5 layers to enable proper adherence to the aluminum build

platform followed by 25 s for the rest of the layers.

2.3.5 3D Printing of Formulated Resins

The printing ability of the three formulated resins was evaluated using a DLP 3D printer at
room temperature. The designed structures could be successfully printed without any organic
solvent. All three resins could successfully print films of 500 micrometres thickness which
were further used for the mechanical test measurements. Resin C was taken up for further
optimization for complex structure 3D printing. Resin C was further mixed with Sudan I dye
to improve the resolution of the printed object. Absorbers like Sudan dyes have good spectral
overlap with the light source (LED lamp of 405 nm normally used in DLP 3D printers), which
helps to limit the penetration depth of the light from the LED and thus control the cure depth
of the resin.’>*® In the absence of the dye, the light from the source LED will penetrate deeper
causing unwanted polymerization inside voids, around edges etc. resulting in loss of resolution
of the 3D printed object. Figure 2.16a compares the absorption spectra of Sudan dye I and TPO
photoinitiator recorded in chloroform. Sudan dye has good absorption in the 405 nm thereby

ensuring its usefulness for improving resolution in DLP-based 3D printing.>*

a ) b )without dye with dye C)

0.5

Sudan I
0.4 —TPO

Absorbance

3)

i

| ||u‘|r|]||u|qnim@nmiy

T T T T T T T T T
300 400 500 600 700 800
Wavelength (nm)

Figure 2.16 a) Absorption spectra of Sudan I and TPO photoinitiator, b) Image of 3D printed
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objects made using Resin C incorporating Sudan I dye, ¢) 3D printing materials printed from

DIW 3D printer.

Figure 2.14b1 shows the 3D printed structures, where without dye incorporation the areas with
triangular holes are also filled and the object has a larger dimension because areas beyond the
edges also got polymerized. Figure 2.16b also shows 3D print of the institute name tag (2)
NCL: National Chemical Laboratory and (3) some 3D printed objects demonstrating 3D
printing ability of vertical designs with intricate holes and patterns using the resin. Visual
evaluation of the print quality like sharp edges and the designed holes demonstrated very good
build geometry and resolution of the printed object using the newly developed PLLA resin
formulation. The resin could also be customized to print using a Direct Ink Writing custom-
designed 3D printer fitted with a UV light source. The consistency of the resin required for the
extrusion-based 3D printer is much more viscous compared to the DLP-based printing
technique. The viscosity could be adjusted by reducing the wt. % of HEMA as the diluent.
Thus, 80 wt. % of a 50:50 mixture of the linear and star PLLA was mixed with only 20 wt. %
of HEMA and used as the resin for the custom-built Direct Ink 3D printer. The details of the
printing parameters are provided under the method section. The image of the printed object is
given in Figure 2.16c. The resolution of the printed object was not as good as that obtained
from the DLP printer; nevertheless, the process demonstrated the versatility of the photocurable

resin formulation.

2.3.6 Mechanical and Thermal Properties of 3D Printed Parts

The mechanical properties of thin dog bone-shaped samples which were prepared from the 3D
printed film of three different resin formulations were measured at room temperature. The
results obtained for uniaxial tensile testing using the three resin formulations is plotted in
Figure 2.17a. Table 2.4 lists the tensile strength, Young’s modulus, and elongation at break for
the samples. 3D printed film using Resin A exhibited the lowest tensile strength (3.7 MPa) and
highest elongation (220%) compared to the other two formulations. Resin B printed part
exhibited tensile strength at 4.8 MPa and elongation up to 156 %. 3D printed film using Resin
C exhibited the highest tensile strength (6.6 MPa) as well as highest Young’s modulus (60 Mpa)
along with good elongation (178%). Compared to resin A printed part, the printed part of resin
B reflected higher tensile strength and Young’s modulus due to the formation of higher polymer
network structure as the latter possessed higher density of crosslinking group. The reason for
the highest tensile strength and Young’s modulus for 3D printed parts from resin C could be a

synergistic effect of physical interlocking along with chemical crosslinking upon mixing resin
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A and resin B.%-® Generally, PLA is a brittle material with less than10 % elongation at break;>’
the design of PLLA as star and linear acrylate crosslinkers endowed the 3D printed object with
stretchable characteristics. Thermogravimetric analysis was carried out to study the thermal
stability of the 3D printed parts (Figure 2.18a). The 3D printed parts exhibited good thermal
stability with 10 % weight loss observed above 250 °C for all samples. Glass Transition
Temperature (Tg) of the 3D printed parts were observed in the range of 20-26 °C which
indicated the soft nature of the polymers (Figure 2.18b). The values of 10 % weight loss and
T of the 3D printed parts are tabulated in Table 2.4.
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Figure 2.17 a) Tensile-strain curves of 3D printed part of resin A, resin B and Resin C
formulations, b) Weight loss of the three different 3D printed parts over a period of 90 days in
PBS solution.

a) 100 b) 0.9 -
i Resin A
80 1.2 4 Resin B
—_ —~ E Resin C
?
2 - -1.5-
< 601 g ]
- S’
'fn = -1.8
‘T 40 2 ]
S = 21
> § ]
20 2.4
0 2.7+
T 1T "~ T T 1T T 17 LN LA B B BRI B EEL R BN N
100 200 300 400 500 600 700 800 900 20 0 20 40 60 80 100 120 140 160
0
Temperature ('C) Temperature ('C)

Figure 2.18 a) Thermogravimetric analysis and b) DSC second heating curves of 3D printed

films using resin A, B, and C.
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Printed Tensile Young’s Elongation Tz Taio  Weight Loss
film Strength Modulus (%) [°C] % %

[Mpa] [Mpa] [°C] (from in vitro

degradation

studies)

Resin A 3.7+£0.92 13.10+£2.10 220+9.87 24 256 32
Resin B 4.8+0.23 23.63+2.06 156+6.28 26 260 22
Resin C 6.6+£0.42 60.29+9.74 178+7.32 20 264 33

Table 2.4 Tensile strength, Young’s modulus, Elongation, Glass transition and 10 weight %
degradation temperature of 3D printed parts along with their weight loss over a period of 90
days in PBS buffer.

2.3.7 In Vitro Degradation Studies

The degradation profile of 3D printed parts was evaluated by carrying out degradation studies
of 3D printed films cut into square specimens and immersed in PBS solution (comparable to
biological conditions) maintained at a pH of 7 at 25°C and monitored over a period of 90 days.
An initial fast weight loss was followed by the slowdown of the degradation with an almost
steady state beyond 30 days. The 3D printed film from Resin B exhibited a slightly lower extent
of weight loss at around 22% compared to around 30% weight loss exhibited by 3D printed
films from resin A and resin C. This could be attributed to the higher extent of crosslinking
present in the star polymer-based formulation (4 acrylic units) (B), which slows down the
degradation. Attempts to extract the products of degradation from the buffer solution for
characterization using FT-IR or proton NMR studies were not very fruitful as the concentration
of degraded products was below the detection limit for these techniques. However, there is
ample evidence in the literature suggesting the formation of I-lactic acid as the product of
degradation of PLLA, which was measured by an enzymatic method using an I-lactic acid assay
kit.>® As degradation sets in, the pH of the solution changes from neutral to acidic due to the
presence of degraded by-products of PLLA. The PBS solutions were replaced periodically to
maintain the pH throughout the course of the study. The weight loss percentage observed for
the 3D printed objects in the PBS solution is shown in Figure 2.17b and the values are listed in
Table 2.4. Scanning electron microscopy (SEM) images were recorded for the 3D printed
samples before degradation and after 28 days of degradation, which is shown in Figure 2.19.
The images on the top (Figure 2.19a—c) were for the fresh 3D printed samples of resin A, resin
B, and resin C before they were subjected to degradation in the PBS solution. The images on
the bottom panel (Figure 2.19d-f) which were recorded after 28 days of degradation,

demonstrate the presence of microcracks and surface roughness due to the onset of degradation.
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The ester linkage present on the backbone of the PLLA resin formulation undergoes hydrolytic
degradation leading to the formation of the microcracks that are observed in the SEM
images.’*%® SEM was performed to reveal the qualitative information of connectivity across

adjacent layers of the 3D printed parts.

Figure 2.19 SEM images of the surface of 3D printed film a—c) before degradation of resins
A, B, and C, respectively, and after 28 d degradation of resins A, B, and C respectively

2.4 CONCLUSIONS

In summary, we report the synthesis and formulation of a solvent-free photo cross-linkable
PLLA-based resin and its application in room temperature 3D printing using a commercial
DLP 3D printer as well as direct ink writing 3D printer. Oligomeric linear and star PLLA
acrylate crosslinkers were synthesized and characterized and photocurable resin formulations
were prepared by mixing with HEMA as the diluent and 1 wt. % TPO as the photoinitiator. The
3D printed parts exhibited promising mechanical properties with biodegradability in phosphate
buffer solution highlighting the potential of the new PLLA-based biodegradable photocurable
formulation for 3D printing prototypes as well as for medical application, bone tissue

engineering, etc.
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3.1 INTRODUCTION

Additive manufacturing (AM), also known as 3D printing technology, has grown in strength in
recent years., opening up new possibilities for the on-demand production of complex 3D
structures in fields as diverse as tissue engineering,'™ drug delivery,>® medical device
fabrication,”® optical engineering,’ soft robotics,!*!! dentistry,!> and many others. Among the
various 3D printing techniques like fused deposition modelling (FDM), direct ink writing
(DIW), digital light processing (DLP), etc the light-based DLP 3D printing shows greater
advantage in terms of precision, resolution, and layer unification compared to the other 3D
printing techniques.'>"!® Despite the rapid growth of AM technology, research for the
development of suitable materials is still insufficient to expand the range of materials available
for 3D printing.'®'® Most of the photocurable resins commonly employed are either traditional
epoxy resins or small-molecule acrylate-based resins readily accessible in the market. Their
usage in creating biological implants is constrained since they are often neither biocompatible
nor biodegradable.!”?! In order to create biodegradable and biocompatible materials, AM
technology makes considerable use of biobased polymers such as polylactic acid (PLA),?*?*
polycaprolactone (PCL),?2° polyglycolide (PGL),?” and Poly(propylene fumarate) (PPF).2% 2
For synthesizing biobased and degradable materials, PLA is the first choice due to its
biodegradability and low environmental impact.*3% 3!

The previous chapter discussed PLA based polymeric crosslinkers in the form of acrylate
terminated linear and star PLA for DLP 3D printing.?* Another synthetic approach to synthesize
polymeric crosslinkers is by graft polymerization. To enhance the morphological, chemical,
and physical characteristics of the entire polymer structure, polymer grafts are introduced as
branches of one polymer component covalently attached to the main polymer backbone. The
chemical composition and structure of graft copolymers can be fine-tuned based on various

).32

synthetic grafting techniques (grafting through, grafting to, and grafting from).’~ The grafting

of the PLLA polymer has been reported by several research groups.>*** The most commonly

3337 poly(vinyl alcohol),*® and poly(acrylates).>*** Nan D.

used backbones are polysaccharides,
et al. and Jing D. et. al. conducted a systematic investigation of PLLA grafting with partially
hydrolyzed PVAc, examining the structure-property correlations among the crystallization
rates, graft density, and length of PLLA graft copolymers.*'**> Similarly, Nadia G. et al.
synthesized poly(e-caprolactone)-graft-poly(vinyl alcohol) (PCL-g-PVA) and poly(l-lactide)-
graft-poly(vinyl alcohol) (PLLA-g-PVA) using the non-toxic catalyst magnesium hydride

(PVA/MgH> macroinitiator), under melt conditions, which could be used for biomedical
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applications due to the environment-friendly approach.** Polyvinyl acetate (PVAc) is a non-
toxic biocompatible polymer while PLLA is a biodegradable polymer derived from lactic acid,
which is a naturally occurring material. There are several reports for the use of the grafted
copolymer in different fields of applications.**** Grafted copolymers find application in both
dye absorption and as carriers for drug molecules.*® Dolatkhah et al. reported the Polymeric
graft and their iron oxide composites for the methylene blue dye adsorption and pH-responsive
desorption.*’ Similarly, Ghorai et al. prepared polyacrylamide grafted xanthan gum
incorporated nano silica for the removal of cationic dye effectively from aqueous solution.*3
However, their use in additive manufacturing has not been much explored. Introducing
photocurable moieties to grafted polymer chains makes them suitable for photocurable resin
formulation for light-based 3D printing technologies like DLP and SLA.

The current work reports the design and synthesis of new low molecular weight photo-cross
linkable graft polymer of partially hydrolysed PVAc and poly(lactide). PVAc polymer of
predefined repeat units was synthesized, which were partially hydrolysed to polyvinyl alcohol,
followed by grafting with I-lactide by the ring-opening polymerization process. Further, the
terminal hydroxyl group of the grafted PLA chains were functionalized with acryloyl chloride
to obtain Poly(vinyl alcohol)-graft-poly(l-lactide) crosslinker. The graft copolymer crosslinker
was used to formulate resins with different weight ratios of hydroxy ethyl methacrylate
(HEMA) or hydroxy ethyl acrylate (HEA) as reactive diluents, avoiding the use of non-reactive
organic solvents that can potentially leach out of the 3D printed object. The resins showed
optimum viscosity and printability at room-temperature in DLP 3D printer with very high
resolution. The printed structure showed variation in mechanical properties depending on the
use of reactive diluent HEMA/HEA. The 3D printed parts exhibited selective dye absorption
and pH or enzyme responsive release behaviour. As far as we are aware, this is the first report
of the application of acrylate modified poly(vinyl alcohol)-graft-poly(l-lactide) for the
formulation of photocurable resins. Cell attachment studies using wild type mouse embryonic

(WT-MEF) cell line on 3D printed structures demonstrated excellent viability.

3.2 EXPERIMENTAL SECTION

3.2.1 Materials

Vinyl acetate, (3S, 6S)-3, 6-dimethyl-1, 4-dioxane-2, 5-dione, 2-hydroxy ethyl acrylate (HEA),
stannous 2-ethyl hexanoate (Sn(Oct),), 2-Hydroxy ethyl methacrylate (HEMA), were bought
from Sigma Aldrich and utilized without additional purification. Acrylic acid and triethyl amine

were purchased from Sigma Aldrich and purified by distillation. Phenylbis(2,4,6-trimethyl
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benzoyl) phosphine oxide (TPO) was purchased from TCI chemical Pvt. Ltd and used as such.
Carbon disulfide (CS;), Ethanol, Potassium hydroxide (KOH), Methyl bromoacetate,
Azobisisobutyronitrile (AIBN), Toluene, Thionyl chloride (SOCL), Tetrahydrofuran (THF),
Chloroform (CHCI3), Methanol (MeOH), isopropyl alcohol (IPA), Dichloromethane (DCM),
Hexane and Sodium sulfate (Na>SOs) were purchased locally. For gel permeation
chromatography HPLC grade chloroform was purchased from Sigma Chemicals. Five distinct
dyes, including 8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS), Rhodamine B
(RhB), Doxorubicin (DOX), Sulphonate Rhodamine (SRhB), and methylene blue (MB), were

selected to formulate dye solutions.

3.2.2 Measurements

'H and '3C NMR spectra were recorded using Bruker-AVENS 400 and 200 MHz spectrometers
and chemical shifts were reported in ppm at 25 °C using CDCl3 as a solvent with small amounts
of Trimethylsilane (TMS) added as an internal standard. The Fourier transform (FTIR) spectra
were acquired using a BRUKER alpha-E spectrometer. The molecular weights of polymers
were determined using gel permeation chromatography (GPC) equipped with Viscotek VE
3580 RI detector. The GPC was calibrated with polystyrene standard and chloroform (HPLC
grade) solvent was used as eluent at a 1 ml/min flow rate. The viscosity of the formulated resins
as a function of shear rate was determined using the Anton Paar Physica Modular Compact
Rheometer (MCR) 301. The test was performed in the cup and bob with the diameters 18.08
mm and 16.66 mm respectively. The shear rate was applied from 1 to 1000 per second at 30
°C. The thermal properties of all 3D printed parts were analysed using Thermal Gravimetric
Analysis (TGA), TA discover 550-second generation TGA instrument, at a temperature range
of 50 °C to 900 °C under the nitrogen atmosphere (60 mL/min), and the heating rate was 10
°C/min. The glass transition temperature (T) was determined using TA Discover 250 second
generation differential scanning calorimeter under nitrogen atmosphere (50 ml/min) by heating
from -30 °C to 180 °C at the heating rate of 10 °C/min. The DSC was calibrated with indium
standards before measurement. A photo-DSC experiment was performed using the same DSC
instrument equipped with an optical UV light source Omni Cure series 2000. Scanning electron
microscopy imagining was recorded using FE-SEM with an FEI Nova SEM 450. The surface
and the cross-section images of the 3D printed sample was recorded after coating with gold

and mounted on the SEM stub with carbon tape.
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3.2.3 Methods

A) DLP Resin Preparation

The PVAc-g-PLLA acrylate crosslinker was combined with varying weight percentages of
reactive diluents (HEMA or HEA) to prepare photocurable resins. The precise weight
percentage of photoinitiator TPO was determined based on photo DSC experiments. Resins
R1, R2, and R3 were prepared using 30, 40, and 50 weight percent of PVAc-g-PLLA acrylate
crosslinker with 70, 60, and 50 weight percentages of HEMA. Similarly, resins R4, R5, and R6
were prepared with similar weight percentage of HEA. In a 50 ml vial, the resins were made
by combining the photoinitiator, reactive diluent, and crosslinker. Following mixing, the vial
was sonicated at room temperature for one hour. To prevent the vial from prematurely curing
during the sonication, aluminum foil was placed over it. The vial was kept in the fridge for
storage. The vial was left outside to come to room temperature and mixed for five minutes in
a vortex mixer before printing. A reference resin was prepared with 30 wt. % of HEA, 70 wt.

% of TMPTA, and 1 wt. % total weight TPO was used as photo initiator.

B) Curing Kkinetics of Resins

A TA Discover 250 second-generation differential scanning calorimeter fitted with a photo
calorimetric unit (Onmi cure series 2000) was used for the Photo-Differential Scanning
Calorimetry (Photo-DSC) investigations. The sample chamber was irradiated by a 200 W high-
pressure mercury lamp that emits light with a wavelength of 320-500 nm through a dual-quartz
light guide with neutral density.*” The sample preparation followed the same guidelines as
specified in the resin formulation. The sample pan was filled with 5 mg of materials, and the
pan was stored in a DSC cell. The nitrogen flow rate used for the measurement was 50 ml/min.
The sample was initially allowed to equilibrate at 30 °C in an isothermal environment for two
minutes in a nitrogen environment. Subsequently, the electronic UV light shutter was opened,
subjecting the sample pan to a five-minute UV light exposure. The curing enthalpy was
calculated by integrating the peaks in the graph of normalized heat flow as a function of
duration of irradiation.

C) DLP 3D Printing of the Resins

The 3D printing was carried out in a DLP 3D printer supplied by Utpal3DSystem, Gujarat,
India. The 3D printer had a 405 nm LED as light source and a resin bed measuring 120 X 68
X 200 mm? dimensions. The 3D printing was carried out at ambient temperature using solvent-
free resin compositions. A UNO Genetic laser power meter was used to measure the LED light

source's intensity, which was 10 mW cm™. The resin was initially filled inside the resin bed to
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a predefined level before the printing setting was fixed. Each layer had a thickness of 100
microns, and the bottom layer was exposed for 50 seconds for the first ten layers while the
remaining layers were exposed for 45 seconds. The quality of the resin formulation was tested
using a printed version of the Mars Rook and Benchy Standard STL file. The printed part was
cleaned with isopropyl alcohol in a resin washer for three minutes before being placed in a UV
chamber for an hour for post-cure.

D) Mechanical Test

The Universal Testing Machine (Instron, series 33R4204) was utilized to evaluate the tensile
strength of the 3D printed objects using a 1 KN capacity load cell at room temperature. For the
tensile test, an average of five specimen samples from the ASTM D638 type V sample were
utilized. The experiment was conducted with a 5 mm min! stretching rate at room temperature
and a gauge length of 10 mm for each sample. Tensile strength, Young's modulus, elongation,

and toughness were measured during the break.

E) In vitro Degradation and Swelling Study

Three rectangular 3D printed specimen parts per formulation were immersed in 200 ml
Phosphate Buffer Solution (PBS) maintaining the pH 7 at 37 °C temperature. The buffer
solution was prepared by mixing NaCl, KCI, Na,HPO4, and KH>POy in ratios of 137 mM, 2.7
mM, 10 mM, and 1.8 mM respectively in 1000 ml deionized water. The rectangular specimens
were kept inside a sealed dialysis tube and immersed into the PBS solution with constant
stirring over period of 2 months at 37 °C. At regular intervals (every week), samples were
removed, dried in a vacuum oven at 50 °C, and cleaned with tissue paper to determine the water
absorption and degradation and returned back to the dialysis tube. The water uptake was

calculated using equation 1

water uptake = “wet="dry 5 100 eq. 1
Wtdry

where the wtwet 1s the weight of the specimens in wet state after wiping with the tissue paper
and the wtqry 1s the weight after drying in vacuum oven. The PBS solution was replaced every

week maintaining a constant pH of the PBS solution.*

F) Cell Viability Test

The biocompatibility and cytotoxicity of the polymers were evaluated using a 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in 96 well plates.
Initially, complete media were prepared by combining 1% penicillin-streptomycin, 10% fetal

bovine serum, and Dulbecco's Modified Eagle Medium (DMEM) media. Subsequently, 1000
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wild-type mouse embryonic (WT-MEF) cells were seeded into each well and incubated for 16
hours in a 5% CO; environment at physiological temperature. After the incubation period, the
media were removed, and 2 mg of 3D printed film was added to each well in 300 pL of fresh
media. The cells were then further incubated for different time periods, namely 24 hours, 48
hours, and 72 hours, under physiological conditions. Each experiment was conducted in
triplicate. For the control row, only media was added without any polymer sample. Following
the incubation, the media were aspirated, and any remaining films were removed from the
wells. Next, MTT molecules were dissolved in complete media, and 100 puL of a 0.5 mg/mL
concentration was added to each well. The cells were then incubated for an additional 4 hours
at physiological temperature. During this incubation, the MTT molecule is reduced by the
mitochondrial reductase NADPH cellular oxidoreductase enzyme, leading to the formation of
purple formazan crystals. These crystals are insoluble in the media. After the 4-hour incubation,
100 pL of HPLC-grade DMSO was added to each well and placed on a shaker for 15 minutes
to completely dissolve the MTT crystals in the DMSO. The absorbance of the 96 well plates
was then measured at 570 nm using a Vario scan reader. The obtained data were plotted to show

the percentage cell viability against the concentrations of the tested polymers.”!

G) Dye Absorption and Release Study

For the dye absorption study, 5 different solutions of dye (HPTS, RhB, DOX, SRhB, and MB)
were prepared by dissolving them in milli-Q water and adjusting the absorbance at 2 OD by
UV absorption spectroscopy. A rectangular 3D printed part was immersed into the solution for
a period of 12 h. The absorption of the solution was measured at 30 min intervals to quantify
the dye absorption. In the release study, pH and enzyme were used as stimuli. After dye
absorption, the 3D printed part was dipped into different pH buffer solutions to release the dye.

Two different enzymes were used to enhance the dye release study.

H) Photo calorimetric curing percentage calculation

The theoretical values of heat of polymerization of acrylate and methacrylate are 20.6 kcal mol
and 13.1 kcal mol™! respectively. The molecular weights of HEMA, HEA, and PVAc-g-PLLA
acrylate crosslinker are 130.14, 116.1, and 5800 g mol™! respectively. The experimental heat of
polymerization values which were collected from the photo DSC experiment for HEMA, HEA,
and PVAc-g-PLLA acrylate crosslinker were 403.61 J/g, 590.23 J/g, and 91.24 J/g respectively.
From these values, the percentage conversion of HEMA, HEA, and PVA-g-PLLA acrylate was

calculated as-

20.6 X 4.184 X 10"
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Theoretical heat of polymerization of HEMA J/g=421.16J/g.
(1 calorie = 4.184 Joule)

403.61
The percentage conversion of HEMA W X 100 % =95.83 %.

3
A 20.6 X 4.184 X 10 — 74238 J/g

Theoretical heat of polymerization of HE 161

590.23
The percentage conversion of HEA W X 100=79.50 %

20.6 X 4.184 X 10°
5800

Theoretical heat of polymerization of PVAc-g-PLLA acrylate
=104.02 J/g

. 91.24
The percentage conversion of PVAc-g-PLLA acrylate —— X 100=87.71%

104.02

3.2.4 Synthesis and Characterization
Poly(vinyl acetate) (PVAc) of pre-defined molecular weight was synthesized starting from
vinyl acetate using Reversible Addition Fragmentation chain Transfer (RAFT) polymerization
in the bulk where 2,2'-azobisisobutyronitrile (AIBN) was used as the initiator and Methyl
(ethoxy carbonothioyl) sulfanyl acetate (MESA) was used as the chain transfer agent (Scheme
3.1).

o

RAFT polymerization
4\0Jj\ —aBNT0C \n/ o~ _> \/o\n/ Y‘)\(.(‘)\)]\
MESA, Ny, 5h MeO‘;I;)I/I_:;Z(Z) 9:1)
h
PVAc o
oyt .

S MESA o
Sn(Oct),, 110 °C o
Toluene, 12h ‘\kn/o
)

o

‘ Reactive diluent \/ Y’Wj\ \)’l\ \/O Y)\WL
‘\ TPO \ﬂ/ \ﬂ/
B SEEEE——
j 3D Printing fg_ Et324:HF _4‘>_

(o] OH

°:/§ PVAc-g-PLLA

acrylated PVAc-g-PLLA

Scheme 3.1 Overall synthetic scheme for PVAc-g-PLLA acrylate polymeric crosslinker
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MESA was synthesized according to the literature procedure.’? Further the PVAc polymer was
partially hydrolysed in methanol with KOH as base. Then the hydrolysed PVAc polymer was
used as macro initiator for the ring opening polymerization (ROP) of 1-lactide to form PVAc-
g-PLLA polymer. Finally, the PVAc-g-PLLA was reacted with acryloyl chloride to synthesize
PVAc-g-PLLA acrylate. The monomer and the polymers were structurally characterized using
NMR and FTIR spectroscopy. The molecular weights and the glass transition temperature (Ty)
of the polymers were measured by GPC and DSC analysis. The photo curing kinetics of the
PVAc-g-PLLA acrylate polymer and reactive diluents were checked by photo-DSC
experiments. The plots of GPC, DSC, and photo-DSC are given in the figure 3.6. The values
of the molecular weights are tabulated in the table T 3.1.

1) Synthesis of the small molecule

a) Synthesis of the Acryloyl Chloride from acrylic Acid

The details of the synthesis of the acrylic acid and the characterization are described in the
chapter 1 section 2.2.4.

b) Synthesis of Methyl (ethoxy carbonothioyl) sulfanylacetate (MESA)

o}
S S
Br. Pl
~oH w» /\OJLSGK@ ﬁ» /\OJLS/\H/O\
(0]

r.t, S5h r.t,12h

Methyl (ethoxy carbonothioyl)sulfanyl acetate (MESA) was prepared by adding potassium
hydroxide (0.05 mol) in 20 ml of ethanol and stirring until the formation of a clear solution in
a 100 ml round bottom flask. Carbon disulfide (10 ml, 0.1655 mol) was added into the reaction
mixture dropwise with constant stirring and the reaction was left to stir for 5 hrs. Methyl 2-
bromoacetate (7.65 g, 0.05 mol) was added slowly and the reaction was further run for 12 hrs.
The formed precipitate was filtered out using Whatman filter paper and the filtrate was
evaporated in a rotary evaporator. Diethyl ether was added to the product and it was run through
basic alumina on a glass funnel with filter paper. Finally, diethyl ether was evaporated and a
light-yellow coloured product was obtained. Yield: 96%. 'H NMR spectrum (400 MHz, CDCl5)
& in ppm: 4.13 (t, 4H), 4.35 (q, 2H), 5.15 (m, 16H), 1.57 (m, 64H). *C NMR spectrum (100
MHz, CDCI3) § in ppm: 169.60, 69.00, 66.69, 28.32, 25.32, 20.52, 16.63.
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Figure 3.1 'H and *C NMR spectra of methyl (ethoxycarbonothioyl)sulfanyl acetate in
CDClI3

2) Synthesis of the PVAc, hydrolyzed PVAc, PVAc-g-PLLA, PVAc-g-PLLA acrylate

Polymers

¢) Synthesis of poly(vinyl acetate) (PVAc)

(0]
\/OWS\)LO/
o} S o
(0) S
07N AIBN, 70 °C 43 0
N,, 5h S O O
° o PVAc

Poly(vinyl acetate) was synthesized from vinyl acetate monomer using the bulk Reversible
Addition Fragmentation chain Transfer (RAFT) polymerization method. 16 ml (174 mmol) of
vinyl acetate was taken in a 50 ml RB flask, 2,2'-azobisisobutyronitrile (AIBN) (15 mg, 0.091
mmol) was used as initiator and Methyl (ethoxy carbonothioyl)sulfanyl acetate (MESA) (676
mg, 3.84 mmol) was used as the chain transfer agent. The reaction mixture was thoroughly
deoxygenated by three consecutive freeze—pump—thaw cycles. The RB flask was immersed
into a preheated oil bath at 70 °C for 5 hrs. After that, the RB was taken out from the oil bath
and cooled to room temperature. Yield: 80 %. "H NMR spectrum (400 MHz, CDCl;3) § in ppm:
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4.86 (t, 44H), 4.62 (q, 2H), 3.66 (s, 3H), 2.32 (t, 3H), 2.02 (m, 139H), 1.77 (m, 88H), 1.42 (t,
3H). 13C NMR spectrum (100 MHz, CDCl3) § in ppm: 170.63, 62.20, 66.63, 51.91, 39.43,
21.28, 13.09.

fo) - 3 3
b
"VOYSWO/’:I .
a3y
m s o a
0=<

—7.27
—4.86
—4.62
3.66
—2.32
—1.99

- —L177
—1.42
—1.26

| d
m |
| c y
43.411.65 3.00 2.53 137.5795.54 4.31
I L I
R R  — N
7.0 6.5 6.0 5.5 5.0 45 4.0 3 5. 3.0 25 2.0 15 1.0
Chemical Shift (ﬂgl
% o (=2 a] [oe] o (>} N
S g &% & 2 & 8 .
~ ™~ 00 \Q —_ o —_ o N
— -~ O O wy o ol — (=}
[~ \ \ &
| |
I |
J1y ‘ e | |

170 160 150 140

120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)

130

Figure 3.2 'H and *Cspectra of poly(vinyl acetate) in CDCls
d). Synthesis of Partially hydrolyse PVAc

KOH (0.02 eq), o)

(0]
o. .S - MeOHIH,0 (9:1) o s
N~ \n/ M)]\O N~ \n/ ” > o~

60°C,2h S o OH

S (o] [o]
0=<0=< 0=< Hydrolyzed PVAc

Poly(vinyl acetate) was partially hydrolysed with KOH. Poly(vinyl acetate) (10 g, 116.2 mmol)

was taken in a 250 ml RB flask and dissolved in methanol-water mixture in 9:1 ratio. Potassium
hydroxide (140 mg, 2.5 mmol) was dissolved in methanol and added to the reaction. The RB
was immersed in preheated oil bath at 60 °C for 2 hrs. The solvent was evaporated and the
product was dissolved in a minimum quantity of methanol. The hydrolysed polymer was
precipitated in deionized water two or three times to remove the trace amounts of potassium
hydroxide. The polymer was dried in an oven under vacuum at 80 °C. Yield: 94%. 'H NMR
spectrum (400 MHz, CDCI3) 6 in ppm: 4.88 (m, 37), 4.65 (q, 2H), 3.66 (s, 3H), 2.35 (s, 11H),
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2.04 (m, 113H), 1.78 (m, 80H), 1.41 (t, 3H). 3C NMR spectrum (100 MHz, CDCl3) & in ppm:
170.36, 67.85, 66.52, 66.25, 51.71, 38.65, 21.00, 13.73.
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Figure 3.3 'H and'’C spectra of partially hydrolyzed PVAc in CDCl;.

e). Synthesis of graft copolymer of poly(vinyl acetate)-graft- poly(L-lactide) (PVAc-g-
PLLA)

Y

0
W 8 W
\n/ Sn(Oct),, Toluene
110 °C, 12h ( i(\_

PVAc-g-PLLA f

OH

The partially hydrolysed polymer PVA-co-VA was used as a macroinitiator for the ring-opening
polymerization of L-lactide. 10 g (0.002 mol) of partially hydrolysed PVA, (10 g, 0.069 mol)
of L-lactide, and (0.1 g, 0.25 mmol) of Sn(Oct), (1wt. % with respect to the amount of L-lactide

2024-Ph.D. Thesis, Shibam Pal, CSIR-NCL, AcSIR Page | 73



Chapter 3: Biocompatible PVAc-g-PLLA Resin Formulations....

monomer) were taken in a 250 ml RB flask. High vacuum was applied for 1 h to the reaction
mixture to remove any trace quantity of moisture. 40 ml of dry toluene was added to the
reaction flask and it was immersed into a preheated oil bath at 110 °C and reaction allowed to
proceed for 12 hr. For workup, the reaction was cooled to room temperature and the polymer
was precipitated in pet ether 3-4 times to remove unreacted monomers. The graft polymer was
dried under a vacuum oven overnight at 70 °C. Yield: 94%. '"H NMR spectrum (400 MHz,
CDCl3) 6 in ppm: 5.18 (m, 6H), 5.05 (m, 147H), 4.87 (m, 40H), 4.64 (q, 2H), 4.35 (q, 1H),
3.67 (s, 3H), 1.99-2.02 (m,123H), 1.77-1.85 (m,75H), 1.69 (m, 156H), 1.50-1.57 (m, 16H),
1.43 (m, 6H). 13C NMR spectrum (100 MHz, CDCI3) & in ppm: 170.02, 166.99, 72.12, 67.62,
60.02, 38.76, 20.67, 15.47.
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Figure 3.4 'H & '*C NMR spectrum of PVAc-g-PLLA in CDCI;,

f) Synthesis of PVAc-g-PLLA Acrylate Polymer
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Acrylation of terminal hydroxyl group of the grafted polylactide in PVAc-g-PLLA polymer
was done using acryloyl chloride. (5 g, 0.0008 mol) PVAc-g-PLLA polymer was taken in a
two-necked 100 ml round bottom flask, followed by the addition of 50 ml of dry THF by
syringe under nitrogen atmosphere. The flask was covered with ice to maintain the temperature
at 0 °C and Triethyl amine (1.5 ml, 0.011 mol) was added and stirred for 30 min. Acryloyl
chloride (2 ml, 0.025 mol) was added slowly for a period of 15 min at 0 °C. The reaction was
allowed to stir for 24 h at room temperature. After the completion of the reaction, THF was
evaporated and chloroform was added to dissolve the polymer. The polymer was washed with
brine three times and dried over anhydrous sodium sulfate. Finally, chloroform was evaporated
and acrylate graft polymer was dried in a vacuum oven overnight at 40 °C. Yield: 94 %. 'H
NMR spectrum (400 MHz, CDCl3) 6 in ppm: 6.55-6.59 (m, 9H), 6.16-6.23 (m, 16H), 6.10 (m,
2H), 5.19 (m, 5H), 5.03 (m, 27H), 4.87 (m, 35H), 4.66 (q, 1H), 4.36 (q, 2H), 3.67 (s, 3H), 2.00-
2.03 (m, 112H), 1,76-1.84 (m, 74H), 1.57-1.69 (m,102H), 1.43 (m, 6H). '3C NMR spectrum
(100 MHz, CDCl3) 6 in ppm: 169.28, 167.05, 134.41, 127.09, 72.12, 68.66, 25.24, 20.67, 16.29,
15.45.
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Figure 3.5 '"H & '3C NMR spectrum of PVAc-g-PLLA acrylate in CDCls.
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3.3 RESULT AND DISCUSSION

3.3.1 Synthesis and characterization of PVAc, hydrolysed PVAc-g-PLLA, PVA-g-PLLA
acrylate

Figures 3.3 to 3.5 gives the 'H and '*C NMR spectra of the polymers. A stack plot of the 'H
NMR spectra are given in figure 3.6 for ease of comparison. Figure 3.6 shows the proton NMR
spectrum of PVAc (bottom most plot). PVAc was obtained in 95 % yield and the integration of
proton signals of the terminal —CO(O)CH3 unit (labelled ‘d’ in Figure 3.6) versus the proton
labelled ‘a’ on the backbone or -OC(O)CH3 of the repeat unit (labelled ‘c’) revealed a number
average molecular weight (Mn) of 43 which was close to the targeted Mn of 50 units. The PVAc
polymer was partially hydrolysed at 60 °C in KOH/MeOH basic medium resulting in 85 %
yield. In the figure 3.3 shows the proton NMR spectra of the partially hydrolysed PVAc.
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Figure 3.6 Comparison of the "TH-NMR spectra of PVAc, PVAc-g-PLLA, and PVAc-g-PLLA
acrylate polymers.
The appearance of a sharp peak at 2.34 ppm corresponding to the hydroxyl group (which
overlaid with terminal —CH> protons) and slight changes in the properties like reduced
solubility in chloroform compared to the starting PVAc polymer indicated partial hydrolysis.
However, it was difficult to extract the information regarding the extent of hydrolysis from the

proton NMR spectra as the peaks corresponding to protons of -OC(O)CHj3 of the repeat unit
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(labelled ‘c’) were merged with the protons of the backbone, making it challenging to extract
information about the degree of hydrolysis from the proton NMR spectra.

The partially hydrolysed PVAc was used as a macroinitiator for the ring opening
polymerization (ROP) of I-lactide using Sn(Oct): as a catalyst following the literature report.*!
The formation of PLLA graft on the PVAc backbone was confirmed by the appearance of new
peaks corresponding to the PLLA backbone (protons labelled ‘e”) around 5.05 ppm and also at
1.50-1.69 ppm corresponding to the methyl group on the graft backbone (labelled ‘f and f”) as
seen in Figure 3.6 (middle spectrum). A peak at 5.18 ppm corresponding to the terminal -
C(O)CH(CH3)OH (protons labelled ‘e'”) accounted for an average of about 7 protons. Since
the terminal group of the PLLA graft on the PVAc backbone gives a direct indication of the
number of graft chains (in turn the number of hydrolysed units), it could be hypothesized that
on an average 7 hydrolysed units were present per repeat chain (average degree of hydrolysis

nearly 15 %).
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Figure 3.7 a) GPC spectra of PVAc, hydrolysed PVAc, PVAc-g-PLLA, and PVAc-g-PLLA
acrylate polymers. b) Specific heat flow comparison of HEMA, HEA, and PVAc-g-PLLA
acrylate measured from photo-DSC at 30 °C with 1 wt. % of TPO as photoinitiator. Inset

shows the structures of HEMA and HEA. ¢) Comparison of FT-IR spectra of PVAc,
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hydrolysed PVAc, PVAc-g-PLLA, and PVAc-g-PLLA acrylate d) The DSC curves for the

PVAc, partially hydrolysed PVAc, PVAc-g-PLLA, and PVAc-g-PLLA acrylate polymers.
The terminal hydroxyl group of PVAc-g-PLLA was converted to acryloyl groups by reaction
of the graft polymer with acryloyl chloride. The final product PVAc-g-PLLA acrylate
crosslinker was obtained as a viscous liquid in 94 % yield after the workup followed by drying.
Figure 3.6 (top) compares the proton NMR spectra of the starting PVAc polymer and the graft
polymer with the final PVAc-g-PLLA acrylate crosslinker. The characteristic peaks of acrylate
double bonds could be observed in the region 6.10 to 6.59 ppm. The integration indicated about
8 acrylate units, which was in agreement with the previous assignment of an average of about
7 graft chains per PVAc backbone chain. The SEC analysis of the polymers is shown in the
figure 3.7a and the molecular weight of the polymers are tabulated in the Table 3.1

SL. no. Polymer Mn Mn? Mw? b* | TL,EC) | Twb
(NMR) | (g/mol) | (g/mol) (°C)
(g/mol)

1 PVAc 3600 5400 6500 1.20 26 -

2 Hydrolysed PVAc 3400 4300 6000 1.37 25 -

3 PVAc-g-PLLA 5400 5700 6600 1.14 24 135

4 PVAc-g-PLLA 5800 6500 8600 1.25 18 123

Acrylate

a) molecular weight from NMR, b) Molecular weight from GPC (chloroform as solvent)
Table 3.1 The molecular weights, polydispersity index, glass transition and the melting
temperatures of the polymers PVAc, hydrolysed PVAc, PVAc-g-PLLA, and PVAc-g-PLLA
acrylate.

along with a comparison of Mn extracted from the proton NMR spectra. The number average
molecular weights of the PVAc, partially hydrolysed PVAc, PVAc-g-PLLA and PVAc-g-PLLA
acrylate polymers calculated from the respective proton NMR spectra were 3600, 3400, 5400,
and 5800 g/mol respectively. The GPC analysis also revealed the number average molecular
weight (Mn) of polymers as 5400, 4300, 5700, and 6500 g/mol respectively with very narrow
polydispersity values (D) in the range of 1.14 to 1.37. The number average molecular weights
obtained from GPC analysis for all four polymers are slightly higher than the values derived
for Mn from due to variations in the hydrodynamic behaviour of the polymer in solution.

The thermal characteristics of the polymers were investigated using differential scanning
calorimetric analysis (figure 3.7b). Table 1 lists the glass transition temperatures (Tg) of the
polymers. The Ty of the starting PVAc polymer was observed around 26 °C; which was not
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much affected by the partial hydrolysis. Grafting of PLA chains reduced the Ty slightly to 24°C,

which reduced to 18 °C upon end functionalization with acryloyl groups. According to the
literature reports, the glass transition temperature of PVAc, PLLA polymers are 40 °C, and 60
°C respectively and the glass transition temperature of grafted PVAc-g-PLLA polymer varies
from 40 °C to 50 °C depending on the grafting density and the number of the repeat units of
PLLA polymer in the branching chains.*! The low molecular weight PVAc reported in our work
exhibited low Ty values which after grafting with PLLA polymer showed melting transition at
136 °C indicating the successful grafting of the PLLA with the PVAc backbone. Compared to
the melting temperature of commercial PLLA polymer (around 160 °C), PVAc-g-PLLA
polymer showed a lower melting temperature indicating the retardation of crystallization by
branching of PLLA polymer. The introduction of terminal acrylate groups within the PVA-g-
PLLA polymer structure resulted in further reduction of both the Ty and melting temperature,
likely due to the interference with hydrogen bonding interactions. By replacing the hydroxyl
groups with various alternative functional groups, it becomes possible to finely adjust the
thermal stability of the PLLA polymer, presenting a versatile approach for tailoring its thermal
properties.*!>* The structural analysis of the hydrolysed PVAc and PVA-g-PLLA acrylate
polymer was extended through FT-IR spectra (figure 3.6c). The emergence of peaks at 3487
cm! in the hydrolysed PVAc polymer confirms the presence of hydroxyl groups resulting from
hydrolysis. Likewise, the appearance of the peak at 1628 cm™ corresponds to the carbon-carbon
double bond, validating the formation of the acrylate functionality in the PVAc-g-PLLA
acrylate polymer.

After the structural characterization of the PVAc-g-PLLA acrylate crosslinker, the polymer was
used for the formulation of a photocurable resin with HEMA or HEA as reactive diluents.
Photo-DSC experiments were undertaken to determine the optimum weight percentage of
photoinitiator (TPO) to be used based on their curing enthalpies. According to the literature,
the theoretical heat of polymerization per methacrylate double bond is 13 kcal mol™! while the
heat of polymerization per acrylate double bond is 20.6 kcal mol!'.>* The theoretical heat of
polymerization and curing percentage of HEMA, HEA, and PVAc-g-PLLA acrylate crosslinker
were calculated using the above reported values (details of calculations are given in method H
section). Figure 3.6d compares the heat flow plot for the three samples. The experimental heat
of polymerization of HEMA, HEA, and PVAc-g-PLLA acrylate crosslinker were obtained from
the photo-DSC studies as 403.6 Jg'!, 590.2 Jg'!, and 91.24 Jg! respectively with 1 wt. % of
TPO as photo-Initiator (PI). This corresponded to 95.8 % conversion of methacrylate double
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bonds in HEMA, 79.5 % acrylate double bond conversion in HEA and 87.7 % conversion of
acrylate double bond in PVAc-g-PLLA acrylate crosslinker.

3.3.2 Resin Formulations, Viscosity, and Photo-calorimetric Studies

Six photocurable resin formulations that were developed by adjusting the component weight
percentages are listed in Table 3.2. The PVAc-g-PLLA acrylate was mixed in 50, 40, and 30
weight percent with HEMA in the first three formulations (R1, R2, and R3), while the
remaining three resins (R4, R5 and R6) were prepared by mixing same weight percentage of
PVAc-g-PLLA acrylate with HEA. The solubility and miscibility of the PVAc-g-PLLA acrylate
in HEMA as well as HEA enabled formulating the resin without the use of any organic solvents

to solubilize the synthesized polymeric crosslinker.
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Figure 3.8 Schematic representation of the preparation of six resins formulated with HEMA
and HEA b) & ¢) The resin viscosity as a function of increasing shear rate (d) Optimized

curing enthalpy curve from photo-DSC analysis for the six resin formulations.

Resins wt. % of PVAc- | HEA | HEMA | TPOPI | Viscosity

g-PLLA wt. % | wt. % wt. % (Pa.s)?
Acrylate

R1 50 - 48.5 1.5 0.065

R2 40 - 58.5 1.5 0.035

R3 30 - 68.5 1.5 0.019

R4 50 49 - 1 0.042

R5 40 59 - 1 0.023

R6 30 69 - 1 0.016

a. Viscosity of HEMA: 0.006 Pa.s; HEA: 0.005 Pa.s

Table 3.2 Composition and Viscosity of the resin formulations.
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For room temperature DLP 3D printing, viscosity is an important parameter to optimize for
printability with high-resolution, smooth, and damage-free printed products. To obtain a good

3D printed part the viscosity should be less than 10 Pa.s.*
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Figure 3.9 Photo-DSC plots of all resin formulations with different weight percentage of PI.

The viscosity of DLP resin depends on various factors, including the resin formulation,
diluents, the printing temperature, and the adhesiveness of the formulated resin materials. The
viscosities of the resin formulation were measured at 30 °C without adding a photoinitiator.
Figure 3.8b and 38c compares the viscosity as a function of shear rate and the values are listed
in Table 3.2 in Pa.s. The viscosity of each resin was constant with increasing shear rate up to
1000 s, confirming the Newtonian fluid-like properties of the formulations. In both set of
resin formulations, the viscosity increased with increase in concentration of PVAc-g-PLLA
acrylate. Resins prepared with HEMA showed a viscosity ranging from 0.019 Pa.s to 0.065
Pa.s whereas resins prepared with HEA showed little lower viscosity ranging from 0.016 Pa.s
to 0.042 Pa.s. All the prepared resin formulations were appropriate for the DLP 3D printing at
room temperature for smooth and warpage-free 3D printed materials.

Figure 3.8d compares the curing enthalpy of all six-resin formulations with increasing PI
concentration. From the curve, it can be seen that for the HEMA series of resin formulations
(R1, R2, R3) the optimum curing enthalpy was observed at 1.5 wt. % of photoinitiator, while
for the HEA series of resins (R4, R5, R6) the optimum was observed at 1 wt. % of PI. The

optimum weight percentage of TPO required for these formulations were arrived at by
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following photo DSC experiments where the TPO weight percentage was varied from 0.5 to 3

wt. % (Figure 3.9 and Table 3.3).

Resins TPO wt. %
0.5 1.0 1.5 2.0 2.5 3.0
R1 -377.80+34 | -341.2+18 | -365.45+3 | -359.72+8 | -355.89+2 | -353.05+2
R2 -415.63+13 | -435.75+£20 | -470.18+18 | -427.71+12 | -406.25+28 | -438.96+7
R3 -445.96+25 | -447.25+45 | -514.38+45 | -490.89+50 | -484.50+41 | -483.82+50
R4 -377.80+34 | -420.08+41 | 392.96+18 | -405.47+43 | -355.89+38 | -353.05+25
RS -437.73£16 | -474.43£11 | -437.38+19 | -443.18+40 | -438.69+4 | -437.20+5
R6 -443.89+46 | -502.65+13 | -441.01+39 | -449.87+40 | -435.36+41 | -436.05+18

Table 3.3 Curing enthalpy of six resin formulations

3.3.3 DLP 3D Printing Using Formulated Resins

b) ¢)
10 |

Figure 3.10 a) 3D printed objects made using R6 resin, b) Elegoo Mars Test Rook 3D printed

using resin R2 ¢) 3D printing of tensile bars using R3 resin with and without dye under

visible light and UV light d) 3D Benchy printed using resin formulation RS5.

A commercial U3DS ultra DLP 3D printer was used to print at room temperature (the printer's
settings are described in the experimental section). The 3D printed objects had extremely sharp
edges and high visual resolution. Figure 3.10 shows the images of a few 3D printed objects.
The first printed part (Figure 3.10a) was printed using formulation R6 where 70 wt. % HEA
was used as a diluent. It was observed that the holes in the printed part were sharp and
reproducible and no warpage or bending was observed after printing. Figure 3.10b shows an
Elegoo Mars Test Rook printed using formulation R2 which had 60 wt. % of HEMA. The high
resolution of the printed part justifies the suitability of the formulated resin for 3D printing

application.
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a)

Figure 3.11 a) Enlarged mars rook 3D printed part with visible resolution demonstration. b)

Flexibility of HEA mixed 3D printed part using R6 formulation.

The enlarged Mars rook shown in Figure 3.11a illustrates the print resolution by rendering the
small 3D-printed text on it easily legible. The 3D printed objects using the HEA formulation
were soft and elastomeric in nature (shown in the Figure 3.11b), whereas those printed using
the HEMA formulation were strong and sturdy. A fluorescent dye (2,5-Bis(5-tert-butyl-
benzoxazol-2-yl)thiophene) (BBOT) was added to the formulation and dumbbell shapes were
printed. The uniform emission emanating throughout the dumbbell under UV light (Figure
3.10c) demonstrated excellent miscibility of the dye with the formulation resin 3 and similarly,
the dye could be used for other resin formulations also.>® Figure 3.10d shows a 3D printed
benchy, which is usually considered a demonstration of the 3D printing ability of a formulation
or for the calibration/benchmarking of the 3D printer. The benchy was prepared using R5 and
it showed good flexibility. Our resin formulations have successfully demonstrated 3D
printability by printing the standard 3D benchy and mars rook with exact size and resolution.
Figure 3.12 shows images of more 3D-printed objects using all the resin formulations. The
resin prepared with HEMA imparted higher mechanical strength to the 3D-printed objects
whereas the resin prepared with HEA imparted higher elongation properties.

Figure 3.12 3D printed part of all resin formulations

Figure 3.12a-3.12¢ shows 3D printed porous cylindrical parts using R1, R2, and R3
respectively. Figure 3.12f and 3.12g are the mars rook printed part (10 cm) using R2 and R3
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respectively which are high in resolution. Figure 3.12d, 3.12e, are the flexible porous cylinders
printed using resin 4, resin 5, while figures 3.12h and 3.12i are mars rook printed parts using
R6. The printed parts using R5 and R6 shown in figure 3.12h and 3.121 are somewhat distorted
because the printed materials were flexible and soft though the resolution of the printed parts
was intact. R4 prepared by mixing 50 wt. % polymeric crosslinker exhibited a high adhesive

nature making it difficult for 3D printing large parts using the DLP printer.

3.3.4 Tuneable Mechanical and Thermal Properties of DLP Printed Parts

A set of five 3D printed ASTM D638 type V dumbbell-shaped samples were used to assess the
mechanical characteristics of each resin formulation. Table 3.4 displays the tensile strength,
Young's modulus, and percentage elongation of the 3D printed components. Figure 3.13 shows
the tuneable mechanical characteristics of the 3D printed parts depending on HEMA or HEA
used as reactive diluents. From Table 3.4 it can be seen that the mechanical properties were
dependent on the reactive diluent used for the resin formulations. Figure 3.13a illustrates the
tensile strength of R1, R2, and R3 resin printed parts, while Figure 3.13b depicts the
relationship between tensile strength and Young's modulus in 3D printed parts produced with
HEMA, highlighting an increase in both parameters with the rising weight percentage of
HEMA. Similarly, Figure 3.13c displays the tensile strength of the R4, RS, and R6 resin printed

parts, and Figure 3.13d indicates a minimal increment in both tensile strength and Young's

modulus.
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Figure 3.13. Representative stress-strain curves of the 3D printed specimen a) prepared with
HEMA, b) Tensile strength and Young’s modulus as a function of increasing weight
percentage of HEMA c¢) stress-strain curves of the 3D printed specimen prepared with HEA,
inset image is the real photograph of elongation of the R6 resin printed part compared with

normal specimen, d) Tensile strength and Young’s modulus as a function of increasing weight

percentage of HEA.
Resin Tensile Young’s Elongation Tg Taio%
strength Modulus (%) [°C] [°C]
[Mpa] [Mpa]

R1 12.3 +1.1 256.5£35 11.1+£3.7 50 264
R2 13.3£1.9 918.2+21 4.940.5 76 287
R3 20.6+2.4 1972.1+36 2.1+0.2 82 297
R4 0.4+0.2 1.8+0.6 32.3t1.4 20 276
R5 0.9+0.1 2.1+0.1 55.7£3.7 14 298
R6 1.1+0.2 2.2+0.4 73.3+8.2 13 304

Table 3.4 Mechanical properties of the 3D printed part with glass transition, and 10 weight %
degradation temperature.

Resins containing HEMA exhibited superior mechanical properties in comparison to those

containing HEA in the printed parts, primarily attributed to the presence of the methyl group

in HEMA. Tensile bars produced with HEA displayed higher elongation values compared to

those prepared with HEMA.>*> Furthermore, increasing the weight percentage of HEMA or

HEA in the resin formulations resulted in increased tensile strength and Young's modulus for

the 3D printed parts.
1 -
a) ‘9]34 —RI
" —R2
] —R3
70
_
§ 60
= s04
5o 40
2 30
= 20
10
u_
T T T T T T T T T T T T T T T T T T
100 200 300 400 500 ?]ﬂl) 700 800 900 100 200 300 400 500 600 700 800 900
Temperature ('C) Temperature ('C)
c) ~ 010 d) = .10
):9”_015_ —RI )-°-° ) —R4
2 —R2 E -0.15 —Rs
g -0.20 —R3 g 020 ——R6
= L0251 =
= = .25
E 30 E
) o 0304
= 0351 s
z Z 035
= - = o~
S 040 2
T 0454 w40
A w
: '“.50 T T T T T T T T T T T : _‘]'45 T T T T T T T
0 30 60 9 120 150 180 030 6 9 120 150 18
Temperature ("C) Temperature ("C)

2024-Ph.D. Thesis, Shibam Pal, CSIR-NCL, AcSIR Page | 85



Chapter 3: Biocompatible PVAc-g-PLLA Resin Formulations....

Figure 3.14 (a) TGA thermograms of 3D printed materials using R1, R2, and R3 resins, (b)
TGA thermograms of 3D printed materials using R4, RS, and R6 resins, (¢) DSC
thermograms of 3D printed materials using R1, R2, and R3 resins, (b) DSC thermograms of
3D printed materials using R4, RS, and R6 resins.

The thermal properties of the 3D printed materials were investigated by TGA and DSC
experiments (Figure 3.14a to 3.14d). For each of the six resin compositions, the 3D printed
components demonstrated good thermal stability with a 10% weight loss indicated in the 260—
300 °C range (see Table 3.4 and Figure 3.15a and 3.15b). The DSC analysis revealed the glass
transition temperature (Tg) of the HEMA formulations (R 1, R2, and R3) to be 50 °C, 76 °C,
and 82 °C respectively (Figure 3.14c), while that for the HEA formulations (R4, R5, and R6)
were 20 °C, 14 °C, and 13 °C respectively (Figure 3.14d). It could be observed that increasing
the wt. % of HEMA in the resin formulation resulted in higher T values making the printed
materials stiffer. On the other hand, increasing the HEA content resulted in enhancing the
elasticity of the 3D printed objects using the formulations R4 to R6.°” The values of T and 10
% weight loss temperatures of the 3D printed parts are listed in Table 3.4.

3.3.5 Water uptake and Dye Absorption Study

Experiments were conducted over eight-week time duration to study the water uptake of the
3D printed parts and their degradation. The weight loss and water uptake of the 3D printed
samples were monitored each week in phosphate buffer solution (simulating the biological
condition) maintaining the pH 7.4 at 37 °C with periodic replenishing of the PBS (details of
sample preparation and experimental procedure are given under Materials section). As shown
in Figure 3.15a, the water uptake of the 3D printed parts increased in the first two weeks, and
on the third week onwards, it reduced and remained constant over a six-week time period. The
swelling properties of the crosslinked polymer depend on the composition of the polymeric
materials. From the figure 3.15a it can be clearly seen that the HEA based 3D printed samples
had higher water uptake compared to the HEMA based 3D printed samples. This could be
attributed to the hydrophilic nature of HEA compared to HEMA..>” There was an almost 240 %
water uptake for the HEA based samples during the first two weeks of incubation after which
there was a reduction to about 150 % from the third week onwards, which remained almost
constant during the remaining part of the study until the end of eight weeks. The HEMA based
3D printed samples also exhibited increased water uptake until the second week (almost 100

%) after which the water uptake remained steady.
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Figure 3.15. a) Water uptake study of the 3D printed parts in PBS solution at 37 °C for 8-
week time period. b) Real images of dye absorptions of the resin 6 3D printed part before and
after 12 h. ¢) Dye absorption comparison, d) Absorption plot of R6 resin 3D printed part in
RhB over 8 h time period e) absorption plot of R3 resin 3D printed part in RhB over 8 h time
period. f) absorption plot of HEA+TMPTA resin 3D printed part in RhB over 8 h time period.
(Inset optical image of the cuvette containing dye solution with 3D print part before and after
dye absorption). g) Comparison of dye uptake of resin 3, resin 6, and HEA +TMPTA resin 3D
printed part. h) and 1) Dye release study in different pH at 37 °C and dye release study in

different pH in the presence of enzymes (esterase and lipase) at 37 °C.

Following the examination of the swelling characteristics of the 3D printed components, a dye
absorption study was conducted. The R6 resin was chosen for its notable water uptake capacity.
Five distinct dyes, including HPTS, RhB, DOX, SRhB, and MB, were selected to formulate
dye solutions. These solutions were carefully prepared to maintain an optical density (OD) of
2. Subsequently, identical weights of R6 resin 3D printed parts were immersed in 3ml of dye

solution each, as illustrated in Figure 3.15b. After 12 hours of dye absorption, it was noted that
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the RhB dye exhibited absorption exceeding 95% compared to the other dyes (Figure 3.15c).
This distinctive uptake may be attributed to the hydrophobic interaction between the dye and
the crosslinked polymer network. Hydrogen bonding interaction between the ester linkage
present on the lactic acid and the hydroxyl group present on reactive diluent (HEMA and HEA)
also forms a crucial interaction, which can modulate the dye absorption.®*-> Additionally, SEM
images revealed the porous nature of the 3D printed part on the surface and cross-section which
can aid in the dye absorption (Figure 3.17¢)®. To learn more about this phenomenon, a time-
dependent study was conducted specifically with the RhB dye. As depicted in Figure 3.15d, a
R6 resin 3D printed part was immersed in the RhB dye solution (OD 2), and the dye absorption
was monitored by measuring the UV absorption spectra. Comparable results were noted when
conducting the same experiment using R3 resin printed part (Figure 3.15¢ which contains
HEMA). A reference resin formulation was prepared by replacing the PVAc-g-PLLA acrylate
polymer with 30 wt.% TMPTA (Trimethylolpropane triacrylate), along with 70 wt.%
hydroxyethyl acrylate (HEA). The 3D printed part from this resin formulation was subjected
to the same RhB dye absorption study as shown in the figure 3.15f. Interestingly, it was
observed from the Figure 3.15g, that while the 3D printed part of R6 and R3 exhibited similar
dye absorption with more than 95 % and 80 % respectively, whereas the 3D printed part from
the TMPTA formulation showed only 20% dye absorption. This observation directly

emphasizes the role of the PVA-g-PLLA acrylate polymer in facilitating dye absorption.
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Figure 3.16 Dye release performance of the R6 resin 3D printed part (a) at pH 7.4 and (b) at
pH 5.5 at 37 °C without enzyme. Dye release performance of the R6 resin 3D printed part (c)
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at pH 7.4 and (d) at pH 5.5 in the presence of Lipase enzyme, (e) at pH 7.4 and (f) at pH 5.5

in the presence of Esterase enzyme.

Additionally, a study on the release of this dye was carried out under different pH and enzyme
conditions. After the RhB dye was absorbed from the solution, the 3D printed parts were
submerged in two distinct pH solutions at 37 °C for 48 h (pH 7.4 and pH 5.5, as illustrated in
Figure 3.16a and 3.16b). As depicted in figure 3.15h, a higher dye release of 16.6% was
observed at pH 7.4 compared to the dye release of 14% at pH 5.5, indicating that pH 7.4
facilitated improved dye release. Likewise, dye release experiments were conducted in the
presence of Lipase at pH 7.4 and 5.5, and in the presence of Esterase enzyme under the same
pH conditions, both at 37 °C for 7 days’ time period (refer to Figure 3.16¢ to Figure 3.16f).
From figure 3.151, it can be seen that the Esterase enzyme proved to be more effective under
both pH conditions, yielding 38.8% dye release at pH 7.4 and 34.3% at pH 5.5, possibly due
to the hydrolysis of ester bonds present in the crosslinked 3D printed network. The Lipase
enzyme resulted in a lower dye release of 14.9% at pH 7.4 and 10% at pH 5.5, indicating its
lesser effectiveness in promoting dye release from the 3D printed part. In conclusion, it can be
affirmed that the R6 3D printed part exhibits notable swelling properties, demonstrating
excellent absorption and release of RhB dye, particularly under pH 7.4 conditions in the

presence of Esterase enzyme at 37 °C.

3.3.6 Cell Viability Test and In Vitro Degradation Study

The biocompatibility and cytotoxicity of the 3D-printed network polymers were assessed using
the MTT assay. The 3D-printed films from R1 to R6 were incubated with wild-type mouse
embryonic (WT-MEF) cells inside the 96 well plates and the cell viability was determined by
the MTT assay for 3 different times of incubation (24 h, 48 h, and 72 h). L-lactic acid is the
degradation product due to the hydrolytic ester bond cleavage of the PLLA polymer matrix in
the 3D printed materials.%* In order to avoid the altered pH due to the presence of the L-Lactic
acid affecting the experimental observation, the PBS solution was periodically replaced to
maintain the pH steady during the course of the experiment. As depicted in Figure 3.17a-c, the
3D-printed films of all resins demonstrated over 90% cell viability after 72 hours of incubation,
signifying the non-cytotoxic nature of the PVAc-g-PLLA acrylate polymer in the 3D printed
component. This observation suggests the potential use of these 3D-printed parts in biomedical
applications.®>°° Analysing the weight loss data in Figure 3.17d, it could be observed that the
accelerated weight loss also coincided with the accelerated water uptake during the initial two

weeks, after which the weight loss remained steady. R6 based samples exhibited the highest
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degradability, which was in conformity with its increased water uptake, which could lead to
penetration of water into the bulk of the sample accelerating the degradation. Samples R1 and

R4 with 50 % PVAc-g-PLLA acrylate showed lower degradability.
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Figure 3.17 Cell viability of the 3D printed parts with different time period a) 24 h, b) 48 h,
and ¢) 72 h wild-type mouse embryonic (WT-MEF) cells, d) In vitro degradation of the 3D
printed parts in PBS solution at 37 °C.

3.4 CONCLUSIONS

As a summery it can be concluded that, the novel biobased PVAc-g-PLLA acrylate polymer
was designed and synthesized for the preparation of resin formulations with reactive diluents
(HEMA and HEA) avoiding the use of any organic solvents. The successful synthesis of all
polymers PVAc, partially hydrolysed PVAc, PVA-g-PLLA, and PVA-g-PLLA acrylate were
confirmed by the characterizations using NMR and FT-IR spectroscopy. The molecular weights
of the polymers were confirmed by GPC in chloroform solvent. The formulated resins were
characterized by viscosity and photo-DSC studies. The resins successfully performed 3D
printing in DLP 3D printer at room temperature. The complex Elegoo Mars Test Rook and
Benchy were printed with very high resolution indicating the potential applicability of the
resins. The mechanical properties of the 3D printed parts could be tuned depending on the use
of reactive diluent during resin formulation. Additionally, the 3D printed parts showed dye
absorption and release properties. The release kinetics of the dye could be optimised depending
on the pH and presence of enzymes. Finally, the resin formulations could be 3D printed on any

DLP printer and the 3D-printed parts exhibited tuneable mechanical properties which have
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immense potential for widespread applications like tissue engineering, soft robotics, tissue

culture, biomedical implants, and scaffolds.
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4.1 INTRODUCTION

The process of creating objects through additive manufacturing, often known as 3D printing,
has opened up new possibilities for creativity and customization across various fields of
applications."® Among the various 3D printing methods, light-induced polymerization
technologies like stereo lithography (SLA) and digital light processing (DLP), offer superior
precision of prototype features, mechanical robustness, and layer cohesion when compared to
other approaches such as filament deposition modeling (FDM).”!! Photo curable polymers are
now being used in the creation of 50% of industrial prototypes. The primary materials for 3D
printing through photo polymerization predominantly center around acrylate or methacrylate-
based formulations, with the choice depending on factors like the quality of chain growth in
acrylate polymerization, curing speed, mechanical properties, and costeffectiveness.!?1*
According to a recent study, commercial acrylate molecules pose toxicity risks due to their
existence as residual monomers after polymerization and additionally, they exhibit low
degradability after polymerization.'>"!” In an effort to address the significant limitations that
are associated with conventional acrylic monomers, researchers have explored the use of thiol-
ene-based chemistries.'®!” Photo-induced thiolene reactions combine the attributes of both
photo polymerization and click reactions, including precise control, selectivity, resistance to
oxygen and water, and high yields without the formation of by-products.?’>* Unlike chain-
growth acrylate polymerizations, thiol-ene reactions proceed via a step-growth mechanism,
offering benefits such as delayed gelation, improved monomer conversion, and reduced
shrinkage stress.>*? Acrylate-based or thiolene-based thermosets are valued for their thermal
and chemical resistance but face environmental concerns due to fossil feedstock usage and
increased waste generation. Biomass-derived materials like poly(lactic acid), sucrose,
vegetable oil, and eugenol are being incorporated into thermosetting resins to address these
issues.!® 2>27 Conventional polymer resin-based 3D printing techniques create thermosetting
materials that are non-biodegradable and add to the plastic pollution. Therefore, there is an
increasing need for 3D printing resins based on renewable and biodegradable ingredients to
address this issue. Thiol-ene polymerization producing novel biomaterials possessing unique
crosslinking architecture, improved mechanical properties, eco-friendly reaction
characteristics, rapid and site-specific polymerization, and the potential of improved
degradability are highly sought-after.?®-*! Due to its benefits, thiol-ene photo polymerization is
progressively emerging as a viable option for creating resins for additive manufacturing. The

recent expansion of literature has shown interest in thiol ene click chemistry in liquid-based
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3D printing introducing different thiol and/or ene moieties in polymeric or small molecule
fashion.?>* Andreas Oesterreicher et al and Yimei Wu et al. successfully synthesized thiol-yne
small molecules for photo resin formulations to demonstrate biocompatible monomers for UV-
based additive manufacturing (DLP 3D printing). They also demonstrated its reduced
cytotoxicity and hydrolytic degradability, thereby addressing plastic pollution.>>*¢ Sycks et al.
demonstrated the 3D printing of spiro ene molecules with a custom DLP 3D printer,
showcasing the tenable mechanical properties through controlled heat treatment and Spiro
chemistry.’” Merckle et al. introduced eco-friendly 3D printing resins, comprising 20-40% bio
derived monomers from linalool offering high spatial resolution, customizable properties, and
also exhibit 4D shape memory effects.?® Eric Constant et al. reported photopolymers derived
from natural terpenes, limonene, and f-myrcene that were used for the thiol-ene photo cross-
linking via solvent-free DLP 3D printing which exhibited good mechanical properties and cell
viability with shape memory effect making them promising for 3D printable photopolymers
and structurally robust materials.>? Recently, Porwal et al. extracted Levoglucosan, a bio-based
compound, from cellulose biomass through a pyrolysis process. Levoglucosan was
subsequently employed to synthesize an ene-containing molecule, which was used to create a
thiol-ene network polymer for application in 3D printing technology. The 3D-printed objects
exhibited favourable degradability properties in THF/NaOH solution making it a well-suited
rapid prototyping application mitigating the waste generation from acrylate-based printing.*
Despite the proliferation of 3D printing resins and processes described in the literature, it is
important to note that the mechanical properties of the resulting materials often do not meet
the desired standards. The current work outlines the scalable synthesis of ethyl lactate-based
polymeric ene and its thiol-ene photochemistry with isosorbide-based thiol and Pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP) based multifunctional thiol for DLP 3D printing
application. Thiol-ene photo kinetics was analysed using photo DSC studies, and the
mechanical and thermal properties of the 3D-printed materials were also evaluated. The
hydrolytic degradability of the 3D printed parts was showcased in 1 M NaOH solution. Overall,
this research presents a promising avenue for the development of new biobased materials that
can address the issue of nondegradable acrylate-based 3D print waste. The fast degradability
of PAEL-based polymeric thiol-ene 3D print materials has the potential to significantly impact

rapid prototyping for mass production applications.
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4.2 EXPERIMENTAL SECTION

4.2.1 Materials

Ethyl lactate, allyl bromide, isosorbide, 3-mercapto propionic acid, and 2-hydroxy ethyl
acrylate (HEA) were purchased from Sigma Aldrich (India) and used without further
purification. Acryloyl chloride, triethyl amine, azobisisobutyronitrile, lithium hydroxide,
potassium carbonate, and p-toluene sulphonic acid were purchased from local dealers and used
directly without further purification. Phenylbis(2,4,6-trimethyl benzoyl) phosphine oxide
(TPO), Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TTT), Pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP), and 2,5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBOT)
dye was purchased from TCI Chemical Pvt. Ltd and used as such. Tetrahydrofuran (THF),
chloroform, methanol, isopropyl alcohol, dichloromethane, hexane, and sodium sulfate
(anhydrous) were purchased locally. For gel permeation chromatography HPLC-grade THF

was purchased from Merck Chemicals (India).

4.2.2 Measurements

'H and '3C NMR spectra were recorded using Bruker-AVENS 400 and 200 MHz spectrometers
and chemical shifts were reported in ppm using CDCIl; as a solvent with small amounts of
Trimethylsilane (TMS) added as an internal standard. The molecular weight of small molecules
was recorded on the HRMS (ESI) Thermo Scientific Q-Exactive, Accela 1250 pump. The
Fourier transform (FT-IR) spectra were acquired using a BRUKER alpha-E spectrometer. The
molecular weights of polymers were determined using size permeation chromatography (SEC)
equipped with a Viscotek VE 3580 RI detector. The SEC was calibrated with polystyrene
standard and THF (HPLC grade) solvent was used as eluent at a 1 ml/min flow rate. The
viscosity of the formulated resins as a function of shear rate was determined using the Anton
Paar Physica Modular Compact Rheometer (MCR) 301. The shear rate was performed from 1
to 1000 per second at 30 °C. The thermal stability of all 3D printed parts was analyzed using
Thermal Gravimetric Analysis (TGA), TA discover, 550-second generation TGA instrument,
at a temperature range of 50 °C to 900 °C under nitrogen atmosphere (25 mL/min), and the
heating rate was 10 °C/min. The glass transition temperature (Tg) was determined using TA
Discover 250, second generation differential scanning calorimeter under nitrogen atmosphere
(50 ml/min) at a heating rate of 10 °C/min. The DSC was calibrated with indium standards
before measurement. A photo-DSC experiment was performed using the same DSC instrument

equipped with an optical UV light source Omni Cure series 2000.
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4.2.3 Methods

A) Thiol-Ene Resin Formulation for 3D Printing

The thiol-ene resin formulations for 3D printing were prepared by mixing different weight
percentages of the synthesized allyl PAEL polymer with pentaerythritol tetrakis(3-mercapto
propionate) (PETMP), Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TTT), and isosorbide
bis(3-mercapto) propionate to target a stoichiometric mixture of 1:1 thiol to alkene
functionalities. The TPO photoinitiator weight percentage was examined from the photo DSC
kinetic experiment. No organic solvent was added to the 3D printing resin formulation. Allyl
PAEL polymer was mixed with TTT and poured into PETMP in cold conditions to avoid
premature curing of thiol-ene. The resin was mixed well with a spatula. TPO was separately
dissolved in TTT and mixed with the resin just before 3D printing. Considering that the
photoinitiator is sensitive to visible light, the glass vial was completely wrapped with a layer
of aluminum foil to prevent any pre-polymerization. All resin formulations were prepared

following a similar procedure.

B) Photo-Differential Scanning Calorimetry (Photo-DSC)

The Photo-DSC experiments were conducted using a TA Discover 250 second-generation
differential scanning calorimeter equipped with a photo calorimetric unit known as the Omni
Cure series 2000. The irradiation to the sample chamber was provided by a 200 W high pressure
mercury lamp emitting light in the 320-500 nm wavelength range via dual-quartz light guide
with neutral density. For the measurement, a precise amount of 5 mg of the prepared resin
formulation was carefully weighed and placed into the sample pan, which was then inserted
into the DSC cell. The measurements were performed under a consistent flow of nitrogen gas
at a rate of 50 ml/min. Before subjecting the sample pan to UV light irradiation, the sample
was initially held under isothermal conditions for 2 minutes in a nitrogen atmosphere, with
equilibration at 30 °C. Subsequently, the electronic UV light shutter was opened, allowing the
sample to be exposed to UV light for a duration of 5 minutes. At the end of the irradiation
period, the shutter automatically closed. The peaks in the resulting data were integrated to

determine the curing enthalpy.

C) Viscosity Measurement

The viscosity of the resin formulations was determined through Rotational Parallel Plate
measurements. The experiment was conducted using the Anton Paar Physica Modular Compact
Rheometer (MCR) 301 having a cup and bob. The resin formulation, devoid of any

photoinitiator, was carefully poured into the cup up to a specified mark level. Subsequently,
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during the experiment the bob was inserted into the resin, and shear was applied by rotating it.
The shear rate was systematically increased, ranging from 1 to 1000 per second, to measure
the viscosity, which was expressed in units of Pascal-seconds (Pa-s). Throughout the
experiment, the temperature of the resin was maintained at a constant 30 °C. The rheology of
the resin formulation was measured with the same set of instrumentation. The angular

frequency was constant at 1 rad/s and strain was varied from 0.1 to 10.

D) 3D Printing of Thiol-Ene Resin Formulations

Organic solvent-free resin formulations were utilized for DLP (Digital Light Processing) 3D
printing using an anycubic photon ultra resin 3D printer. This DLP 3D printer is equipped with
a 405 nm LED light source and features a resin bed with dimensions measuring 102.4 x 7.6 x
165 mm. The printing operation was carried out at room temperature. The intensity of the LED
light source was precisely measured at 10 mW cm? using a UNO Genetic laser power meter.
To initiate the printing process, the resin was carefully poured into the resin bed, filling it up to
a designated level. Subsequently, the printing parameters were configured. Each printed layer
had a thickness of 100 microns, and for the first 5 layers, the exposure time was set at 12
seconds. Afterwards, each subsequent layer had an exposure time of 5 seconds. Upon
completion of the printing process, the printed part underwent a post-processing treatment. This
involved washing the printed object with isopropyl alcohol in a resin washer for a duration of
3 minutes. Following the washing step, the printed part was placed in a UV chamber for post-

curing, which lasted for 15 minutes.

E) Mechanical Test of 3D Printed Part

The tensile strength analysis of the 3D printed component was conducted using a Universal
Testing Machine, specifically the Instron series 33R4204 model, equipped with a 1 KN
capacity load cell. This evaluation was carried out at room temperature. For the tensile test,
ASTM D638 type V specimens were 3D printed, and an average of five samples were tested
to ensure accuracy and consistency in the results. Each sample had a gauge length of 10 mm,
and the experiment was conducted at room temperature, employing a stretching rate of 5 mm
per minute. Mechanical properties, including tensile strength, Young's modulus, elongation,

and toughness, were determined at the point of sample breakage.

F) Hydrolytic Degradation of 3D Printed Parts
3D-printed dog-bone-shaped specimens were employed as test samples for hydrolytic

degradation studies. The procedure began by recording the initial mass of these specimens
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before placing them in 20 ml glass vials. Each specimen was then immersed in a 10 ml solution
of 0.1 M NaOH to initiate the degradation test, with gentle shaking at 35 °C. Periodic
evaluations involved removing the specimens, blotting them dry with tissue paper, and drying
them in a vacuum oven at 40—50 °C until constant weight, to record mass loss due to hydrolysis.
Subsequently, the dried specimens were re-immersed in the original degradation solution to
continue the hydrolysis process. This comprehensive experimental protocol allowed for the
continuous monitoring and assessment of the hydrolytic degradation effects on the 3D printed
specimens over time. Similarly, a hydrolytic degradation experiment was performed in 0.1 M

HCL solution.

4.2.4 Synthesis and Characterization

The low molecular weight allyl functionalized poly(acrylate ethyl lactate) (PAEL) was
synthesized from acrylate ethyl lactate monomer by free radical polymerization. The Isosorbide
bis-(3mercapto) propionate (ISMP) was prepared according to the literature.*! The overall
scheme of the monomer, polymer, and post modification of the polymer is depicted in the
scheme 4.1. The details of synthesis and characterization of the monomers are provided in the
section 1 and the synthesis and characterization of polymer and its modifications are provided
in the section 2. The molecular weight (Mn and Mw) and the polydispersity index (D) of the
PAEL and allyl PAEL polymer were confirmed from the SEC analysis and the values are
tabulated in the Table 4.1.

o o AIBN
a) AoP N\ OH ° dry THF 23
—_— N ~ _ry_»o NC
Et;N, THF 60°C,12h [oXglio)
12 h, rt )\Po

b)
oo THFIHZO
)\P Tt /'\?o cho3 dry DMF
0
o 24 h,80°C
PAEL hydrolyzed PAEL a"y| PAEL
c) PTSA
o dry Toluene Hs a
HO 24 h, reflux \/\n,o 0
e
o OH o) 9 o o’lk/\SH
w~Ho ISMP

Scheme 4.1 Overall representation of synthesis of PAEL, partially hydrolysed PAEL, allyl
PAEL and ISMP
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1) Synthesis of the AEL and ISMP

a) Synthesis of Acrylate Ethyl Lactate (AEL) Monomer

Ethyl lactate (15 g, 127 mmol) and triethyl amine (25.7 g, 253 mmol) were taken in a 250 ml
two-necked round-bottomed flask containing a magnetic stir bar. 150 ml of dry tetrahydrofuran
(THF) was transferred into the flask by syringe under nitrogen atmosphere and acryloyl
chloride (18.3 g, 203 mmol) was added slowly at ice-cold conditions during 30 minutes time
period. The reaction was run for 12 h at room temperature. After the completion of the reaction,
the precipitate was filtered and THF was evaporated. The product was dissolved in ethyl acetate
and washed with brine solution three times followed by washing with NaHCO3 solution three
times. The solution was dried over anhydrous sodium sulfate and ethyl acetate was removed
by rotary-evaporator. A light-coloured liquid was formed. Yield: 90%.

"H NMR spectrum (400MHz, CDCls3) § in ppm: 6.42-6.51 (dd,1H), 6.09-6.23 (dd, 1H), 5.85-
5.90 (dd, 1H), 5.10 (q, 1H), 4.17 (q, 1H), 1.49 (d, 1H), 1.23 (d, 1H).

13C NMR spectrum (100 MHz, CDCl5) & in ppm: 169.72, 164.44, 130.80, 126.70, 67.79, 60.39,
15.94, and 13.06. HR-MS mass m/z- CsH1204 Na=195.
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Figure 4.1 'H and '*C spectra of the acrylate ethyl lactate in CDCl3
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Figure 4.2 HR-MS spectrum of the acrylate ethyl lactate

b) Synthesis of isosorbide bis(3-mercapto) propionate

20 g, (137 mmol) of isosorbide was taken in a two-necked 100 ml round-bottomed flask
equipped with a Dean-Stark apparatus, and 100 ml of dry toluene was transferred with a syringe
under nitrogen atmosphere. A catalytic amount (0.06 mol %) of p-toluene sulfonic acid was
added followed by dropwise addition of 3-mercaptopropionic acid (30.5 g, 287 mmol). The
reaction flask was dipped in an oil bath at 130 °C and refluxed for 24 h. The byproduct of the
esterification reaction was collected on the Dean-Stark apparatus and removed during the
reaction. For workup, the reaction was allowed to cool down to room temperature. The reaction
mixture was washed with brine solution several times and three times with NaHCOj3 solution.
The solution was dried over anhydrous sodium sulphate and the solvent was removed. The
product was obtained as a pale-yellow coloured oil. Yield 95 %.

'"H NMR spectrum (400MHz, CDCIl3) § in ppm: 5.15-5.24 (m, 2H), 4.84-4.89 (m, 2H), 3.80-
3.99 (m, 2H), 2.63-2.88 (m, 8H), 1.59-1.77 (m, 2H)

13C NMR spectrum (100 MHz, CDCl3) 6 in ppm: 170.82, 85.76, 80.58, 70.31, 38.06, 19.53.
HR-MS mass m/z-C12H1506S2Na=345
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Figure 4.3 'H and '>C NMR spectra of isosorbide bis(3-mercapto) propionate recorded in
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Figure 4.4 HR-MS spectrum of isosorbide bis(3-mercapto) propionate

2) Synthesis of the PAEL, partially hydrolysed PAEL, allyl PAEL polymers
¢) Polymerization of Acrylate Ethyl Lactate Monomer

Acrylate ethyl lactate (10g, 58 mmol) and Azobisisobutyronitrile (190 mg, 1.16 mmol) were
taken in a one-necked 50 ml round-bottom flask containing a magnetic stir bar. 15 ml of dry
THF was transferred into the flask by syringe under nitrogen atmosphere. The flask was
immersed in a pre-heated oil bath at 70 °C and continued stirring for 12 h. After polymerization,
the reaction was cooled down to room temperature, and the polymer was precipitated into ice-
cold pet ether. This process was repeated 2-3 times. The polymer was dried in a vacuum oven

at 45 °C for 12 h. Yield 98 %.
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"H NMR spectrum (400MHz, CDCls3) § in ppm: 5.01 (q, 1H), 4.16 (q, 2H), 2.59 (m, 1H), 1.82-
2.05 (m, 2H), 1.45 (d, 3H), 1.25 (d, 3H).

3C NMR spectrum (100 MHz, CDCls) § in ppm: 174.11, 170.56, 68.85, 61.19, 40.91, 33.20,
31.56, 20.38, 16.76, 14.08.

d
~ f —_ o O =) vl v el
50 g \ =l [ [ |
(o] (o] b
a o a
c |
o_b
Ja
1.00 2.05 1.31 259 334 33-1 0.26
[ ] l | l |1 I u
RN N o L ALA AN R e e AN ES e e o an s nu ]
7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0
Chemical Shift (ppm)
— O
=5 9 8 g 8% 2 5 |% ey
- o d H H 4
=5 7 CN = 2 e < « - ==
Vo NC 50 [~ SN
1 9
o (o]

100 90 30 70 60 50 40 30 20 10 0
Chemical Shift (ppm)

Figure 4.4 'H and '*C spectra of poly (acrylate ethyl lactate) recorded in CDCl3

d) Partial hydrolysis of poly (acrylate ethyl lactate)

Poly(acrylate ethyl lactate) was partially hydrolysed with lithium hydroxide (LiOH).
Poly(acrylate ethyl lactate) (5 g, 29 mmol) was taken in a one-necked 100 ml round-bottomed
flask and dissolved in 50 ml of THF. LiOH (696 mg, 29 mmol) was dissolved in 5 ml de-
ionized water and then added to the reaction mixture. The reaction was stirred at room
temperature for 1 h. After that, the THF was removed and the polymer was dissolved in 100 ml
methanol. The polymer solution was neutralized with 1 M HCI solution and the partially
hydrolysed polymer was collected in ethyl acetate. The polymer solution was further washed
with brine solution three times and dried over anhydrous sodium sulfate. The ethyl acetate was
removed by rotary-evaporator and a viscous hydrolysed polymer was obtained which was
further dried in a vacuum oven at 50 °C for overnight. Yield 90 %.

"H NMR spectrum (400MHz, CDCls) § in ppm: 4.85-4.92 (m, 1H), 4.10 (m, 1H), 2.16-2.66
(m, 1H), 1.63-1.91 (m, 2H), 1.39 (d, 3H), and 1.11-1.24 (t, 1.5H)
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3C NMR spectrum (100 MHz, CDCl3) & in ppm:172.28, 170.34, 68.82, 61.10, 21.28, 16.70,
14.10.
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Figure 4.6 'H and '*C spectra of hydrolysed poly(acrylate ethyl lactate) in DMSO-de

e) Allylation of hydrolysed poly (acrylate ethyl Lactate)

Partially hydrolysed poly (acrylate ethyl lactate) (5 g, 35 mmol) was taken in a two-necked 100
ml round-bottomed flask and 50 ml of dry DMF was transferred into the flask by syringe under
nitrogen atmosphere. KoCOs (5.3 g, 38 mmol) was added to the solution and stirred for 30 min
at room temperature. Allyl bromide (4.2 g, 35 mmol) was added to the reaction dropwise with
constant stirring. The reaction flask was immersed in a pre-heated oil bath at 80 °C for 24 h.
After the completion of the reaction, the RB was cooled down to room temperature and 80 ml
of water was added and stirred for 15 minutes. After that, the reaction mixture was taken in a
1 L separating funnel and the final product was extracted with 400 ml of ethyl acetate by
washing with ice-cold brine solution three times. The solution was dried over anhydrous
sodium sulfate following which the solvent ethyl acetate was removed. The final polymer was
dried in a vacuum oven at 40 °C overnight. Yield 85 %.

"H NMR spectrum (400MHz, CDCl5) & in ppm: 5.90 (m, 1H), 5.22-5.34 (m, 1H), 5.02 (m, 1H),
4.55-4.62 (m, 2H), 4.18 (q, 2H), 2.51-2.59 (m, 1H), 1.77 (m, 2H), 1.48 (d, 3H), and 1.26 (t, 1.5
H)
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3C NMR spectrum (100 MHz, CDCl3) § in ppm: 172.47, 162.78, 132.44, 118.57, 69.19, 61.27,
36.24,31.23,21.51, 16.93, 14.30
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Figure 4.7 'H and *C spectra of allyl poly (acrylate ethyl lactate) recorded in CDCl3
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Figure 4.8 a) SEC plot of PAEL and allyl PAEL polymers in THF as eluent and polystyrene
(PS) as standard b) FT-IR spectra of PAEL, hydrolyzed PAEL, and allyl PAEL polymer ¢) DSC
thermogram of the PAEL, hydrolyzed PAEL, and allyl PAEL polymers.

Polymers Mn Mn'" MW p"
NMR -
1 GP(?I (gmol 1) (MW/Mn)
PAEL 7900 6600 20000 3.11
Ally PAEL 8100 5600 15000 2.68
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Table 4.1 The molecular weight of the PAEL and allyl PAEL polymer calculated from 'H
NMR and SEC analysis.
4.3 RESULT AND DISCUSSION
4.3.1 Synthesis of PAEL, hydrolysed of PAEL, allyl PAEL and ISMP
Acrylate ethyl lactate (AEL) was synthesized according to the literature report as shown in

scheme 4.1a using THF as solvent*

. This reaction could be done on a large scale (30 g) and
the resultant AEL monomer could be obtained in high yields (90- 95 %). Briefly, the ethyl
lactate was reacted with acryloyl chloride to produce acrylate ethyl lactate at room temperature
within 12 h which was purified by simply washing with brine solution several times with no
requirement for chromatographic purification. The chemical structure of the synthesized AEL
monomer was confirmed by 'H NMR spectroscopy with the appearance of new peaks from
5.85 to 6.51 ppm corresponding to an acrylate carbon double bond which was also confirmed
by the appearance of two peaks in the '3C NMR spectrum at 126 ppm and 130 ppm. HRMS
mass data also confirmed the formation of the product. Studies in the literature have explored
the polymerization of the AEL monomer, systematically investigating initiator and solvent
selection.*” In our report, we present a simplified method for synthesizing PAEL polymer. A
free radical polymerization approach was employed, utilizing AIBN as the initiator and dry
THF as the chosen solvent. A constant monomer-to-initiator ratio was maintained targeting 25
repeat units, and the solvent quantity was maintained at 1.5 times the volume of the monomer.
The polymerization reaction was conducted at a temperature of 60 °C for a duration of 12 hours.
The structural characterization of the polymer was performed using 'H NMR spectroscopy and
the molecular weight was determined by size exclusion chromatography (SEC). The
disappearance of the acrylate peaks of AEL monomer and the formation of two new broad
peaks in the 1.82 ppm to 2.59 ppm region corresponding to the methylene protons (-CHCH?>)
(labelled as 'a") and methine protons (-CHCH>) (labelled as 'b") of PAEL polymer repeat units
provided structural confirmation for the formation of the polymer. The analysis of *C NMR
spectrum also confirmed the complete conversion by the disappearance of the acrylate carbon
double bond at 126 ppm and 130 ppm. The degree of polymerization (X,) was determined from
the '"H NMR spectra. The integration value of the terminal methyl group of AIBN was utilized
to determine the degree of polymerization. The peak at 5.01 ppm corresponds to methine proton
(-C(OO)CHCH:) (labelled as 'c") of the PAEL polymer repeat unit and the peak at 0.86 ppm
corresponds to the terminal AIBN methyl group (labelled as 'g'). The calculated integration
values of these two peaks revealed a total number of 23 repeat units, which was close to the

targeted number of 25 repeat units. The SEC plots of the polymers performed using THF as
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eluent are given in Figure 4.8a, which exhibited a monomodal distribution with a polydispersity
index (PDI) value of 3.1. The terminal ethyl ester group of the PAEL polymer was hydrolysed
with LiOH by base hydrolysis to form a carboxylic functional group in the repeat unit which
was further reacted with allyl bromide to introduce the allyl group, as detailed in Scheme 4.1b.
The kinetics of the hydrolysis reaction were monitored by NMR spectroscopy using aliquots
retrieved at various time intervals. 0.5 equivalents of LiOH were taken with respect to one

repeat unit of PAEL polymer for the hydrolysis reaction.
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Figure 4.9 Hydrolysis kinetics study of PAEL polymer in 0.5 equivalent of LiOH in different
time and the 'H spectra were recorded in the DMSO-Ds.

The aliquots were collected every two hours and NMR spectra were recorded after purifying
the hydrolysed PAEL polymer. The 'H NMR spectra (recorded in DMSO-ds) of the hydrolysed

PAEL polymers for various time intervals are depicted in figure 4.9. The degree of hydrolysis
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was assessed by tracking the decrease in peak areas corresponding to methine proton (labelled
as 'e') and methylene proton (labelled as 'f') within the hydrolysed PAEL polymer. It was noted
that the degree of hydrolysis of the PAEL polymer increased as the duration of time elapsed.
During the initial 6 hours, approximately 50% of the ester groups in the PAEL polymer
underwent hydrolysis. After 24 hours, the degree of hydrolysis reached nearly 99%, but the
reaction yields significantly declined due to the dissolution of the hydrolysed PAEL polymer
in water during the workup process. In order to expedite the hydrolysis reaction of the PAEL
polymer, the amount of LiOH was increased to one equivalent with respect to one repeat unit
of PAEL, and the reaction time could be shortened to just one hour. Subsequently, analysis of
the NMR spectra revealed that approximately 50% of the polymer had undergone hydrolysis
within this one-hour timeframe, with a remarkable 90% yield. These revised reaction
conditions were deemed optimal for our study.

In the final step of the allyl PAEL polymer synthesis, the 50% hydrolysed PAEL polymer was
reacted with allyl bromide in dry DMF for 24 hours, maintaining a temperature of 80 °C
(Scheme 4.1b). The confirmation of the successful formation of the allyl PAEL polymer was
achieved through the analysis of 'H and '3*C NMR spectra recorded in CDCls. The 'H NMR
spectrum exhibited distinctive peaks at chemical shifts of 5.90 ppm, as well as a cluster of
peaks ranging from 5.30 to 5.34 ppm, which were attributed to allyl protons (-CH>C:H3)
(labelled as 'i,' 'j,"). Additionally, new peaks emerged in the 'H NMR spectrum at 4.55-4.62
ppm, which corresponded to methylene protons (-C(O)O-CH>C;H3) of the terminal group,
(labelled as 'h'"). Similarly, the '*C NMR spectrum analysis showed the appearance of new peaks
at chemical shifts of 118 ppm and 132 ppm, which were indicative of the allyl carbon double
bond in the resulting polymer. The allyl protons were integrated with respect to the methine
proton (-C(O)OCHCH3) (labelled as 'c'). As only 50 % of the total repeat unit of PAEL polymer
was available in the hydrolysed PAEL for the allylation, the ratio of the integration of allyl
proton to the methine proton intensity was half. The disappearance of the hydroxyl peaks as
well as matching of the integration values of allyl protons with respect to the methine proton
indicated the full conversion of the carboxyl group into the allyl group. Figure 4.8b compares
the FT-IR spectra of the polymers before and after modification. The appearance of the peak at
1648 cm™! corresponding to the carbon-carbon double bond in allyl PAEL also confirms the
functional group conversion.

The thiol cross linker Isosorbide bis-(3-mercapto) propionate (ISMP) was synthesized
according to literature procedure.*! Isosorbide was reacted with 3-mercapto propionic acid in
the presence of p-toluene sulfonic acid as catalyst (Scheme 4.1c). The structure of ISMP was
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confirmed by the 'H, '*C NMR, and HRMS spectra (figure 4.3 and figure 4.4). Differential
scanning calorimetry (DSC) analysis (Figure 4.8c) was employed to investigate the thermal
characteristics of the polymers. The glass transition temperature (Tg) of polymer PAEL was
observed at 13 °C. After undergoing hydrolysis, the Ty increased to 30 °C, attributed to the
presence of hydrogen bonding within the hydrolysed acid groups. Upon functional group
modification to allyl group, the polymer allyl PAEL exhibited a lower Tg (-3 °C). The lower Tg
value of allyl PAEL indicated its soft consistency at room temperature. The Table 4.1
summarizes the molecular weight of the polymer before and after allyl modification.

4.3.2 Resin Formulation and Photo Calorimetric Studies

After the structural characterization of the ene containing polymer- allyl PAEL and thiol cross
linker- ISMP, these were used for the formulation of a photo curable resin with Pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP) and Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
(TTT). Four resin formulations (F1-F4) were prepared using different weight percentages of
allyl PAEL, TTT, PETMP, and ISMP avoiding the use of any non-reactive organic solvent.
Figure 4a shows the schematic representation of the preparation of resin formulation. The

weight percentages of resin formulations are listed in the table in Figure 4b.

Resins yl PETMP TTT ISMP TPO
Formulations wL% wt% wt% wtL%
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Figure 4.10 (a) Schematic representation of resin formulation of allyl PAEL, TTT, PETMP,
and ISMP. (b) Weight percentages of PAEL, TTT, PETMP, and ISMP taken to prepare resin

formulations. (c) Optimized curing enthalpies of resin formulations.

The first entry in the table is the reference formulation (Ref) which consists of a stoichiometric
blend of the commercial thiol and ene small molecules PETMP and TTT, excluding the
synthesized polymer allyl PAEL. This resin serves as a reference material for evaluating the
rheological, mechanical, and degradation properties of other resin formulations. The curing
kinetics and the specific weight percentage of photoinitiator required for curing the resin
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formulations were obtained from photo DSC analysis. Upon reviewing the existing literature,
it was found that the kinetics of free radical network polymerization of thiol-ene click
chemistry is influenced by the specific structures of the alkenes and thiol. The chemical
reactions involving alkane thiols and terminal alkenes, resulting in the formation of linear
thioethers, were found to be exothermic with an approximate heat change (AH) of around -19
kcal/mol.?® The mechanism governing the radical-initiated thiol-ene formation can be
described as a step-growth pathway, which can be divided into two distinct steps following the
initial formation of the thiyl radical through its reaction with the photoinitiator. The thiyl radical
then reacts with the alkene, leading to the creation of a stable carbon-centered radical
intermediate. Subsequently, this intermediate undergoes chain transfer to another thiol
molecule. The curing enthalpies of the resin formulations were examined by altering the weight
percentage of the TPO photoinitiator within the range of 0.25 to 1.0 wt. % of the total weight
of a specific resin formulation (Figure 4c). The photo DSC plots and table listing the curing
enthalpies of all formulations as a function of varying photoinitiator concentrations are given

in Figure 4.11 and Table 4.2.
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Figure 4.11 PhotoDSC spectra of (a) Reference, (b) F1, (c) F2, (D) F3, (E) F4 in different
weight percentages ranging from 0.25 to 1.0 wt. % of TPO photoinitiator.

2024-Ph.D. Thesis, Shibam Pal, CSIR-NCL, AcSIRc Page | 111



Chapter 4: Thiol-Ene-based Degradable 3D Printed....

Resin Curing enthalpies (J/g) with different TPO Photo initiator wt. %
formulations 0.25 0.5 0.75 1.0
Ref 343+6 318+7 3535 349+3
F1 304+6 295+5 31345 308+8
F2 25243 256+5 26119 250+4
F3 267+9 268+2 298+7 279+6
F4 25743 260+2 272+4 24612

Table 4.2 Curing Enthalpies of each resin formulation

The rate of thiol-ene network polymerization was increased (indicated by the larger heat flow

peaks) when the concentration of TPO was increased. For all formulations, the curing

enthalpies increased with increasing photoinitiator concentration from 0.25 wt. % to 0.75 wt.

%, though reduction was observed in the curing enthalpy for 1 wt. % photoinitiator

concentration. This phenomenon could be attributed to either the self-absorption of UV light

by the photoinitiator or the possibility of network polymerization being quenched due to the

recombination of radicals (such as thiyl or carbon-centered radicals) resulting in dead-

polymerization beyond the optimized concentration of photoinitiator.** Further, the thiol-ene

network formation was followed using FTIR spectroscopy (shown in figure 4.12) as a function

of varying exposure time.
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Figure 4.12 FT-IR analysis of thiol-ene network conversion of F2 resin with different

exposure times. Inset showed the FT-IR spectra of before the UV exposure (0S) and after 60

S exposure.
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Formulation F2 was subjected to this FTIR analysis, by tracing the disappearance of the carbon-
carbon double bond peak at 1648 cm™! (for TTT and allyl PAEL) and sulfur hydrogen bond at
2570 cm™ present in PETMP. The disappearance of these peaks upon irradiation also gave

additional support for the thiol-ene network formation.

4.3.3 Rheology and Viscosity of Prepared Resin Formulations

The stability of thiol-ene resin formulations poses a significant challenge due to the rapid
reactivity of the thiol reaction.*> As a result, the viscosity of the thiol-ene resin formulations
increased with time even at ambient temperature.** In our study, we conducted measurements
of viscosity and rheology for the thiol-ene resin formulation at a temperature of 30 °C, with a
focus on assessing its suitability for room-temperature Digital Light Processing (DLP) 3D
printing. To achieve optimal results, including smooth, high-resolution, and pristine printed
objects, it is essential that the resin's viscosity remains below 10 Pa-s.* The viscosity of the
resin formulations was measured using cup and bob set up and the viscosity was observed
between 0.23 Pa-s and 0.61 Pa-s, (Figure 4.13a and Table 4.3). As seen from the Figure 4.13b,
no significant change was observed with higher shear rates, indicating its Newtonian fluid-like
behaviour. However, when the weight percentage of PAEL polymer increased from 5 wt. % to
10 wt. %, the viscosity of the resins also increased. To prevent the thiol-ene mixture from curing
prematurely and leading to an undesirable increase in viscosity, which could pose difficulties
in DLP 3D printing, we combined the thiols and enes immediately just before commencing the
3D printing process. The rheology of the resin formulations was examined to prove the liquid-
like behavior. The higher values of loss modulus (G") compared to storage modulus (G'")

indicated the stability of the liquid form of resin formulations (Figure 4 13c).

a)

|—#— Ref —8— F| —&— F2 —¥— F3—4#—F4 —&— Ref(G"

; 0.50 ——F1(G")
_ " : — F2(G")
0.45 —v—FHG")

—— F4(G")

—4— Ref(G")
—— F1(G)
. _ —*—F2(G)
———a—— F3(G")
—e— F4(G")
T T T T T T T T T g v g g g g T
0 200 400 600 800 1000 0 20 40 6:0 slu l(llO 12|0 1:10
Shear rate (1/s) Strain (%)

Figure 4.13 (a) Schematic representation of Cup and Bob for viscosity and rheology
measurement (b) Measurement of viscosity of resin formulations (c) Storage modulus (G”)

and loss modulus (G™") of resin formulations.
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Table 4.3 Viscosity, mechanical properties, and thermal properties of resin formulations.

Resin Viscosity® Tensile Elongation Young’s Te®  Taio%
formulations (Pa.s) strength % modulus °C) (O
MPa GPa
Ref 0.23 11.0+£2.8 11£1.5 0.9+0.02 58 372
Fl1 0.38 28.143.1 3£1.6 1.8+0.03 54 375
F2 0.61 21.4+1.1 8+1.6 1.1£0.02 44 364
F3 0.40 25.0+4.2 6=+1.5 1.4+0.04 51 366
F4 0.55 19.142.2 10+1.0 1.0+0.01 47 355

a) viscosity of resin formulation at 30 °C b) T, of printed parts from DSC.

4.3.4 3D Printing of Thiol-Ene Resins

The thiol-ene photo polymerization is quite attractive for 3D printing due to its low shrinkage
derived from the step-growth mechanism. Spot cure studies were carried out to get the estimate
of the time required for the curing of the resin formulation. Spot curing of the resin formulation
was executed on a glass plate to ensure that the resins achieved complete curing within a rapid
timeframe of 4-8 seconds. The printability of allyl PAEL thiol-ene resin formulation was
demonstrated with a DLP 3D printer (schematically depicted in Figure 4.14a) to explore the
creation of intricate 3D printed objects that exhibited controlled degradation for sustainable
end-of-life. All prepared resin formulations were used to demonstrate the 3D printing. The
images of the 3D-printed parts are shown in Figure 4.14b and 4.14d. The 3D printed component
depicted in Figure 4.14d (bottom) corresponds to a conventional Amera Labs Town CAD file
employed for calibrating DLP 3D printers and testing resin formulations. The successful
printing of this standardized CAD file serves as validation for the printing capabilities of the
thiol-ene resins. Additional images from various angles of viewing can be found in Figure 4.15.
Figure 4.14e shows a 3D-printed highly porous complex structure that once again proves the
fidelity of thiol-ene resin printability. For 3D printing using the anycubic DLP 3D printer, the
exposure time of the bottom layer was intentionally set slightly higher at 12 sec to secure the
attachment of the cured layer to the aluminum build platform, thereafter subsequent layers were
printed at 5s exposure. To improve the resolution of the 3D-printed part 0.03 wt. % of (2,5-
Bis(5-tert-butyl-benzoxazol-2-yl)thiophene) (BBOT) a fluorescent dye was mixed with the

thiol-ene resin formulation.
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Figure 4.14 (a) Schematic depiction of the DLP 3D printing process. (b) Picture of 3D
printed part of a filled gyrometric square structure. (c) 3D printed teeth model in visible light
and under UV light. (d) Hexagonal 3D model with complex design inside, an Ameralabs
Town (standard stl. file) 3D printed part with high resolution. (e) a highly porous complex
CAD file 3D printed structure showing the fidelity of thiol ene resin printability.

Figure 4.15 Photograph of 3D printed part of Standard Amera Labs Town CAD file from

different sides.

4.3.5 Mechanical and Thermal Properties of The Thiol-Ene Polymer Network

Mechanical testing, thermogravimetric analysis (TGA), and differential scanning calorimetry
(DSC) were performed to elucidate the impact of the weight percentage of biobased allyl PAEL
polymer and isosorbide thiol in the 3D printed thiol-ene network. Figure 5.16a illustrates a
typical stress-strain curve for the 3D-printed thiol-ene network. The mechanical properties such
as tensile strength, Young's modulus, and elongation at break were obtained from the stress-

strain curve and these results are summarized in Table 4.3.
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Figure 4.16 (a) Tensile stress-strain plots of 3D printed thiol-ene network of different resin
formulations (b) TGA plots of 3D printed thiol-ene network of different resin formulations (c)

DSC plots of 3D printed thiol-ene network of different resin formulations

The introduction of allyl PAEL polymer had a significant positive effect on the mechanical
properties of the reference material, which was much higher than the literature reports=>%447
Specifically, there was a notable improvement in both tensile strength, which increased from
11£2.8 MPa to 28.1£3.1 MPa, and Young's modulus, which increased from 0.9+0.02 GPa to
1.84£0.03 GPa for F1 (5 wt. % allyl PAEL polymer) when compared with reference material.
The reference resin is composed of small molecules only- tetra functional thiol and trifunctional
ene whereas all the other resin formulations incorporated a polymeric ‘ene’ component of the
PAEL polymer, which forms a higher crosslinking network during 3D printing than the
reference resin formulation. As a result, the mechanical properties like the tensile strength were
much higher for the resin formulation compared to the ‘ref” resin. However, it has to be noted
that this enhancement in mechanical properties was accompanied by a reduction in elongation.

The elongation of the F1 resin was 3% compared to the 11% elongation for the ‘ref’. This

reduction can be attributed to the higher crosslinking network formed during the 3D printing
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process which makes it less flexible. While the increased crosslinking enhances strength and
modulus, it tends to limit the material's ability to deform before reaching failure, as evidenced
by the decrease in elongation. The formulation F2 was prepared with 10 wt. % of branched
allyl PAEL polymer and the mechanical properties of the 3D printed parts showed lower tensile
strength than F1 (28 MPa for F1 to about 21 MPa for F2) and the modulus also decreased from
1.8 GPato 1.1 GPa. As the polymer content in the F2 resin formulation increased, the branching
side chain in the 3D printed part also increased, leading to disruptions in the formation of the
printed network structure. This disruption results in a less favourable distribution of molecular
segments, leading to changes in tensile strength and modulus and improved flexibility as
observed from the increase in elongation from 3 to 8 %.**** Similarly, the observed mechanical
properties of the F3 and F4 resin formulations followed a similar trend.

All resin formulations F1 to F4 exhibited improvement in tensile and Young’s modulus
compared to the reference material. The inclusion of isosorbide thiol in the resin formulation
did not notably enhance the mechanical properties, but it exhibited significant improvement in
degradation behaviour, which will be discussed in the section 4.3.6.

The thermal stability of the thiol-ene 3D printed parts is shown in Fig. 5Sb and the values are
summarized in Table 1. The thermal decomposition of the thiol-ene network in all resin
formulations followed a single-step process. Importantly, all of the 3D printed thiol-ene
networks demonstrated outstanding thermal stability, as indicated by a Td, 10% (the
temperature at which 10% weight loss occurs) exceeding 350 °C. The glass transition
temperature (Tg) determined from the DSC thermogram ranged from 44 to 54 °C. The plots are
shown in Fig. 5c and the T values are reported in Table 1. The absence of any endothermic
peaks in the DSC thermogram indicated the amorphous nature of the network formed.

4.3.6 Degradation of thiol-ene polymer network

The hydrolytic degradation of the 3D printed crosslinked thiol-ene network polymer was
investigated both under acidic and basic conditions. Different reports studied the degradation
mechanism of the ester bond present in thiol ene network thermoset polymer. °>>! Han Shih et.
al®? showed the ester bond hydrolysis of thiol-ene hydrogels for base-catalyzed hydrolytic
degradation and changes in degradation behaviour by manipulating the degree of thiol-ene

network cross-linking. Mayuri et al.*

reported the degradation of the thiol-ene network in
different NaOH base strengths with an organic solvent which promotes the swelling of the
thiol-ene network and enhances the degradation. Figure 4.16 shows the degradation studies of
the 3D printed thiol-ene network polymer performed in 10 ml of I M NaOH solution and 1 M

HCI solution for each resin formulation at room temperature. As shown in Figure 4.17a, there
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was a noticeable escalation in the degradation rate of 3D printed components in 1 M NaOH
over time. The reference materials, which consisted of a stoichiometric blend of PETMP and
TTT, displayed minimal degradation, measuring just 10 % in a two-day timeframe. In contrast,
3D printed parts composed of other resins containing allyl polymer and isosorbide thiol
exhibited significantly higher levels of degradation during 48 h. The 3D printed component
from formulation F1, which included 5 wt. % of PAEL polymer exhibited a degradation of 30
%. Meanwhile, formulation F3, comprising 5 wt. % of PAEL polymer and an additional 5 wt.
% of isosorbide experienced a higher degradation reaching 60% at the end of 48 h. The 3D
printed components from formulation F2, which included 10 wt. % of PAEL polymer, and
formulation F4, which contained 10 wt. % of PAEL polymer along with 5 wt. % isosorbide
demonstrated significantly higher degradation. Specifically, F2 showed almost 95 %
degradation, while F4 exhibited complete degradation, reaching 100 %. The elevated
degradation observed in the resin formulations, in contrast to the reference material, can be
attributed to the inclusion of allyl polymer, specifically ethyl lactate ester. This particular

component is notably susceptible to ester hydrolysis, particularly in the presence of a potent
base like NaOH.
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Figure 4.17 Real-time photographs of degradation of the different 3D printed parts in (a) 10
ml 1 M NaOH solution over 48 h (b) 10 ml 1M HCL solution for 7 days (c) degradation plot
of 3D printed parts in 1 M NaOH solution for 48 h (d) degradation plot of 3D printed parts in

1 M HCI solution for one week.

The degradation process was replicated in a solution with 1 M HCI solution. Surprisingly, even
after a consistent week-long experiment, there was no significant degradation observed (Figure
4.17b). These findings suggest that the thiol-ene 3D printed network, featuring allyl PAEL,
displays remarkable stability in an aqueous acidic environment, whereas it readily degrades in
a basic medium. The degradation study involving the allyl PAEL-containing thiol-ene network
highlighted the rapid degradation efficiency of 3D printed parts within a span of 2 days. This
characteristic renders it an exceptionally appealing material for various prototype applications,

especially those focusing on renewable sources and a sustainable end-of-life cycle.

4.4 Conclusions

In conclusion, this study has successfully demonstrated a scalable and sustainable approach for
developing 3D printing materials via thiol-ene photochemistry, utilizing ethyl lactate-based
polymeric ene and isosorbide-based thiol. The synthesis of the ethyl lactate-based polymeric
ene component was achieved by free radical polymerization of acrylate ethyl lactate monomer,
followed by partial hydrolysis and subsequent reaction with allyl bromide. The thiol-ene photo
kinetics was analysed through photo DSC experiments, shedding light on the underlying
chemical reactions that occur during the curing process. The mechanical and thermal property
analysis provided valuable insights into the potential applications and performance of these
novel biobased thiol-ene materials. The practical application of the developed materials was
showcased through 3D printing using a commercial DLP 3D printer, highlighting their
feasibility for manufacturing and prototyping purposes. Notably, the hydrolytic degradability
of the 3D printed parts was demonstrated in a I M NaOH solution, underlining the eco-friendly
aspect of these materials and their potential to mitigate the issue of nondegradable acrylate-
based 3D printed waste. This research paves the way for the development of environmentally
responsible materials that have the potential to revolutionize the 3D printing industry. The fast
degradability of PAEL-based polymeric thiol-ene 3D print materials opens new possibilities
for rapid prototyping in mass production applications, making it a promising avenue for
addressing the sustainability challenges associated with traditional acrylate-based materials.

By combining the benefits of biobased sourcing, scalability, and degradability, these materials
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represent a significant step towards a more sustainable and environmentally conscious future

in the field of 3D printing.
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5.1 INTRODUCTION

3D printing can be applied in diverse fields such as tissue engineering, the fabrication of
medical devices, soft robotics, dentistry, and many more.!> The utilization of photocurable
bio-based polymers has become prevalent in DLP 3D printing. However, a persistent
challenge lies in processing High-Performance Polymers (HPPs) such as polyether ether
ketone (PEEK) and polyimide under ambient conditions.’ High-performance polymers
exhibit notable mechanical (commercial PEEK polymer has a reported tensile strength of 90-
100 MPa and Young’s Modulus of 4 GPa) and thermal properties (glass transition
temperature of 143 °C and stable up to 450 °C with only 5 % weight loss) owing to a
substantial concentration of aromatic rings within the polymer chain, contributing to strong
bonds and inter-chain interactions.® The remarkable physical properties of PEEK polymers
make them highly attractive for a diverse range of applications. PEEK is extensively utilized
in fields such as the automotive industry, whe8re its unique combination of strength and heat
resistance is valuable.” Additionally, PEEK finds crucial applications in the medical field,
serving as a material for implants due to its biocompatibility and durability.!%!! Despite facing
challenges in processing PEEK polymer, several research groups have dedicated considerable
efforts to 3D printing this polymer.'? Tan. K. H et. al. performed direct energy deposition
system using a CO2 laser beam to form a circular disc of PEEK polymer after blending with
hydroxyapatite powder. Through the analysis of micrographs of sintered specimens and
careful examination of part bed temperature they concluded that the optimized 3D printing
parameters were 140 °C and 16-21 W for direct energy deposition (DED) of PEEK polymer.'?
Thereafter, other research groups have employed the same printing parameters for processing
PEEK polymer or PEEK polymer composites with bio-active additives. The resulting
materials demonstrated non- toxicity and porosity, making them suitable for applications in
porous scaffolds.!'®!* An alternative method involves melt material extrusion (MME),
wherein PEEK filament materials are extruded through a heated extruder head (maintained
above 360 °C) for 3D printing human bone structures.!>!® The processing of the PEEK
polymer was further examined in terms of adhesion between print layers, printing
temperature, printing speed and post curing parameters.!! Rinaldi et al. demonstrated
variations in the Young’s Modulus of 3D printed PEEK materials based on the infill
percentage of printed materials.!” The 100% infilled parts revealed remarkably high
mechanical strength at 4 GPa, while parts with 20% or 50% infilling showed comparatively

lower values. Hu et al. documented an additional heat control treatment implemented during
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3D printing to mitigate layer warping, thereby enhancing interlayer connectivity.'® In a recent
development, Lee et al. demonstrated the room temperature 3D printing of PEEK materials
through the direct ink writing (DIW) 3D printing process.!” They created a novel epoxy-
functionalized PEEK paste using commercial PEEK powder and fenchone (colorless oily
liquid used to make the PEEK paste). The resulting 3D printed parts exhibited outstanding
thermal and chemical stability, achieving 62% of the mechanical strength observed in
commercial PEEK materials. In another report, 3D printing was carried out for polyimide
using vat polymerization after synthesizing photo-cross-linkable acrylate-functionalized
polyamic acid derivatives in NMP solvent.?® As far as we are aware, the exploration of liquid-
based 3D printing for PEEK polymer has not been undertaken to date.

The current work reports the synthesis of urethane acrylate-based polyether ether ketone
(PEEK) and its successful demonstration for room temperature DLP 3D printing. The
urethane methacrylate end capped PEEK polymers were incorporated into resin formulations
with varying percentages of reactive diluents. The resin formulations were characterized for
viscosity and curing kinetics using rheology and photo-differential scanning calorimetry
(photo-DSC) analysis. The thermal and mechanical properties of the DLP 3D printed parts
were assessed. Overall, our research reports for the first-time room temperature DLP 3D
printing of functionalized PEEK polymers which achieved comparable Young’s modulus and
thermal properties with a promising synthetic approach to modify PEEK polymers,
addressing the specific requirements for high mechanical strength in DLP 3D-printed parts

intended for end-use product fabrication.

5.2 EXPERIMENTAL SECTION

5.2.1 Materials

4,4'-difluoro benzophenone, 2,2-Bis(4-hydroxyphenyl) propane, 4-fluro benzoic acid and
dibutyltin dilaurate (DBTDL), 3-Pentadecyl phenol, and tetrakis(triphenylphosphine)
palladium were purchased from Aldrich and wused as such. Bromo ethanol,
Methacryloyloxyethyl  isocyanate,  Tricyclo[5.2.1.02,6]decanedimethanol  diacrylate
(TCDDA), 4-methoxy phenyl boronic acid, Bisphenol A ethoxylate dimethacrylate
(BPAEDMA), N-bromo succinimide, and boron tribromide were purchased from TCI
chemicals and used without purification. The following items were bought locally: sodium
sulfate (anhydrous), dichloromethane, toluene, methanol, isopropyl alcohol (IPA), potassium

carbonate, diethyl amine, dimethyl sulfate, tetrahydrofuran, acetone, CHCl3, and hydrochloric
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acid. For gel permeation chromatography HPLC-grade THF was purchased from Merck

Chemicals.

5.2.2 Measurements

The 'H and *C NMR spectra were collected using Bruker-AVENS 400 and 200 MHz
spectrometers, respectively, with chemical shifts reported in ppm. CDCl; was used as the
solvent, and small amounts of Trimethylsilane (TMS) served as an internal standard. Molecular
weights of small molecules were determined with Thermo Scientific Q-Exactive HRMS (ESI).
Fourier transform (FT-IR) spectra were obtained using a BRUKER alpha-E spectrometer.
Molecular weights of polymers were measured using gel permeation chromatography (GPC)
with a Viscotek VE 3580 RI detector. The GPC system was calibrated using polystyrene
standards, and THF (HPLC grade) was used as the eluent at a flow rate of 1 ml/min. The
viscosity of formulated resins was assessed in relation to shear rate using the Anton Paar
Physica Modular Compact Rheometer (MCR) 301. The test involved cup and bob components
with diameters of 18.08 mm and 16.66 mm, respectively. Shear rates ranged from 1 to 1000
per second at a temperature of 30 °C. Thermal stability of 3D printed parts was evaluated
through Thermal Gravimetric Analysis (TGA) using a TA Discover 550-second generation
TGA instrument. The analysis spanned a temperature range of 50 °C to 900 °C under a nitrogen
atmosphere (25 mL/min) with a heating rate of 10 °C/min. Glass transition temperature (Tg)
was determined using a TA Discover 250 second generation differential scanning calorimeter
(DSC) under a nitrogen atmosphere (50 ml/min). The measurement involved heating from -50
°C to 180 °C at a rate of 10 °C/min, and the DSC instrument was calibrated with indium
standards before each measurement. Additionally, a photo-DSC experiment was conducted
using the same DSC instrument equipped with an optical UV light source Omni Cure series

2000.

5.2.3 Methods

A) Resin Preparation for DLP 3D Printing of Urethane Methacrylate PEEK Polymers
The UMPEEK resin formulations were prepared by blending different concentration of
UMPEEK and UMmPEEK polymers with Tricyclo[5.2.1.02,6] decanedimethanol diacrylate
(TCDDA) and Bisphenol A ethoxylate dimethacrylate (BPAEDMA) as a reactive diluent.
Initially, the polymer was placed in a 50 ml vial, followed by the addition of reactive diluents.
The contents of the vial were subjected to sonication for 1 hour to ensure complete miscibility
of the polymer. Throughout the sonication, the water bath temperature was maintained at 30

°C. The weight percentage of the TPO photoinitiator was determined through a photo DSC
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experiment. The 3D printing resin formulation excluded any organic solvents. The glass vial
was completely covered in aluminum foil to protect the photoinitiator from light and to avoid
pre-polymerization. The resin formulations reported herein were prepared following a similar

protocol.

B) Curing Kinetics of Resin Formulations (Photo-DSC)

A TA Discover 250 second-generation differential scanning calorimeter fitted to an Omni Cure
series 2000 photo calorimetric unit was used to conduct the Photo-DSC studies. A 200 W high-
pressure mercury lamp with a range of 320—500 nm was used to irradiate the sample. The light
from the lamp was directed through a dual-quartz light support with balanced intensity into the
material's container. Sample preparation involved the precise weighing of 5 mg resin
formulation samples and placing them into the sample pan. After that, the sample pan was
placed inside the DSC cell. Nitrogen gas was continuously supplied at a rate of 50 milliliters
per minute during the measurements. The sample pans were initially maintained at isothermal
temperatures (30 °C) for two minutes under nitrogen atmosphere, before being exposed to UV
light. The specimen was exposed to UV light for five minutes after the electronic UV light
shutter was opened. The shutter closed on its own when the irradiation period ended. The curing

enthalpy was calculated by integrating the peaks in the generated data.

C) Measurement of Resin Viscosity

Rotational Parallel Plate measurements were used to evaluate the viscosity of the resin
compositions; photoinitiator was not used in this test. Anton Paar Physica Modular Compact
Rheometer (MCR) 301 was used in the experiment with a cup and bob. The photoinitiator-free
resin formulation was poured carefully into the cup until it reached the predetermined mark.
The bob was then rotated to provide shear during the experiment after it had been placed into
the resin. The viscosity, measured in Pascal-seconds (Pa-s), was determined by methodically
increasing the shear rate between 1 and 1000 per second. The resin temperature was kept

constant during the experiment at 30 °C.

D) DLP 3D Printing of Urethane Methacrylate PEEK Polymer Resins

Anycubic Photon Ultra resin 3D printer was used for the DLP 3D printing of the resin
compositions without organic solvents. The resin bed of the DLP printer had a dimension of
102.4 x 57.6 x 165 mm3, and a 405 nm LED light source. A UNO Genetic laser power meter
was used for recording the LED light source's intensity of 10 mW c¢m™. The printing process

was started by carefully adding resin to the resin bed until it reached a predetermined level.
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The printing of the resin formulation was performed at room temperature. The dimension of
each printed layer was 100 microns, and the exposure time for the first five layers was set at
30 seconds. Each succeeding layer were exposed for ten seconds. The printed object was
subjected to post-processing treatment after washing with IPA in a resin washer for 3 minutes
followed by post-cure for fifteen minutes under UV light in a 3600 rotating curing platform

fitted with 12 UV lights of wavelength 405 nm covered with plastic cage.

E) Mechanical Test of 3D Printed Part

The tensile strength of the 3D printed part was examined using the Instron series 33R4204
model of the Universal Testing Machine, which has a 1 KN capacity load cell. 3D-printed
ASTM D638 type V specimens were used for the tensile test and 5 specimens were tested for
each set of samples. Each specimen in the experiment had a gauge length of 10 mm, and the
stretching rate was 5 mm per minute at room temperature. Mechanical properties such as

toughness, elongation, Young's modulus, and tensile strength were determined.

5.2.4 Synthesis and Characterization

Specifically, regular polyether ether ketone (PEEK) and modified poly ether ether ketone
incorporating pendant pentadecyl chains (mPEEK) were synthesized and further end
functionalized with photocurable moieties. Scheme 1 shows the synthesis of PEEK and
mPEEK and their further modification by introduction of photo curable urethane methacrylate
group. Size exclusion chromatography (SEC) and proton NMR spectroscopy were used to

determine the degree of polymerization for the PEEK and mPEEK polymers.
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Scheme 1. Synthetic scheme for the terminal functionalized a) urethane methacrylate PEEK
b) urethane methacrylate mPEEK polymers.

1) Synthesis of 3-pentadecyl 4,4’-biphenol and Synthesis of 2-hydroxyethyl 4-
fluorobenzoate

a) Synthesis of 3-pentadecyl 4,4’-biphenol

Synthesis of the 3-pentadecyl 4,4’-biphenol was done according to the literature [1] with some
modification in the deprotection step. The details of the deprotection of 4,4’-dimethoxy-2-
pentadecyl-1,1’-biphenyl is given below.

BBr;, DCM
H;CO OCH, —_— HO OH
Reflux, 12h

C15H31 C15H31

4,4’-dimethoxy-2-pentadecyl-1,1’-biphenyl (6 g, 14.13 mmol) was taken in a 250 ml two
necked round bottom flask with magnetic stirring bar fitted with condenser and addition
funnel. A two head take-off was fitted on the condenser with double nitrogen balloon. BBr3
(7.08g, 28.26 mmol) was mixed with DCM and poured into the addition funnel. After that
BBr; DCM mixture was added dropwise into the reaction at ice cold condition. The reaction
was run for 12 h and then ice-cold water was added to stop the reaction. The product was
collected in DCM after washing with water 4-5 times. The final product was crystalline in
DCM/pet ether solvent mixture. The crystalline product was filtered and dried in vacuum

oven at 40 °C for overnight. Yield-72 %.
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'H NMR spectrum (400 MHz, CDCls) & in ppm: 7.15 (d, 2H), 7.04 (d, 1H), 6.85 (d, 2H), 6.76
(d, 1H), 6.70 (d, 1H), 4.1 (s, 1H), 4.83 (s,1H), 2.52 (d, 2H), 1.45 (dd, 2H), 1.26-1.19 (m, 24H),
0.89 (d, 2H).

13C NMR (100 MHz, CDCls) & in ppm: 154.7, 154.4, 142.5, 134.46, 131.56, 130.93, 115.93,
115.08, 112.57, 33.35, 31.17, 31.38, 29.94, 29.6, 22.94, 14.36.
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Figure 5.1 'H and '*C NMR spectra of 3-pentadecyl 4,4’-biphenol
b) Synthesis of 2-hydroxyethyl 4-fluorobenzoate

F Diethyl amine F
overnight

75°C
+ Br/\/OH —_—

OH
07 NoH o o N\

4-Fluoro benzoic acid (5 g, 35.7 mmol) and Bromo ethanol (5.8 g, 46.4) were taken in a two-
necked round bottom flask equipped with a magnetic stirring bar. 150 ml of acetonitrile was
added to the reaction mixture and stirred for 10 minutes. N, N-Diisopropylethylamine (5.5 g,
42.84 mmol) was added to the reaction and immersed into a pre-heated oil bath at 75 °C for 12
h. The reaction mixture was removed from the oil bath and allowed to cool to room
temperature. The solvent was removed with the aid of a rotary evaporator. Finally, the crude
residue was dissolved in ethyl acetate and washed with 1 M HCI solution three times, saturated
NaHCOs three times, followed by brine solution. The organic part was dried over sodium

sulfate and the solvent was evaporated in a rotary evaporator. Yield 78 %.
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'H NMR spectrum (400 MHz, CDCl3) & in ppm: 8.05 (d, 2H), 7.11 (d, 2H), 4.4 (d, 2H), 3.94
(d, 2H), 2.16 (s, 1H).
13C NMR (100 MHz, CDCls) & in ppm: 165.65, 164.29, 131.97, 125.77, 115.14, 66.41, 61.02
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Figure 5.2 'H and '*C NMR spectra of 2-hydroxyethyl 4-fluorobenzoate

2) Synthesis of PEEK, mPEEK, and urethane methacrylate of PEEK, and mPEEK
¢) Synthesis of polyether ether ketone (PEEK) polymer

Soo'eoe,
o ool oot

Bisphenol A (3.45 g, 15.1 mmol), 4,4’-difluoro benzophenone (3 g, 13.7 mmol), and potassium
carbonate (4.6 g, 33.2 mmol) were taken in a three-necked round bottom flask equipped with

a reflux condenser, Dean-Stark trap, and magnetic stirring bar at nitrogen atmosphere. 20 ml
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of dimethyl acetamide and 20 ml of toluene were added to the reaction mixture and immersed
into the pre-heated oil bath at 130 °C for 3 h. After that, the temperature was raised to 180 °C
to remove water and toluene by azeotropic distillation and the reaction was continued for
another 3 h. Subsequently, a solution of 2-hydroxyethyl 4-fluoro benzoate (1.26 g, 6.8 mmol)
in toluene was added to the reaction mixture and the reaction was continued for another 3 h.
After cooling, the obtained viscous reaction mixture was poured into the methanol to
precipitate the polymer, which was filtered, and washed with water 2-3 times to remove the
salt. Again, dissolved in chloroform and precipitated in methanol, filtered, and dried under a
vacuum at 50 °C for 24 h. Yield 80 %.

"H NMR spectrum (400 MHz, CDCls) § in ppm: 8.04 (d, 4H), 7.77-7.78 (m, 193H), 7.25-7.29
(m, 222H), 6.98-7.05 (m, 407H), 4.43-4.48 (m, 4H), 3.95-3.98 (m, 4H), and 1.72 (m, 293H)
13C NMR (100 MHz, CDCls) & in ppm: 186.18, 161.43, 153.49, 146.73, 132.19, 128.33,
119.53, 117.16, 66.92, 60.93, 42.37, 31.01
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Figure 5.3 'H and '*C NMR spectra of polyether ether ketone (PEEK) polymer.
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d) Synthesis of modified polyether ether ketone (mPEEK) polymer

OHOH . FF

Cy5H3y

K,CO,4
Toluene/DMAc
130 °C 8hrs

o Q- DD

CisHaq Ci5H31

F
Toluene
180 °C 3hrs
o 0’\'0H

CavHay CrtHat “\oH
3-pentadecyl 4,4'-biphenol was synthesized according to the literature report. 3-pentadecyl
4,4'-biphenol (2.99 g, 7.56 mmol), 4,4’-difluoro benzophenone (1.5 g, 6.87 mmol), and
potassium carbonate (2.3 g, 16.6 mmol) were taken in a three-necked round bottom flask
equipped with a reflux condenser, Dean-Stark trap, and magnetic stirring bar at nitrogen
atmosphere. 15 ml of Dimethyl acetamide and 15 ml of toluene were added to the reaction
mixture and immersed into the pre-heated oil bath at 130 °C for 3 h. After that, the temperature
was raised to 180 °C to remove water and toluene by azeotropic distillation and the reaction
was continued for another 8 h. After that, a solution of 2-hydroxyethyl 4-fluoro benzoate (1.26
g, 6.8 mmol) in toluene was added to the reaction mixture and the reaction was continued for
another 3 h. After cooling, the obtained viscous reaction mixture was poured into methanol to
precipitate the polymer. The methanol was then decanted, and the polymer was washed with
water 2-3 times to remove the salt. Again, dissolved in chloroform, precipitated in methanol,
and dried under a vacuum at 50 °C for 24 h. Yield 75%.

'H NMR spectrum (400 MHz, CDCl3) & in ppm: 8.08 (d, 4H), 7.84-7.88 (m, 130H), 7.37 (m,
68H), 6.95-7.09 (m, 313H), 4.47 (m, 4H), 3.98 (m, 4H), 2.59 (m, 65H), 1.23-1.49 (m, 960H),
0.87 (m, 118H)

3C NMR (100 MHz, CDCls) & in ppm: 194.29, 191.31, 161.25, 154.72, 142.82, 137.52,
132.28, 130.97, 119.59, 117.41, 70.29, 65.19, 33.16, 31.92, 29.69, 22.69, 14.13.
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Figure 5.4 'H and >C NMR spectra of modified polyether ether ketone (mPEEK) polymer.

¢) Synthesis of urethane methacrylate polyether ether ketone (UMPEEK) polymer

Ao et o0t
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PEEK polymer (average MW 23200 g/mol, 0.086 mmol) was dissolved in 30 ml of dry
dimethyl formamide in a 50 ml two-necked round bottom flask under a nitrogen atmosphere
and cooled under an ice bath. Two drops of dibutyltindilaurate (DBTDL) were added as a
catalyst followed by dropwise addition of 2-isocyanatoethyl methacrylate (160 mg, 1.03 mmol)
in 2 ml of dry DMF within 30 minutes of time period. The reaction was stirred at cold
conditions for 2 h and further left for 12 h at room temperature. After that, the reaction was
poured into methanol to precipitate the acrylate PEEK polymer and filtered. Again, the polymer

was dissolved in chloroform and reprecipitated in methanol 2-3 times to completely remove
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any unreacted product. The white power polymer was dried under vacuum at room temperature
for 24 h. Yield 75 %.

'H NMR spectrum (400 MHz, CDCl3) § in ppm: 8.04 (d, 4H), 7.82 (m, 203H), 7.25-7.27 (m,
240H), 6.98 (m, 424H). 6.11 (s, 2H), 5.57 (s, 2H), 4.47 (m, 8H), 4.24 (m, 8H), 2.04 (s, 6H),
1.67 (m, 288H).

3C NMR (100 MHz, CDCls) & in ppm: 194.32, 161.46, 153.47, 146.75, 132.23, 128.35,
119.56, 117.16, 66.61, 61.54, 42.38, 31.03.
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Figure 5.5 'H and 1*C NMR spectra of urethane methacrylate polyether ether ketone
(UMPEEK) polymer

f) Synthesis of urethane methacrylate modified polyether ether ketone (UMmPEEK)
polymer
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A similar procedure was followed for the synthesis of urethane acrylate-modified PEEK
polymer. Modified PEEK (17500 g/mol, 0.11 mmol) was dissolved in 30 ml of dry DMF and
two drops of DBTDL were added at the nitrogen atmosphere. 2-isocyanatoethyl methacrylate
(202 mg, 1.3 mmol) in 2 ml of dry DMF was added to the polymer solution within 30 minutes
of time period under ice-cold conditions. The reaction was stirred at cold conditions for 2 h and
further left for 12 h at room temperature. After that, the reaction mixture was poured into
methanol to precipitate the polymer. Methanol was decanted and the polymer was dissolved in
chloroform and reprecipitated in methanol 2-3 times to remove any unreacted product. The
semi-solid polymer was dried under vacuum at room temperature for 24 h. Yield 75 %.

"H NMR spectrum (400 MHz, CDCls) § in ppm: 8.05 (d, 4H), 7.84 (m, 121H), 6.98-7.33 (m,
392H), 6.12 (s, 2H), 5.59 (s, 2H), 4.48 (m, 8H), 4.22 (m, 8H), 2.59 (m, 64H), 2.20 (s, 6H),
1.49-1.63 (m, 165H), 1.23 (m, 828H), 0.87 (m, 122H).

13C NMR (100 MHz, CDCls) & in ppm: 194.27, 187.86, 161.25, 154.90, 142.82, 137.33,

132.28, 131.56, 130.97, 120.60, 119.59, 117.25, 70.29, 65.19, 31.92, 29.35, 22.69, 18.31,
14.12.
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Figure 5.6 'H and 1°C NMR spectra of urethane methacrylate mPEEK (UMmPEEK) polymer
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Figure 5.7 SEC plots of the PEEK, UMPEEK, mPEEK and UMmPEEK polymers
Polymers Mn" Mn' b b

Mw b
(g/mol) (g/mol) (g/mol)
PEEK 23200 8100 14200 1.7
UMPEEK 23400 9700 19000 1.9
mPEEK 17500 18400 23000 1.3
UMmMPEEK 17800 16300 27300 1.7

a) NMR, b) GPC in THF eluent, PS standard
Table 5.1 Molecular weight of PEEK, UMPEEK, mPEEK and UMmPEEK polymers from
NMR and SEC analysis.

5.3 RESULT AND DISCUSSION

5.3.1 Synthesis and characterization of urethane methacrylate PEEK (UMPEEK) and
urethane methacrylate mPEEK (UMmPEEK) polymers

Figure 5.8 summarizes the main goals of creating a photocurable resin formulation with
PEEK/mPEEK polymer. The synthesis of the modified PEEK with appended pentadecyl
chain was adopted with some modifications from the literature (mentioned in the synthesis
and characterization section a and figure 5.1).?! Briefly, the synthesis of PEEK (or mPEEK)
involved the polycondensation reaction of bisphenol A (or 3-pentadecyl 4,4’- biphenol) with
4,4’-difluoro benzophenone in a solvent mixture of toluene and dimethyl acetamide in
presence of anhydrous potassium carbonate. After three hours of reaction at 130 °C, the
temperature was increased to 180 °C to remove water and toluene as an azeotropic mixture.
Afterwards, 2-hydroxyethyl 4-fluoro benzoate was added to end cap the formed polymer. A
moderate molecular weight was targeted for the polymerization so as to enable processing the
polymer in a photocurable resin formulation. The precipitated polymer was structurally
characterized by NMR spectroscopy and molecular weight determined by size exclusion
chromatography. (Figure 5.3, figure 5.4, figure 5.7 and table 5.1).
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Figure 5.8 Overall representation summarizing the preparation of the 3D printable
photocurable resins of UMPEEK/UMmMPEEK polymers into 3D printed physical objects
using DLP 3D printer.

The methacrylate modification of the end groups was accomplished by reacting the hydroxyl
terminated PEEK and mPEEK polymer by reacting with 2-isocyanatoethyl methacrylate in
presence of dibutyltindilaurate (DBTDL) as catalyst.>?> The final photocurable PEEK
polymers were obtained by precipitation from chloroform into methanol at least 2-3 times.
Figure 5.5 and figure 5.6 compares the labeled proton NMR spectra of the UMPEEK and
UMmPEEK polymers. The terminal methacrylate protons were observed as two doublets at
6.12 and 5.59 ppm respectively. By integrating the intensity of the methacrylate protons with
respect to the aromatic protons (especially the isolated peak near the ketone labeled as ‘o’ for
UMPEEK and ‘t” for UMmPEEK) at 7.82-7.84 ppm, the number of repeat units was obtained
as 56 for UMPEEK and 30 for UMmPEEK polymer respectively. The molecular weights of
the polymers were measured using GPC with THF as eluent and polystyrene as standard. The
molecular weights of the PEEK polymers are given on the figure5.7 and table 5.1. The
molecular weight of the PEEK polymers should not be taken as absolute as it is taken with
respect to the polystyrene standard.>** Additionally, the introduction of long pentadecyl
group in the mPEEK polymer altered the hydrodynamic volume resulting in changes in the

molecular weight.?>
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5.3.2 Resin formulations and photocuring experiments

Following the structural characterization, the PEEK polymers were used to formulate a
photocurable resin mixture. The formulations incorporated Tricyclo[5.2.1.02,6]
decanedimethanol diacrylate (TCDDA) and Bisphenol A ethoxylate dimethacrylate
(BPAEDMA) as reactive diluents.

Resin TCDDA  BPAEDMA UMPEEK UMm TPO Viscosity
formulations wt. % wt. % wt. % PEEK wt. % (Pa.s)
wt. %

Ref 49.5 49.5 - - 1 0.17
UMPEEKS 47 47 5 - 1 0.32
UMPEEK10 44.5 44.5 10 - 1 0.57
UMMPEEKS 47 47 - 5 1 0.54

UMmMPEEK10 44.5 44.5 - 10 1 1.03

Table 5.2 Weight percentages of the UMPEEK, UMmMPEEK, TCDDA, BPAEDMA, and PI
taken to prepare resin formulations and their measured viscosity.

Table 5.2 lists the weight percentages of polymers and reactive diluents used in the resin

composition. Two formulations each were prepared using 5 and 10 weight percentage of

UMPEEK and UMmMPEEK polymers respectively in the resin mixture of equal weight

percentage of TCDDA and BPAEDMA. The solid polymer was sonicated for one hour in the

Sonicate for 1 h
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Figure 5.9 a) UMPEEK polymer with reactive diluent and sonicated for the resin formulation
b) selection of the photo initiator weight percentage by photo curing study, c) Measurement

of viscosity of the resin formulations and reference resin.

resin mixture to dissolve completely (see figure 5.9a). A formulation of only TCDDA and
BPAEDMA was also prepared without the PEEK polymer as a reference system. The weight
percentage of the photoinitiator TPO required for the curing was determined using isothermal
photo DSC analysis at 30 °C. In this process, resin formulations underwent solidification upon
exposure to UV light, and accurate measurements of curing enthalpies were obtained. The
curing mechanism involves the initiation of radicals by the cleaving the photoinitiator in
presence of UV light, resulting in the formation of a crosslinked network polymer. To examine
the curing enthalpies in the resin compositions, the TPO photoinitiator's weight percentage was
varied between 0.5 and 2 wt. %. (figure 5.9b). Figure 5.10 shows photo-DSC graphs for the
resin formulations at various percentages of Pl. Analysis of the curing enthalpies revealed
increase in enthalpy with increase in concentration of Pl up till a concentration of 1 wt. %, after
which, the enthalpy decreased with further increase in the Pl concentration. Based on this

observation the ideal P1 concentration was fixed at of 1 wt. % for maximum conversion.
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Figure 5.10 Photo-DSC plots of resin formulations with different PI weight percentages

It is reported that insufficient amounts of Pl concentration may be inadequate for complete
curing. However, higher concentrations of Pl can result in increased light absorption,
potentially leading to insufficient light penetration for the comprehensive curing of the resin
samples.?
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5.3.3 Viscosity Measurement

A key factor in room temperature DLP 3D printing is the viscosity of the resin formulation.
For a 3D printing process to be smooth and distortion-free, the resin must flow easily. The resin
used in room temperature DLP 3D printing should ideally have a viscosity of no more than 10
Pa.s.?” Figure 5.9¢c compares the viscosity as a function of increasing shear rate for the different
resin formulations at 30 °C. There was no significant change observed in the viscosity of the
resin with increasing shear rates, indicating Newtonian behavior. On the other hand, the
viscosity of the resin rose from 0.32 to 0.57 Pa.s and from 0.54 to 1.03 Pa.s respectively with
an increase in the weight proportion of UMPEEK/UMMPEEK polymer. Despite the resin
formulations exhibiting low viscosity, they were found to be entirely adequate for room
temperature 3D printing. All the prepared resins demonstrated suitability for DLP 3D printing,
ensuring a smooth and successful printing process. The viscosity of the UMmPEEK containing
resin is higher than the UMPEEK because the higher mol percentage incorporation of the

UMmMPEEK in the same weight of resin formulation.?®

5.3.4 DLP 3D printing of PEEK resin formulations

Figure 5.11 a) Top view of different 3D printed parts of acrylate UMPEEK/UMMPEEK

polymers. b) & c) high resolution 3D printed parts. d) left side 3D print part of resin
validation Xp2 Standard Triangle Language file of 10 wt. % UMPEEK polymer (distorted
due to warpage), right side 3D printed part of same with 10 wt. % UMmMPEEK polymers (no
distortion).
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3D Printing of PEEK polymer at room temperature presents a challenge, but this challenge was
addressed by utilizing a miscible (meth)acrylate PEEK polymer as the resin at room
temperature. Spot curing studies were conducted to estimate curing time of the resins. Spot
curing involved applying the resins onto a glass plate and exposing it to UV light from a home-
made setup utilizing six UV-LED lights. A single drop of resin solidified within 10 seconds,
as confirmed by tilting the glass plate without any observable resin flow. The printing
capabilities of PEEK (meth)acrylate resin formulations were assessed using the Anycubic
Photon Ultra resin 3D printer (Schematically represented in Figure 5.8). The printing
parameters of the DLP 3D printer involved 30 s for the initial 5 layers followed by 10 s for
each succeeding layers. The longer irradiation time for the initial layers is required to make the
layer stick on the build plate, otherwise the succeeding layers will collapse under its own
weight. All resins were employed to showcase their 3D printing capabilities, and it was noted
that each resin produced prints with sharply defined edges. In order to achieve high-resolution
3D printed parts (shown in figure 5.12), 0.02 weight percent of a fluorescent dye (2,5-Bis(5-
tert-bustyl-benzoxazol-2-yl)thiophene (BBOT) was added to the resin compositions. Figure
5.11a displays top-view images of the intricate 3D printed part using UMPEEK/UMmMPEEK

resin formulations.

Figure 5.12 High-resolution 3D printed parts with BBOT dye

Figure 5.11b and 5.11c exhibits sharp edges of the 3D printed parts. Some issues of warpage
were observed during post cure treatment for 3D printed parts using UMPEEK resin
formulations, which were not observed while using the UMmPEEK resin formulations. The
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UMPEEK acrylate 3D printed part (resin validation Xp2 Standard Triangle Language)
displayed a distorted structure after post. However, it is noteworthy that this distortion was not
observed when printing thicker 3D parts, as depicted in the first three images of Figure 5.11.
In contrast, the 3D printed parts using the UMmPEEK resin formulation exhibited a precisely
flat structure according to the resin validation Xp2 Standard Triangle Language, even after a
15-minute post-curing period (figure 5.11d right). This occurrence can be attributed to the
presence of the long alkyl chain within the 3D printed crosslinked network, which effectively
reduced the overall crosslinked density and created space between the extended polymer

chains.?® This was also reflected in the mechanical properties which are mentioned below.?

5.3.5 Mechanical and Thermal Properties of 3D Printed Parts
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Figure 5.13 (a) The Tensile stress-strain graph of 3D printed parts of different resins (b)
TGA graph of all 3D printed parts (c) DSC graph of all resin’s 3D printed parts.
3D printed parts were subjected to mechanical testing, thermogravimetric analysis (TGA), and
differential scanning calorimetry (DSC) to investigate the effect of varying weight percentage
of UMPEEK/UMMPEEK polymer in the resin formulation. The mechanical properties were
assessed by employing 3D printed dumbbell-shaped specimens of ASTM D638 type V for each

resin formulation. Tensile strength values were obtained by averaging the results from a total
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of five specimens. Figure 5.13a depicts the stress-strain plot of the 3D printed PEEK polymer,
while Table 5.3 provides a summary of mechanical properties, including tensile strength,
Young's modulus, and elongation at break. Analysis of the mechanical properties revealed a
notable positive impact of the UMPEEK polymer on the reference materials.

Resin Tensile Elongation Young’s Ty Ta10 %
formulations Strength (%) Modulus oC (°O)
(MPa) (GPa) *C)

Ref 1542 2.0+0.3 0.9+0.01 145 398

5% UMPEEK 2743 2.4+0.1 1.6+0.01 140 399
10% UMPEEK 39+2 2.2+0.2 2.1+0.02 140 401
5% UMmPEEK 1843 22427 0.9+0.01 140 402
10% UMmPEEK 25+4 2.2+0.3 1.7+0.02 139 396

Table 5.3 Mechanical and thermal properties of the 3D printed parts

The 3D reference resin printed part which is a mixture of aromatic acrylate (TCDDA) and
cyclic(meth)acrylate (BPAEDMA), exhibited a tensile strength of 15+2 MPa and Young's
modulus of 0.9+£0.01 GPa with 2+0.3% elongation. Upon increasing the UMPEEK polymer
content from 5 wt. % to 10 wt. % in reference resin, the tensile strength improved from 27+3
MPa to 39+2 MPa, and Young's modulus increased from 1.6+0.01 GPa to 2.1+0.02 GPa, while
maintaining similar elongation values. Following a similar trend, the inclusion of the
UMmMPEEK polymer elevated the mechanical properties of the 3D printed part. The increase
of UMmMPEEK polymer from 5 wt. % to 10 wt. % resulted in an increase of tensile strength
from 18+3 MPa to 2514 MPa. Concurrently, the Young's modulus also improved from
0.9+0.01 GPa to 1.7+£0.02 GPa, while maintaining a consistent elongation. Based on the
mechanical properties, it could be deduced that the tensile strength and Young's modulus of
the 10 wt.% UMPEEK resin 3D printed part surpassed those of the other resin-printed parts.
The enhanced mechanical properties in the 10 wt.% UMPEEK resin printed part were
attributed to the rigid aromatic ring of the PEEK polymer and the formation of crosslinks with
the terminal methacrylate group. In contrast, the 10 wt.% UMmMPEEK resin 3D printed part
exhibited lower tensile strength and Young's modulus compared to the 10 wt.% UMPEEK resin
3D printed part. This difference was linked to the presence of the long-alkylated chain in each
repeat unit of the former, which potentially disrupted the crosslinked network polymer, creating
space between the extended polymer chains.®*3! The modulus of the 10 wt. % UMPEEK 3D

printed part could attain almost 60 % of the tensile values of commercial PEEK polymer.®
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Thermal properties of the PEEK polymer 3D printed materials are depicted in the Figure 5.13b
and 5.13c, and the values are summarized in the Table 5.3. In Figure 5.13c, it was observed
that all the 3D printed parts showed a one-step degradation. The temperature at which a 10%
loss in weight occurs, or Tgi1om%, IS more than 390 °C, demonstrating that all of the PEEK
polymer 3D printed parts exhibit high thermal stability. In Figure 5.13c, it was observed that
the glass transition temperature values for all resin 3D printed parts ranged from 140 °C to 145
°C. Notably, no melting temperature was observed even at high temperatures, due to the

crosslinked PEEK 3D network structure of printed parts.

5.4 CONCLUSION

In conclusion, in this study we report for the first time DLP 3D printing of functionalized PEEK
polymer at room temperature which exhibited almost 55 % of Young’s modulus of commercial
PEEK polymer. The end caped PEEK polymers and its reaction with methacryloyloxyethyl
isocyanate were successfully accomplished and characterized with NMR spectroscopy. A new
modified PEEK polymer with long alkyl chain in repeat unit was synthesized and further
reacted to introduce methacrylate group. The methacrylate PEEK polymer was used for the
resin formulation up to 10 wt. % and further used for the room temperature DLP 3D printing.
The printed part of the PEEK resins showed very good resolution and high mechanical values
(39+£2 MPa tensile strength and 2.2+0.2 GPa Young’s modulus). The incorporation of the long
alkyl chain in the 3D printed crosslinked network removed the warpage problem after the post
curing of 3D printed part. Thermal analysis revealed a higher value of 10 wt. % degradation
temperature (400 °C) and high glass transition temperature (140 °C) which is an excellent result
for DLP 3D printed PEEK polymer. This study is a first report of the room temperature DLP
3D printing of functionalized PEEK polymers which achieved comparable Young’s modulus

and thermal properties.
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6.1 CONCLUSIONS

The thesis entitled, “Structure Property Correlation of Novel Photocurable Polymers for
Light-Based 3D Printing Application” described the synthesis and characterization of
photocurable bio-based and high-performance polymeric materials for the liquid-based DLP
3D printing technology. Creating tailored polymeric materials through synthesis was essential
for enhancing the properties of the DLP printing materials. Commercial resin materials are
accessible for rapid prototyping production, but they fail to meet the desired 3D printing
standards and generate considerable waste due to their non-degradability. Polymeric resin
materials offer the flexibility to fulfil these criteria and adjust properties accordingly. Polymer
synthesis and modification represents an intriguing field within polymer research. Various
characterization techniques are employed in this thesis to elucidate the structure and physical
properties of polymers. This thesis primarily aimed to synthesize tailor-made bio-based
polymers and employ them in light-based DLP 3D printing. DLP 3D printing stands out as a
widely favoured additive manufacturing technology due to its rapid production, design
flexibility, and high-resolution capabilities. Its widespread adoption facilitates the seamless
fabrication of intricate structures. The work was also focused on the properties of the 3D
printed materials like- degradability, mechanical properties, and 3D printing resolution. These

3D printed materials are useful in different fields of applications.

In the first working chapter, two different linear and star architectures of PLLA polymers
were synthesized by the ring opening polymerization (ROP) of I-lactide. For the ROP two
initiators - 1,6-hexane diol and pentaerythritol were used. The synthesized low molecular
weight polymer was further reacted with acryloyl chloride to introduce photo curable groups
in the terminal positions. The polymers were characterized by the NMR, FTIR spectroscopies
and the molecular weight of the polymer was measured from the GPC analysis. The
photocurable modified polymer was used for three different resin formulations depending on
the different weight percentage of the polymer and HEMA as reactive diluents. The photo
initiator concentration was measured by the photoDSC experiments. The prepared resin
formulations showed good printability with DLP 3D printer at room temperature. The 3D

printed parts showed moderate mechanical and degradable properties in PBS solution.

In the second chapter, the focus was to enhance both the printability and mechanical
properties of the 3D printed materials. vinyl acetate was polymerised to polyvinyl acetate
using the RAFT polymerization method. Subsequently, the polymer underwent partial

hydrolysis to introduce hydroxyl groups into the PVAc polymer backbone. This partially
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hydrolysed PVAc polymer served as a macro initiator for the Ring-Opening Polymerization
(ROP) of I-lactide, resulting in the formation of a graft polymer PVAc-g-PLLA. Further, the
terminal hydroxyl group of the PVVAc-g-PLLA polymer was reacted with acryloyl chloride to
introduce acrylate photoreactive groups. Characterization of all polymers was conducted
using NMR and FTIR spectroscopy, while their molecular weight was determined through
GPC analysis. Different weight percentages of the grafted acrylate PVAc-g-PLLA were
combined with HEMA and HEA as reactive diluents to formulate resins. The prepared resins
exhibited promising DLP 3D printing capabilities with tunable mechanical properties.
Moreover, the 3D printed parts displayed notable swelling and degradation characteristics.
Remarkably, these 3D printed parts demonstrated dye absorption properties from solutions

containing various dyes, thus expanding their potential applications across different fields.

In the third working chapter, utilizing ethyl lactate-based polymeric ene and isosorbide-based
thiol, a scalable and sustainable approach for developing 3D printing materials through thiol-
ene photochemistry was demonstrated. The synthesis of the ethyl lactate-based polymeric ene
component involved free radical polymerization of acrylate ethyl lactate monomer, followed
by partial hydrolysis and subsequent reaction with allyl bromide. Mechanical and thermal
property analysis provided insights into the potential applications and performance of these
novel biobased thiol-ene materials. Showcasing practical application, 3D printing was
conducted using a commercial DLP 3D printer, highlighting their feasibility for
manufacturing and prototyping purposes. The hydrolytic degradability of the 3D printed parts
was demonstrated in1 M NaOH solution, emphasizing the eco-friendly aspect of these
materials and their potential to mitigate nondegradable acrylate-based 3D printed waste. This
research lays the foundation for the development of environmentally responsible materials
poised to revolutionize the 3D printing industry. The fast degradability of PAEL-based
polymeric thiol-ene 3D printed materials opens new possibilities for rapid prototyping in
mass production applications, addressing sustainability challenges associated with traditional
acrylate-based materials. By amalgamating biobased sourcing, scalability, and degradability,
these materials represent a significant stride towards a more sustainable and environmentally

conscious future in 3D printing.

In the fourth working chapter, the innovative achievement of DLP 3D printing of
functionalized PEEK polymer was successfully demonstrated at room temperature, exhibiting
approximately 55% of the Young’s modulus of commercial PEEK polymer. The synthesis and

characterization of end-capped PEEK polymers, along with their reaction with
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methacryloyloxyethyl isocyanate, were successfully carried out and analysed using NMR
spectroscopy. Additionally, a novel modified PEEK polymer with a long alkyl chain in the
repeat unit was synthesized and further modified to introduce methacrylate groups. The
methacrylate-modified PEEK polymer was incorporated into the resin formulation up to 10
wt. % and utilized for room temperature DLP 3D printing. The printed parts exhibited
exceptional resolution and mechanical properties, with a tensile strength of 392 MPa and a
Young’s modulus of 2.2+0.2 GPa. The inclusion of the long alkyl chain in the crosslinked
network of the 3D prints effectively addressed warpage issues after post-curing. Thermal
analysis revealed impressive results, including a higher degradation temperature of 400 °C
and a high glass transition temperature of 140 °C, which are exceptionally favourable for
DLP 3D printing of PEEK polymer. This study marks the first successful demonstration of
room temperature DLP 3D printing of functionalized PEEK polymers, achieving comparable

Young’s modulus and thermal properties.
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6.2 FUTURE PERSPECTIVE

Advances in 3D printing technology, continuous research on materials development, and the
varied demands of different sectors for different applications are driving the development of
photocurable polymer resins for Digital Light Processing (DLP) 3D printing. The DLP 3D
printing is a technology which provides the fast and high precision 3D printed products with
improved resolution among the other existing 3D printing technology. Advancements in resin
formulation based on polymeric material makes the DLP printing method more reliable and
production of biocompatible end use products. Besides, a range of functional resin materials
have been developed by improving toughness and durability of the 3D printed materials for
the specific application like soft robotics model, prototypes, dental, and medical implants.
Biocompatible polymeric resins are making expandable demand for the bio-medical
applications. Polymeric photo resins are suitable in terms of strength, biocompatibility, and
non-toxicity. Choosing polymeric materials that are degradable increases their demand, as
they contribute to waste reduction after use. In summary, the use of photocurable polymeric
resin formulations broadens the the possibilities in DLP 3D printing and enhances the
potential for sustainable material innovation. Bio-based polymeric materials are dependable
for creating 3D printed end-use products, especially in bio-medical application. In this regard

some future objectives are mentioned here-

1. To improve the resolution of the DLP 3D printed materials an external dye was mixed with
the resin which can potentially leach out during use of the 3D printed material for particular
applications. To overcome this problem a simple synthetic pathway can be designed, which
incorporates a light absorbing group in the curable and degradable polymeric chain.
Employing minimal amounts of this modified polymer will enhance the resolution of DLP 3D

printing with minimum possibility of dye leaching.

Light blocker dye ——3»
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Figure 6.1 Dye-containing bio-based photo-crosslinker

2. To improve the mechanical properties of the 3D printed product, an aromatic repeat unit
can be introduced in the polymeric backbone. The polymer can be further modified in the

telechelic position to introduce the cross-linkable group either acrylate or ‘ene-containing’
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group to take part in the thiol-ene crosslinking network formation during DLP 3D printing.
The thiol-ene chemistry will improve the curing kinetics of the resin formulations as well as

the toughness of the printed parts.

Aromatic ring — 3

n
(o]
oj/H/ -«——— Bio-based polymer
0y _-0
X
Photo-sensitive group —>ﬁ

Figure 6.2 Aromatic backbone and bio-based polymer with photo-sensitive group

3. The presence of the polymeric styrene and polylactide or poly caprolactone makes the 3D

printed materials non-toxic and biocompatible for the use in biomedical applications.

4. The presence of the degradable ester linkage in the network makes the 3D printed materials
prone to degradation in the presence of appropriate stimuli either presence of enzymes or

presence of acid or base.

5. The mechanical properties of the DLP 3D printed materials can be improved by
introducing photocurable group in the PEEK polymer repeat unit pendent group so as to have
polymerizable moieties in every repeat unit, rather than limited to the terminal positions.
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Title of the thesis: Structure Property Correlation of Novel Photocurable Polymers for Light-
Based 3D Printing Applications.

The thesis work focused on the importance of developing bio-based polymeric materials for
liquid-based DLP 3D printing technology. DLP 3D printing stands as a widely utilized
additive manufacturing technology, offering rapid production, design flexibility, and high-
resolution outputs. Its adoption allows for the creation of complex structures with ease.
However, a significant challenge lies in the development of bio-based polymeric resin
materials suitable for DLP 3D printing. Polymeric materials have garnered attention due to
their favourable processability and the ability to adjust curing properties to achieve desired
mechanical properties. The primary objective of the thesis is to develop different types of
photocurable crosslinkers to be utilized in the development of resin formulations. After that,
the prepared resins will be used in light-based DLP 3D printing technology. The thesis also
focuses on the properties of the 3D printed materials like- degradability, mechanical
properties, and 3D printing resolution. These 3D printed materials are useful in different

fields of applications.

Chapter 2 focuses on developing linear and star PLLA polymers functionalized with photo-
curable methacrylate groups for resin formulation and DLP 3D printing. Chapter 3 improves
printability and mechanical properties by grafting PLLA onto a Poly(vinyl acetate) backbone,
resulting in tunable mechanical properties and interesting dye absorption capabilities. Chapter
4 incorporates thiol-ene chemistry into bio-based polymers for DLP 3D printing, resulting in
high modulus and degradability in basic solutions. Chapter 5 develops high-performance
polymer resin formulations using PEEK derivatives with urethane acrylate groups, achieving

high modulus and tensile strength in 3D printed parts.
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1. National Science Day 2020 Poster Presentation at CSIR-National Chemical Laboratory,
Pune (India), February 2020.

Title: Biodegradable Photocrosslinkable PLLA Resin Formulations for Additive

Manufacturing

Abstract: The aim of the current project is to develop resin formulations based on
thermoplastic polymer like PLA (poly Lactic acid). PLA filaments are used for additive
manufacturing using fused deposition modeling (FDM). PLA is biodegradable, biocompatible
and has excellent processability; in addition, it is derived from natural resources. However, it
absorbs moisture as it is hygroscopic in nature, which is a disadvantage in storing PLA
filaments for FDM application. Photocrosslinkable PLA could be an alternative to the PLA
filaments as it would enable 3D printing using alternate techniques like the DLP (digital light
processing). The resin printing has the added advantage of better resolution of the printed
object compared to a FDM printed object. Thus, the first objective of the project is to develop
telechelic PLA resin formulation by either end functionalization of oligoPLA or

transesterification of high molecular weight PLA using crosslinkable acrylates.

2. CASM 2022, Poster Presentation at International Conference on Chemistry and
Applications of Soft Materials, CSIR-NIIST, Thiruvananthapuram, (India), July 2022

Title: Biodegradable, Solvent-Free Photocrosslinkable PLLA Resin Formulations for
Additive Manufacturing

Abstract: We've developed acrylate end-functionalized linear and star poly I-lactide (PLLA)-
based aliphatic, photocurable oligomeric crosslinkers. These crosslinkers are formulated with
hydroxyl (ethyl)methacrylate (HEMA) as a biodegradable reactive diluent. We successfully
demonstrate their application for solvent-less 3D printing using digital light processing (DLP)
technique, as well as a custom-designed direct ink writing 3D printer. To optimize the resin
formulation for 3D printing, we utilized spot curing, photodifferential scanning calorimetry,
and cure depth analysis. The resulting 3D printed parts exhibit promising mechanical
properties, along with improved hydrophilicity and biodegradability. This development of
new photocurable resin formulations is anticipated to meet the increasing demand for raw

materials suitable for creating custom-designed bio-implantable objects.
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3. 5" NCL RF Student Conference 2023 Oral Presentation at CSIR-National Chemical
Laboratory, Pune (India), November 2023.

Title: Biocompatible PVAc-g-PLLA Resin Formulations with tunable mechanical
properties for DLP/SLA 3D Printing.

Abstract: The technological advancement of Additive Manufacturing has enabled the
fabrication of various customized artefacts and devices, which has prompted a huge demand
for multilaterals that can cater to the stringent mechanical, chemical and other functional
property requirements. Photocurable formulations that are widely used for Digital Light
Processing (DLP) / Stereolithography (SLA) 3D printing applications are now expected to
meet these new challenges of hard and soft or stretchable structural requirements in addition
to good resolution in multiple scales. Here we present a biocompatible photocurable resin
formulation with tunable mechanical properties that can produce hard or stretchable
elastomeric 3D printed materials in a graded manner. Acrylated poly(lactic acid) (PLA)
grafted poly vinyl acetate (PVAc) polymer was mixed with hydroxyl methyl methacrylate
(HEMA) and hydroxyl ethyl acrylate (HEA) as reactive diluents in various compositions to
form a series of photocurable resin formulations. Depending on the nature of the reactive
diluent (HEMA or HEA) and their weight percentage, the mechanical properties of the 3D-
printed parts could be fine-tuned from hard to soft materials. The printed materials exhibited
cell viability for mouse embryonic (WT-MEF) cells and degradability in the PBS solution.
These bio-based 3D printing resins have the potential for a variety of applications, including
the development of bio-cellular matrix, tissue engineering, soft robotics, and elastomeric

actuators.

4. 3DGEM-2023, Poster Presentation, 3d Graphy Engineering & Medical 2024 at Indian
Institute of Technology Mumbai, Maharashtra, (India) December 2023.

Title: DLP 3D Printing with High Mechanical Properties PEEK Polymer

Abstract: We report our efforts toward 3D printing of polyether ether ketone (PEEK) at
room temperature by Digital Light Processing (DLP) technology. The room-temperature DLP
printing method was enabled by a unique formulation comprised of synthesized urethane
acrylate PEEK polymer with acrylate reactive diluent. This combination formed a flowable
resin that could be printable using a readily available DLP printer. The terminal position of
the PEEK was modified with a urethane acrylate group to make a crosslinked network

structure during DLP 3D printing. A similar modified PEEK polymer was synthesized with
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long alkyl chain in the backbone to enhance the elongation properties. The structural
properties of the PEEK polymers were characterized by NMR spectroscopy whereas, the
curing kinetics of the resin formulations were performed by photoDSC. The mechanical
properties of the 3D printed part were increased with increasing the wt. % PEEK polymer
from 5 wt. % and 10 wt. % in the resin formulations. The final 3D printed part has excellent
thermal properties with glass transition temperature of 140 °C and 10 % degradation
temperature around 400 °C. The resins are good in printability with high resolution even a
dental complex material with a complex shape can be easily printable. The printed materials

are useful in different fields of applications like dentistry, automobile, and robotics.

5. SPSI-MACRO-2023, Oral Presentation 17th International Conference on Polymer
Science and Technology at Indian Institute of Technology Guwahati, Assam, (India),
December, 2023

Title: Degradable Thiol-ene Networks from Ethyl Lactate-based Polymer for 3D
Printing Applications

Abstract: Ethyl lactate is a biobased material obtained naturally or chemically in high yields
in the form of ethyl ester of lactic acid. Here, we report an efficient and scalable method for
creating a biobased thiol-ene network from allyl poly (acrylate ethyl lactate) (PAEL) and
multifunctional thiol via DLP 3D printing. The thiol used in this report is also synthesized
from isosorbide, the dehydration form of D-sorbitol, contributing to the overall eco-friendly
nature of the resulting thiol-ene network. The properties of these networks can be customized
based on the specific type and stoichiometric ratio of the thiol crosslinker employed. This
customization allows for a wide range of tunability in both Young's modulus (ranging from
1.75 GPa to 1.03 GPa) and glass transition temperature (ranging from 44 °C to 54 °C) for the
PAEL-based networks. Furthermore, these PAEL-based thermosets exhibit good thermal
stability, with decomposition temperature (Tq,10%) above 350 °C for all the networks studied.
Additionally, the research demonstrates the suitability of these resin formulations for resin-
based 3D printing, producing 3D-printed parts with good resolution. The study also
highlights the hydrolytic degradation properties of these 3D printed parts through ester
hydrolysis, showing that PAEL-based resins are highly promising for sustainable rapid
prototyping and mass production applications. Overall, this work demonstrates the immense

potential of PAEL-based materials as a sustainable source of bio-based resins, providing the
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prospect of the development of specialized thermosetting compounds required for a variety of

applications, such as 3D printing and biomaterials.
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Biodegradable, Solvent-Free Photocrosslinkable PLLA Resin
Formulations for Additive Manufacturing

Shibam Pal and Asha S. K.*

Acrylate end-functionalized linear and star poly L-lactide (PLLA) based
aliphatic, photocurable oligomeric crosslinkers are developed, which are
formulated with hydroxyl (ethyl)methacrylate (HEMA) as a biodegradable
reactive diluent to demonstrate successful application for solvent-less 3D
printing using digital light processing (DLP) technique as well as a
custom-designed direct ink writing 3D printer. The resin formulation for 3D
printing is optimized using spot curing, photodifferential scanning
calorimetry and cure depth analysis. The 3D printed parts exhibit promising
mechanical property along with improved hydrophilicity and biodegradability.
The development of new photocurable resin formulations are expected to
meet the growing demand for raw materials that can be applied for

developing custom designed bio implantable objects.

1. Introduction

In recent years there is an increasing demand for biodegrad-
able materials for fabricating complex 3D biomedical patient spe-
cific implants.'] The additive manufacturing (AM) or 3D print-
ing technology has been trying to meet these requirements for
custom-designed device fabrication using various technologies
like the selective laser sintering (SLS), fused deposition mod-
eling (FDM), light based technologies like the stereolithogra-
phy (SLA) and digital light processing (DLP), extrusion-based 3D
printing, inkjet printing, etc.[**! The challenge for suitable bio-
material selection is uphill with severe limitation in the availabil-
ity of materials that can meet all the mechanical and processing
requirements of device fabrication and at the same time meet
the stringent requirements acceptable for medical application.[1%!
The rapid progress in technological development of machin-
ery for AM achieved in the recent decade has also spurred the
search for suitable materials that could meet the requirements
of these applications."'] With the on-going focus on research in
bio 3D printing, there is a need for the development of more new
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materials that meets the functional re-
quirements of customized 3D printing
technologies.!213] The examples of some of
the most commonly used biopolymers are
polylactide (PLA), polycaprolactone (PCL),
and polyglycolide (PGL), which are all
derived from natural resources such as
starch, sugar cane, corn, wheat straw,
and wood chip.'"*®] These polymers are
characterized by the ester linkage that is
amenable to hydrolytic cleavage to form
small molecules.[®17] PLA and its compos-
ite or petroleum-based polymers with bio
fillers are available in the form of solid fil-
aments that can be used directly in additive
manufacturing.[119]

Photocuring based 3D printing technolo-
gies like the DLP is very amenable for bio
3D printing as they offer many advantages like high resolution
and gentle processing conditions compared to the extrusion-
based AM technologies.[2%-22] Moreover, the print speed can be
controlled by adjusting the intensity of light or the exposure
time.[2>2*] Compared to filament extrusion-based 3D printing
technologies, the photocuring based 3D printing has the added
advantage of enhanced bonding across the layers as the poly-
merization can continue even in the absence of light thereby
connecting polymer chains across the different layers.[?526] Al-
though many natural polymers satisfy the biological function
requirements, they seldom possess the mechanical properties
and structural integrity that are required to develop printable
resin formulations.[?”) One approach to improve the mechani-
cal integrity is to incorporate crosslinking strategy. Among the
available biopolymers, PLA is the most promising one for 3D
printing due to its biocompatibility and biodegradability. Pho-
tocurable PLA can be developed by end functionalization with
acrylate or by transesterification reactions to obtain oligomeric
crosslinkers.[?8-311 Recent work has also reported 3D printing us-
ing photocurable monomer incorporating trithiocarbonate that
could undergo photo-Reversible Addition Fragmentation Chain
Transfer (RAFT) polymerization.[?*33] Melchels et al. reported
photocurable formulations based on methacrylate end function-
alized star shaped poly(p,1-lactide) diluted with ethyl lactate as
a nonreactive diluent for 3D printing by SLA technique. They
demonstrated porous 3D printed scaffolds that exhibited around
10% isotopic shrinkage upon removal of the nonreactive diluent.
The 3D printed scaffold exhibited excellent mechanical proper-
ties and was compatible for cell attachment and proliferation.34
Seck et al. reported synthesis and formulation of an aque-
ous photo-curable resin based on methacrylate-functionalized
poly(ethylene glycol) / poly(p,1-lactide), which was demonstrated

© 2022 Wiley-VCH GmbH
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Figure 1. Schematic representation summarizing the conversion of 3D printable photocurable resin formulation based on PLLA into solid objects using

a DLP printer.

for printing porous scaffolds using SLA technique with pore
size in the rage of 400-500 microns that was compatible for
cell seeding.l** Ronca et al. prepared a composite resin formu-
lation with methacrylate end capped poly(p, t-lactide) macromer
and nano-hydroxyapatite which was dispersed with N-methyl-2-
pyrollidone (NMP) as nonreactive diluent and demonstrated for
3D printing schwarz pore network structure with the help of
micro-stereolithography.l**] Arvin et al. reported the synthesis of
methacrylic end-functionalized PLLA which was formulated into
a photocurable resin by adding 20 wt% 2-ethyl-2-hydroxymethyl-
trimethacrylate as crosslinker, 20 wt% of NMP as nonreac-
tive diluent along with 4 wt% phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide (TPO) as photoinitiator (PI). This formulation
was used to 3D print gyroid scaffold with interconnected pores
using a DLP 3D printer; the 3D printed part exhibited good cell vi-
ability although it had comparatively feeble mechanical strength
to be applicable for actual bone grafting.*”] In most of the re-
ported PLA based literature, nonreactive solvents are used as dilu-
ent for the preparation of resin formulation in order to avoid
the use of nondegradable reactive diluents like methyl methacry-
late. However, the nonreactive diluents lead to shrinkage of the
printed object upon its removal with solvent after 3D printing.
Recently, Sandmeier et al. reported the solvent free resin formu-
lation to 3D print biodegradable elastomer using heat-assisted
DLP 3D printer.?®] This was achieved by covalently incorporat-
ing the photoinitiator bisacylphosphane oxide (BAPO) as part of
macro-photoinitiator into random copolymers of p,1-lactide, and
e-caprolactone, resulting in viscous liquid polymers that were 3D
printed using customized DLP printer equipped with heating fa-
cility.

In this work, we demonstrate the development of solvent-
free resin formulations based on star and linear PLLA polymer
crosslinkers, which was utilized to generate 3D network struc-
ture using DLP 3D printer at room temperature. Two different
resin formulations were developed by diluting the linear and star
PLLA acrylate crosslinkers with 50% by weight of biodegradable
hydroxy ethyl methacrylate (HEMA) as a reactive diluent. A third
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resin formulation with a 50 wt% of PLLA oligomer (50:50 wt%
of mixture of linear and star PLLA acrylate crosslinkers) and
50 wt% of HEMA, had optimum viscosity for DLP 3D printing
and exhibited compatible tensile strength, Young’s modulus and
elongation for 3D printing tissue engineering scaffold. The pho-
tocuring kinetics of formulated resins with respect to photoinitia-
tor concentration was studied using photodifferential scanning
calorimetry (photo-DSC). The PLLA based formulation is antic-
ipated to add to the palette of photocurable materials for DLP
printing that do no exhibit shrinkage after printing and are also
biodegradable.

2. Results and Discussion

2.1. Synthesis and Characterization

Figure 1 summarizes the overall objectives of developing pho-
tocurable resin formulations using biodegradable PLLA-based
crosslinkers and the demonstration of 3D printing using the
same. Low molecular weight linear and star PLLA polymers were
synthesized by the ring opening polymerization of 1-Lactide with
stannous 2-ethylhexanoate as the catalyst and 1,6-hexane diol as
initiator for the linear and pentaerythritol as the initiator for the
star PLLA respectively as detailed in Scheme 1.

The details of synthesis and structural characterization of the
polymers are provided in Sections S1-S5 and Figures S1-S10
(Supporting Information). The degree of polymerization for the
linear and star PLLA was obtained from the proton NMR spectra
by integrating the peak area for the terminal methine protons ver-
sus chain methylene protons. Figure 2 compares the expanded
region in the proton NMR spectra of (a) linear and (b) star PLLA
before and after acrylation.

The entire range of the proton and *C NMR spectra of all
samples is provided in the supporting information file in Fig-
ures S3-S10 (Supporting Information). In Figure 2a, the two ter-
minal methine protons of linear PLLA labeled “e” appeared at
4.38 ppm, while the methine protons in the repeat unit labeled

© 2022 Wiley-VCH GmbH
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c” (on either side of the central hexamethylene chain), appeared
at 5.15 ppm. From the ratio of these two peak areas, the number
of repeat units on either side of the central hexamethylene spacer
could be assigned as 8 for the linear PLLA in accordance with the
theoretical calculation. In the case of the star PLLA, shown in
Figure 2b, the central methylene (CH,) protons of the initiator
(labeled “a”) was integrated for 8 protons for the four arms. The
methine proton of the terminal (total 4 for four arms, labeled “e”)
was also partially merged with the “a” protons. So, the total inte-
gration of the peaks in the range 4.19 to 4.38 ppm was taken as
12. The integration for the methine protons of the repeat units at
5.19 ppm was obtained as 16. Taking the ratio of this peak area
with respect to the e+a protons, the average number of repeat
units per arm was obtained as 4 which match with the theoreti-
cal monomer to initiator ratio. The linear and star PLLA was re-
acted with acryloyl chloride in presence of triethyl amine as base
to convert the terminal hydroxyl units into acryloyl functional-
ity. This reaction was optimized in THF as solvent to obtain rea-
sonable yields in the range of 80 to 85%.%* The introduction
of the acryloyl functionality was confirmed by the appearance of
the new peak corresponding to the acryloyl double bond in the
range of 5.8-6.63 in the proton NMR spectra (top spectra in Fig-
ure 2a,b). The formation of the acryloyl double bond could be
further confirmed with 1*C NMR and FT-IR spectroscopy as well.
Comparing the 1*C NMR spectra of linear (Figure S4, Supporting
Information) and star PLLA (Figure S8, Supporting Information)
polymers with their respective PLLA acrylate polymer (Figures S6
and S10, respectively, Supporting Information), it was observed
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that two new peaks appeared at 131 ppm and 127 ppm in lin-
ear PLLA acrylate, 135 and 127 ppm in star PLLA acrylate due to
the presence of carbon—carbon double bond. Similarly, the stack
plot of the FTIR spectra of linear and star PLLA before and af-
ter acrylation (Figure S11, Supporting Information), clearly indi-
cated the appearance of new peaks at 1629 cm™! in case of linear
and 1627 cm™! for star PLLA corresponding to C=C stretching
frequency respectively. The molecular weights of the polymers
were determined using size exclusion chromatography recorded
in THF using polystyrene standards. The SEC plot is provided in
supporting Figure S12 (Supporting Information) and the molec-
ular weight is tabulated in Table S1 (Supporting Information).
The GPC data revealed almost similar molecular weight for the
linear and star PLLA, and their acrylated derivatives. The polydis-
persity index for all four polymers was in the range of 1.17-1.37.
The number average molecular weight of linear and star PLLA
were 2.6 and 2.7 KDa respectively while that after their modifica-
tion with acrylate moieties were 2.3 and 2.6 KDa respectively.

2.2. Photocalorimetric Studies

Isothermal (at 30 °C) photo-DSC studies under nitrogen atmo-
sphere were undertaken to extract information regarding the en-
thalpy of double bond conversion.

Figure 3 compares the specific heat flow obtained for HEMA,
Linear PLLA acrylate and Star PLLA acrylate with 1 wit% of
PI. The theoretical heat of polymerization (AH,) of HEMA was

© 2022 Wiley-VCH GmbH

85U017 SUOWIWOD 8A1E81D 3(edidde aup Aq peusenob a1e Ssppie YO ‘88N JO Sa|n. 10} ARIqIT8UIUO /8|1 UO (SUONIPUOD-PUR-SLUBH 0D A8 | 1M AleIq1 U1 UO//SANY) SUORIPUOD pue swe | 84} 89S *[£202/70/6T] U0 Areiqi]auluo /8|1 ‘Alorioge ] eolwayd uoieN Aq 661002202 dIew/Z00T 0T/I0p/Loo" A8 |m:Afeiq1juljuo//Sdny Woly papeo|umod ‘Zz ‘220z ‘SE6ETZST



ADVANCED
SCIENCE NEWS

M

Chemistry ana Physics

www.advancedsciencenews.com

a)

Linear PLLA
Linear PLLA acrylate

o o h
*ﬁojﬁgm])",o’\/\/\;%g)go)‘,\efﬁg ¢

Linear PLLA acrylate

HoJ\n( \H‘)o’\/\/\/ ('n)\ ’U\(OH

linear PLLA

S Y

I T T
80 7.5 70 65 60 55 50 45 40 35

Chemical shift (ppm)

b)

- S
°><° 2eo !

Star PLLA acrylate

%SILLJUA,.JAJL/\,,

OX
ﬁ]*fﬁf’\r
Star PLLA O

Star PLLA
Star PLLA acrylate

C
a
L
T T T T T T T T T T T 1
80 7.5 70 65 60 55 50 45 40 35
Chemical shift (ppm)
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Figure 3. Specific heat flow obtained from photo-DSC measurements at
30 °C for HEMA, Linear PLLA acrylate and Star PLLA acrylate with 1 wt%
of PI.
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Table 1. Photocuring enthalpy () g~") of 1 wt% of TPO as photoinitiator.

Materials Curing enthalpy Theoretical heat of Cure (%)
g™ polymerization (AH,)
Vg
HEMA 391.47 421.16 92.9
Acrylate Linear PLLA 77.71 125.09 62.1
Acrylate Star PLLA 113.37 229.24 49.5

Table 2. Composition of the resin formulations used for 3D printing.

SI. No. Linear PLLA [wt%)] Star PLLA [wt%)] HEMA [wt%)] TPO [wt%)]
Resin A 49.5 - 49.5 1
Resin B - 49.5 49.5 1
Resin C 24.75 24.75 49.5 1

estimated as 421.16 ] g~! based on literature value for heat of poly-
merization of 13.1 Kcal mol~! per methacrylate double bond.[*!]
Similarly theoretical heat of polymerization was calculated for
the linear and star PLLA oligomers based on literature values of
20.6 Kcal mol™" per acrylate double bond. The calculated AH,
values were 125.09 ] g~! for the linear PLLA acrylate and 229.24 ]
g! for the star PLLA acrylate. Here due consideration was taken
to account for two acrylic double bonds for the linear PLLA acry-
late and 4 double bonds for the star PLLA acrylate. The details of
the calculation are provided in Supporting Information S6. From
the theoretical heat of polymerization for 100% double bond
conversion the extent of cure achieved for HEMA was estimated
to be 92.9% while the percentage cure for the linear and star
acrylate oligomers were 62.1% and 49.5% respectively at 1 wt%
of PI concentration.[*?] Table 1 lists the curing parameters deter-
mined for HEMA, Linear PLLA acrylate and star PLLA acrylate. A
shoulder peak was observed in the reaction rate curve for HEMA,
which has been attributed to fast reaction leading to microgel
formation in the bulk material as reported in the literature.l*}]
However, it did not impact the final conversion rate achieved for
HEMA. The lower cure rate observed for the acrylate compared
to the methacrylate double bond (HEMA) is due to the higher
viscosity of the oligomeric acrylates — linear as well as star PLLA.

Table 2 lists the composition of the three resin formulations
that were prepared by mixing 50 wt% HEMA with equal weight
percentage of linear PLLA acrylate (Resin A), star PLLA acrylate
(Resin B), and the third formulation Resin C with 50 wt% HEMA
and 50 wt% each of linear and star PLLA acrylate. Prior to 3D
printing, screening experiment was designed by varying the
amounts of the PI TPO used for the three resin formulations
A, B and C. A drop each of these formulations was placed
on a clear glass slide and irradiated for 60 s using a set of 6
commercial LEDs of wavelength 365 nm fitted into a circular
holder in a homemade setup. The detail of the homemade setup
is provided under the experimental section and the photo of the
setup is provided in the supporting information (Figure S13,
Supporting Information). At the end of the specified time of
irradiation, the glass slide was tilted to observe if the formulation
had solidified or exhibited liquid-like flow behavior. Figure S14
(Supporting Information) shows the image of glass slides for
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Table 3. Photocuring enthalpy [| g~'] of Resin A, Resin B, and Resin C with
different weight % of PI (TPO).

Resin formulations Curing enthalpy [J g7'] at different Pl wt%

0.5 1.0 1.5 2.0 2.5
Resin A -237 —-283 -279 =272 —256
Resin B —244 —284 —256 —250 —242
Resin C =251 -309 =277 =275 =273

three formulations. The weight % of the PI TPO was varied from
0.5 to 2.5 wt% for each of the 3 resin formulations. From these
screening experiments, it could be observed that formulations
with PI concentration >1 wt% exhibited incomplete curing with
the sample flowing at the end of the 60 s irradiation, while
those with 0.5 and 1 wt% PI formed solid films. At higher PI
concentration, the rate of recombination also increased resulting
in reduced conversion.[*!]

Isothermal photo-DSC analysis was carried out for the 3 resin
formulations, i.e., Resin A with 50-50 wt% of HEMA and lin-
ear PLLA acrylate, Resin B having 50-50 wt% of HEMA and star
PLLA acrylate and Resin C having 50 wt% HEMA and 25-25 wt%
linear and star PLLA acrylate each.

Figure S15 (Supporting Information) shows the Photo-DSC
plots for the 3 resins at various PI concentrations ranging from
0.5 to 2.5 wt% and the corresponding enthalpy values are listed
in Table 3. From the values of enthalpies listed in the table, it
could be observed that for all 3 resin formulations the heat of
photopolymerization increased initially from 0.5 to 1 wt%, after
which it continuously decreased with an increase in the concen-
tration of PI. This indicated that the highest cure conversion was
obtained at the optimum PI concentration of 1 wt%. This was
in corroboration with the screening studies carried out on the
glass slides. Insufficient amounts of PI can lead to incomplete
curing, while larger amounts of PI can lead to higher absorption
of the incident light. This would result in insufficient light for
the bulk of the sample leading to incomplete curing. Therefore,
an optimum concentration of PI is necessary for photocurable
formulations.[**] Thus, the resin formulations were optimized
with 1 wt% of TPO as PI for the 3D printing (the formulation
used for 3D printing is given in Table 2).

2.3. Viscosity Measurement

For DLP 3D printing, the viscosity of the photocurable resin is a
critical parameter to ensure easy flow as well as smooth, warpage-
free printed material at room temperature. Ideally, the viscosity
of photo resin used in room temperature DLP 3D printing should
not exceed 5 Pa s.146#7] Figure 4a compares the increase in viscos-
ity of resin formulation with increasing wt% addition of linear
or star acrylate PLLA in HEMA which were determined using an
isothermal parallel plate rotational rheometer.

From the figure, it could be seen that the linear polymer ex-
hibited slightly higher viscosity compared to the star polymer for
all the studied compositions in HEMA. Figure 4b shows the plot
of viscosity of resin formulations versus shear rate for the three
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Table 4. Viscosity of the three resins formulations.

Resin formulations Viscosity [Pa s]

Resin A 0.072
Resin B 0.051
Resin C 0.060

resin formulations (without added PI) from which the viscosity
was calculated. From Figure 4a,b, it could be observed that the for-
mulated resins exhibited viscosity in the range of 0.051 to 0.072
Pascal-second (Pa s) with resin A having the highest viscosity at
0.072 Pa s, Resin B lowest at 0.051 Pa s, and Resin C exhibiting
viscosity value in between that of Resin A and Resin B at 0.060 Pa
s (Table 4). The viscosity at 30°C remained constant with increas-
ing shear rate, indicating the Newtonian fluid-like behavior of the
materials. Although the viscosity values of the 3 resin formula-
tions were lower than those reported in the open literature, it was
adequate for 3D printing using a commercial DLP 3D printer at
room temperature.
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Table 5. Critical energy and penetration depth obtained from the working
curve for all three resin formulations.

Resin formulations  Critical energy (E.) [m) cm™2]  Penetration depth (Dp) [um]

Resin A 631 686
Resin B 251 685
Resin C 501 581

2.4. Resin Cure Characteristics

Figure S16 (Supporting Information) compares the cure depths
of the resins as a function of increasing energy density. From the
plot, it could be observed that the cure depth gradually increased
with increasing exposure time from 20 to 60 sec for all three resin
formulations (the photograph of the cured square objects with
different exposure times is shown in Figure S17, Supporting In-
formation). Extrapolation of the trend line on the x-axis provided
the critical exposure energy and the slope of the trend line pro-
vided the depth of penetration of light into the resin formulation.
Table 5 summarizes the critical energy and penetration depth of
the 3 resin formulations determined from the working curve and
Equation (1).

Higher penetration depth indicated that the resin allowed
more photons to enter deeper inside, which could result in
crosslinking of regions outside the required area leading to poor
resolution. From Table 5, it could be seen that the penetration
depth of both resin A and resin B were similar but the critical
energy of resin B was lower compared to resin A. This could
be attributed to the higher concentration of crosslinkable groups
in resin B—the star PLLA acrylate with four terminal acrylate
groups, which facilitated the formation of a larger polymer net-
work structure and easy solidification under low exposure of light
energy compared to Resin A (only two terminal acrylate curable
groups of linear PLLA acrylate). On the other hand, Resin C
which is a mixture of 50:50 wt% of resin A and resin B, showed
curing behavior which was in between that of resin A and resin B.
Based on this evaluation of the curing characteristics, the print-
ing parameter like the layer thickness of the 3D printed object
was fixed at 50 um. The exposure time required for each layer
was calculated from the cure-depth experiment. For instance, the
exposure time required for each layer for the DLP 3D printing us-
ing resin C was estimated by dividing the critical energy of resin
C —501 mJ cm~ by the DLP projector light intensity of 31.67 m]
cm™? to get the critical exposure time of 16 s. The critical exposure
time indicates the time required to start the curing of the resin us-
ing the DLP printer. Therefore, the exposure time was set higher
than the critical exposure time to ensure complete curing. The
printing was performed at room temperature, with layer thick-
ness of 50 um and exposure time 40 s for initial 5 layers to enable
proper adherence to the aluminum build platform followed by
25 s for the rest of the layers.

2.5. 3D Printing of Formulated Resins
The printing ability of the three formulated resins was evaluated

using a DLP 3D printer at room temperature. The designed struc-
tures could be successfully printed without any organic solvent.
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All three resins could successfully print films of 500 micrometers
thickness which were further used for the mechanical test mea-
surements. Resin C was taken up for further optimization for
complex structure 3D printing. Resin C was further mixed with
Sudan I dye to improve the resolution of the printed object. Ab-
sorbers like Sudan dyes have good spectral overlap with the light
source (LED lamp of 405 nm normally used in DLP 3D print-
ers), which helps to limit the penetration depth of the light from
the LED and thus control the cure depth of the resin.l*8#] In the
absence of the dye, the light from the source LED will penetrate
deeper causing unwanted polymerization inside voids, around
edges etc. resulting in loss of resolution of the 3D printed object.
Figure S18 (Supporting Information) compares the absorption
spectra of Sudan dye I and TPO photoinitiator recorded in chlo-
roform. Sudan dye has good absorption in the 405 nm thereby
ensuring its usefulness for improving resolution in DLP-based
3D printing.[5% Figure 5a shows the 3D printed structures, where
without dye incorporation the areas with triangular holes are also
filled and the object has a larger dimension because areas beyond
the edges also got polymerized. Figure 5 also shows 3D print of
the institute name tag (b) NCL: National Chemical Laboratory
and (c) some 3D printed objects demonstrating 3D printing abil-
ity of vertical designs with intricate holes and patterns using the
resin.

Visual evaluation of the print quality like sharp edges and the
designed holes demonstrated very good build geometry and res-
olution of the printed object using the newly developed PLLA
resin formulation. The resin could also be customized to print
using a Direct Ink Writing custom-designed 3D printer fitted
with a UV light source. The consistency of the resin required
for the extrusion-based 3D printer is much more viscous com-
pared to the DLP-based printing technique. The viscosity could
be adjusted by reducing the wt% of HEMA as the diluent. Thus,
80 wt% of a 50:50 mixture of the linear and star PLLA was mixed
with only 20 wt% of HEMA and used as the resin for the custom-
built Direct Ink 3D printer. The details of the printing parameters
are provided under the experimental section. The image of the
printed object is given in Figure S19 (Supporting Information).
A video of the printing process is provided in the Supporting In-
formation. The resolution of the printed object was not as good
as that obtained from the DLP printer; nevertheless, the process
demonstrated the versatility of the photocurable resin formula-
tion.

2.6. Mechanical and Thermal Properties of 3D Printed Parts

The mechanical properties of thin dog bone-shaped samples
which were prepared from the 3D printed film of three different
resin formulations were measured at room temperature. The re-
sults obtained for uniaxial tensile testing using the three resin for-
mulations is plotted in Figure 6. Table 6 lists the tensile strength,
Young’s modulus, and elongation at break for the samples.

3D printed film using Resin A exhibited the lowest tensile
strength (3.7 MPa) and highest elongation (220%) compared to
the other two formulations. Resin B printed part exhibited tensile
strength at 4.8 MPa and elongation up to 156%. 3D printed film
using Resin C exhibited the highest tensile strength (6.6 MPa)
as well as highest Young’s modulus (60 Mpa) along with good

© 2022 Wiley-VCH GmbH
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Figure 5. Image of 3D printed objects made using Resin C incorporating Sudan | dye.
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Figure 6. Tensile—strain curves of 3D printed part of resin A, resin B, and
Resin C formulations.

elongation (178%). Compared to resin A printed part, the printed
part of resin B reflected higher tensile strength and Young’s
modulus due to the formation of higher polymer network
structure as the latter possessed higher density of crosslinking
group. The reason for the highest tensile strength and Young’s
modulus for 3D printed parts from resin C could be a synergistic
effect of physical interlocking along with chemical crosslinking
upon mixing resin A and resin B.[*12] Generally, PLA is a brittle

material with less than 10% elongation at break;1**! the design
of PLLA as star and linear acrylate crosslinkers endowed the 3D
printed object with stretchable characteristics.

Thermogravimetric analysis was carried out to study the ther-
mal stability of the 3D printed parts (Figure S20a, Supporting In-
formation). The 3D printed parts exhibited good thermal stabil-
ity with 10% weight loss observed above 250 °C for all samples.
Glass Transition Temperature (T,) of the 3D printed parts were
observed in the range of 20-26 °C which indicated the soft nature
of the polymers (Figure S20b, Supporting Information). The val-
ues of 10% weight loss and T, of the 3D printed parts are tabu-
lated in Table 5.

2.7. In Vitro Degradation Studies

The degradation profile of 3D printed parts was evaluated by car-
rying out degradation studies of 3D printed films cut into square
specimens and immersed in PBS solution (comparable to bio-
logical conditions) maintained at a pH of 7 at 25°C and moni-
tored over a period of 90 d. An initial fast weight loss was fol-
lowed by the slowdown of the degradation with an almost steady
state beyond 30 d. The 3D printed film from Resin B exhibited
a slightly lower extent of weight loss at around 22% compared
to around 30% weight loss exhibited by 3D printed films from
resin A and resin C. This could be attributed to the higher extent
of crosslinking present in the star polymer-based formulation (4
acrylic units) (B), which slows down the degradation. Attempts to
extract the products of degradation from the buffer solution for

Table 6. Tensile strength, Young’s modulus, elongation, glass transition, and 10 weight % degradation temperature of 3D printed parts along with their

weight loss over a period of 90 d in phosphate buffer solution (PBS).

Printed film Tensile strength Young’s Elongation T, [°C] Tq10% [°C Weight Loss % (from in
[Mpa] Modulus [Mpa] (%) vitro degradation studies)

Resin A 3.7+0.92 13.10+2.10 220 +9.87 24 256 32

Resin B 4.8+0.23 23.63+2.06 156:+6.28 26 260 22

Resin C 6.6+0.42 60.29+9.74 178+7.32 20 264 33
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Figure 7. Weight loss of the three different 3D printed parts over a period
of 90 d in PBS solution.
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characterization using FTIR or proton NMR studies were not very
fruitful as the concentration of degraded products was below the
detection limit for these techniques. However, there is ample evi-
dence in the literature suggesting the formation of 1-lactic acid as
the product of degradation of PLLA, which was measured by an
enzymatic method using an r-lactic acid assay kit.>* As degrada-
tion sets in, the pH of the solution changes from neutral to acidic
due to the presence of degraded by-products of PLLA. The PBS
solutions were replaced periodically to maintain the pH through-
out the course of the study. The weight loss percentage observed
for the 3D printed objects in the PBS solution is shown in Figure
7 and the values are listed in Table 6.

www.mcp-journal.de

Scanning electron microscopy (SEM) images were recorded
for the 3D printed samples before degradation and after 28 d of
degradation, which is shown in Figure 8. The images on the top
(Figure 8a—c) were for the fresh 3D printed samples of resin A,
resin B, and resin C before they were subjected to degradation in
the PBS solution. The images on the bottom panel (Figure 8d—
f) which were recorded after 28 d of degradation, demonstrate
the presence of microcracks and surface roughness due to the
onset of degradation. The ester linkage present on the backbone
of the PLLA resin formulation undergoes hydrolytic degradation
leading to the formation of the microcracks that are observed in
the SEM images.[>>*¢! SEM was performed to reveal the quali-
tative information of connectivity across adjacent layers of the
3D printed parts. SEM images of the gold-coated cross-section
of 3D printed materials are shown in Figure S21 (Supporting In-
formation). From these cross-section images of 3D printed parts,
no clear boundary could be observed at 50 micrometer thickness
(each layer thickness during printing) length scales, which indi-
cated the chemical interconnection across the different layers of
the 3D printed objects.

3. Conclusions

In summary, we report the synthesis and formulation of a
solvent-free photocrosslinkable PLLA-based resin and its applica-
tion in room temperature 3D printing using a commercial DLP
3D printer as well as direct ink writing 3D printer. Oligomeric
linear and star PLLA acrylate crosslinkers were synthesized and
characterized and photocurable resin formulations were pre-
pared by mixing with HEMA as the diluent and 1 wt% TPO
as the photoinitiator. The 3D printed parts exhibited promis-
ing mechanical properties with biodegradability in phosphate
buffer solution highlighting the potential of the new PLLA-based

Figure 8. SEM images of the surface of 3D printed film a—c) before degradation of resins A, B, and C, respectively, and after 28 d degradation of resins

A, B, and C respectively.
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biodegradable photocurable formulation for 3D printing proto-
types as well as for medical application, bone tissue engineering,
etc.

4. Experimental Section

Materials:  (3S, 6S)-3, 6-dimethyl-1, 4-dioxane-2, 5-dione, 1, 6-
hexanediol, pentaerythritol, stannous 2-ethylhexanoate (Sn(Oct),), Hy-
droxyethylmethacrylate were purchased from Sigma-Aldrich (India) and
used as such without further purification. Acrylic acid was pur-
chased from Sigma Aldrich and purified by distillation. Phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide was purchased from TCI chemical (In-
dia) Pvt. Ltd and used as such. Thionyl chloride (SOCI,), Tetrahydrofu-
ran (THF), Chloroform (CHCI;), Methanol (MeOH), Dichloromethane
(DCM) and Sodium sulphate (Na,SO,) were purchased locally. For gel
permeation chromatography HPLC grade THF was purchased from Merck
Chemicals (India).

Measurements:  Proton NMR spectra were recorded using 400 MHz
Brucker-AVENS NMR spectrophotometer using CDCl; as solvent with
small amounts of Trimethylsilane (TMS) added as an internal standard.
BRUKER alpha-E Fourier transform (FTIR) spectrometer was used to
record the FTIR spectra. The molecular weights of polymers were deter-
mined using gel permeation chromatography (GPC) equipped with Vis-
cotek VE 3580 RI detector. The GPC was calibrated with polystyrene stan-
dard and THF solvent as eluent at 1 mL min~" flow rate. The thermal prop-
erties of all polymers were analyzed using thermal gravimetric analysis
(TGA), TA discover 550 second-generation TGA instrument, under nitro-
gen atmosphere by heating from 50 to 900 °C at the heating rate of 10 °C
min~'. The glass transition temperature (T,) was determined using TA
Discover 250 second-generation differential scanning calorimeter under
nitrogen atmosphere by heating from —30 to 180 °C at the heating rate of
10 °C min~". The DSC was calibrated with indium standards before mea-
surement. 2-3 mg of sample was taken in an aluminum pan, sealed, and
measured at the same heating rate.

Resin Formulation: Photocurable resin formulations were prepared by
mixing 50 wt% of PLLA acrylate crosslinker (linear or star; resin Aand resin
B, respectively) in HEMA as a reactive diluent with 1% by weight of TPO
as a photoinitiator in a 30 mL vial. The third formulation—resin C was pre-
pared by mixing a 50:50 wt% mixture of the linear and star PLLA acrylate
crosslinkers with 50 wt% of HEMA along with 1 wt% of TPO. The vial was
sonicated for 1 h at room temperature while covered with an aluminum
foil and stored in the fridge until the time of 3D printing. Just before use for
DLP 3D printing, the resin was shaken in a vortex mixer for 5 min at room
temperature. To print in custom-built 3D printer one more resin formula-
tion was prepared by mixing of 80 wt% of 50:50 mixture of linear and star
acrylate PLLA, 19 wt% of HEMA and 1 wt% of TPO. The materials were
taken in a round bottom flask and sonicated for 1 h at room temperature
after covering the flask with aluminum foil to protect from light.

Spot Curing:  For the spot curing experiment, a homemade setup hav-
ing six commercial LED lights positioned in a circular fashion was made
use of. The wavelength of light was 365 nm and the intensity of the light
was measured to be 35 mW cm~2, with the help of UNO Gentec laser
power meter (from a distance that was approximately equal to the space
between the projector and the lower part of the vat in the 3D printer). Five
samples each of resin A, resin B, or resin C (without the Pl) were taken
in 5 ml vials to which different weight percentages of TPO (from 0.5 to
2.5 wt%) were added. The resin mixtures were sonicated for a period of
30 min. After that one drop of resin was taken on a glass slide and kept
under the homemade light setup at a specific distance and irradiated for
60 s. After 60 s the glass slide was tilted to visually inspect if the drop had
solidified into a film or still exhibited liquid nature by flowing.

Photodifferential Scanning Calorimetry: The photo-DSC studies were
carried out in a TA Discover 250 second-generation differential scanning
calorimeter equipped with a photo calorimetric unit (Onmi cure series
2000). A 200 W high pressure mercury lamp which transmits the light of
wavelength 320-500 nm, provides the irradiation to the sample chamber
via dual-quartz light guide with neutral density.’”] The sample preparation
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was similar to that described for the spot cure studies. 5.5 mg of samples
were weighed out exactly into the sample pan and measurement was car-
ried out under constant nitrogen flow rate of 60 mL min~". For the photo
DSC experiment, the sample was initially held in isothermal condition for 2
min under nitrogen atmosphere and equilibrated at 30 °C, following which
the electronic UV light shutter was opened and sample was exposed to UV
light for 2 min of irradiation. The shutter was closed automatically at the
end of irradiation time and the baseline was recovered. The peaks were
integrated to get the curing enthalpy from a plot of normalized heat flow
as a function of irradiation time.

Viscosity Measurement: Rotational parallel plate measurements of for-
mulations without added photoinitiator were performed on a Brookfield
DV-ll+ pro viscometer using Spindle CPE-42 and CPE-52 to analyze vis-
cosity of the resins. The gap between the upper and lower plate was 1 mm;
the amount of sample was 0.5 and 1 mL for the CPE-52 and CPE-42 spin-
dle respectively. The temperature was constant at 30 °C throughout the
experiment and the rotation was 0.3 to 12 rpm. The evaluation of viscosity
as a function of shear rate was determined using the Anton Paar Physica
Modular Compact Rheometer (MCR) 301. The test was performed in cup
and bob with the diameter of 18.08 mm and 16.66 mm respectively. The
shear rate was performed from 1to 1000 s~'.

Cure Depth: In light-based 3D printing, the cure depth is a critical pa-
rameter that provides a rough estimate of the curing time required to print
each layer.

This parameter can be obtained using the Jacob’s equation based on
the Beer-Lambert law shown in Equation (1)[%85°]

E
Cd = DP II"IE—c (1)

Here, Cy is the thickness of the printed part, D, is the penetration depth
or the depth to which the light can cure inside the liquid resin, E_ is the
critical exposure energy required for starting the curing process of the resin
at room temperature, E is the energy of the incident light at the surface.
Photocuring properties of the formulated resin like penetration depth and
critical energy dose were determined using a Solus DLP 3D printer. The
resin was irradiated in a square-shaped area on the vat of the 3D printer
with different exposure times ranging from 20 to 60 s. The thickness of
the crosslinked part was measured using a micrometer caliper. The value
of the E. and D,, was evaluated from the slope of the working curve and
x-axis intercept, respectively.

3D Printing: The prepared solvent-free resin formulations were
printed using the commercial Solus DLP 3D printer at room temperature.
The DLP 3D printer was connected with a projector having light source
of H1186HD projector. The intensity of the projector light was 31.67 mW
cm~2 measured using UNO Gentec laser power meter. The printing was
performed at room temperature, with layer thickness of 50 um and ex-
posure time 40 s for initial 5 layers to enable proper adherence to the
aluminum build platform followed by 25 s for the rest of the layers. Af-
ter 3D printing, the printed objects were washed with isopropyl alcohol
three times.

Custom Built 3D Printer: A direct ink writing 3D printer was custom
built (Manufacturer: Utpal3dsystems, U3DS, Guijarat, India) to addition-
ally have a UV light source attached to it so as to cure the resin as it was
deposited on the substrate bed. The viscous resin was taken in a 25 cm di-
ameter syringe connected with an 18 gauge diameter needle and fitted to
the 3D printer. For the extrusion of the resin from the syringe through the
needle, controlled pneumatic pressure (almost 50 psi) was applied and
the printing speed was 8 mm s~'. The resin formulation was taken in the
syringe and each layer thickness was set at 200 um and filling density was
100%. The printer was connected with a 365 nm UV light source which
cured the photo curable resin. The intensity of the light was 35 mW cm™2.
After supplying the CAD file information to the printer though the software,
the printer recognized the bed leveling automatically and printed the file.
To print an object from this printer, the parameters like layer thickness,
printing speed, and pressure of the air could be controlled. After printing,
the object was kept in a UV chamber for 1 h to ensure complete curing of
the printed part.
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Mechanical Test: The tensile test measurements of the 3D printed
parts were obtained using a Universal Testing Machine (Instron, Series
5943) with a 500 N capacity load cell at room temperature. Tensile tests
were performed on dog bone-shaped objects which were cut from 3D
printed films. The size of the testing sample was approximately 30 x 10
x 0.5 mm? and the gauge length was 5 mm with the stretching rate of
5 mm min~'. 5 samples were tested for each resin formulation. The ten-
sile strength, Young’s modulus, and elongation at break were determined.

In Vitro Degradation Study: 3D printed square specimens of each resin
formulation were immersed in 150 ml of neutral PBS solution (pH 7) at 25
°C. The buffer solution (Sérensen solution) was prepared by mixing two
different concentrations of salt solution. The first solution was prepared
by dissolving 1/15 mol (9.078 g) of potassium dihydrogen phosphate
(KH,PO,) in 1 L of de-ionized water. The second solution was prepared
by dissolving 1/15 mol (11.876 g) of disodium phosphate (Na,HPOy,) in
1L of de-ionized water. The PBS solution was prepared by mixing 18.2 v/v
% of first solution and 81.8 v/v % of the second solution.[®] The printed
samples were weighed to obtain the initial weight and then kept inside a
2k dialysis tube inside the PBS solution with constant stirring at 25 °C.
The first weight loss reading was taken by removing the samples from the
tube, wiping it gently with soft tissue paper and drying under a vacuum at
50 °C for overnight. The PBS solutions were replaced every week keeping
the pH level same as before.

Scanning Electron Microscopy Imaging: A cross-section of the 3D
printed part was examined using FE-SEM with an FEI Nova Nano SEM 450.
The surface of the 3D printed films before and after degradation were ex-
amined with the same instrumentation. To examine the cross-section the
samples were prepared by cutting the 3D printed film with a sharp blade
and the cross-section part was mounted on the measurement stub verti-
cally with the black carbon tape. Similarly, all three samples were mounted
on a single stub. To examine the surface of 3D printed film before degra-
dation, a small part of the fresh 3D printed film was cut and washed with
deionized water and dried in vacuum oven. After 28 d of degradation, the
film was removed from the dialysis tube and a small part was cut, washed
and dried in vacuum oven. After that, the samples were mounted on the
stub with carbon tape. All the samples were coated with gold prior to the
SEM analysis.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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ARTICLE INFO ABSTRACT

Keywords: A polymeric ene-based thiol-ene network is reported that was demonstrated for light-based 3D printing. Allyl

Poly (acrylate ethyl lactate) poly (acrylate ethyl lactate) (PAEL) was synthesized starting from ethyl lactate in an efficient and scalable

?ﬁ&fdaﬂm manner. Ethyl lactate is a biobased material obtained naturally or chemically in high yields in the form of ethyl
10l-ene

ester of lactic acid. Isosorbide, which is also a bio based resource was converted into thiol derivative and was
used along with Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) as multifunctional thiol. The polymeric
nature of the ene (i.e. PAEL) imparted exceptionally high mechanical properties like Young’s modulus of 1.75
GPa as well as high thermal stability with a decomposition temperature (Tq,10%) exceeding 350 °C for all the
networks studied. The properties could also be customized by fine tuning the type and stoichiometric ratio of the
thiol crosslinked employed. For instance, the Young’s modulus range from 1.75 GPa to 1.03 GPa and glass
transition temperature range from 44 °C to 54 °C could be achieved. DLP 3D printing was used to demonstrate
the printability of the resins with high resolution and structural fidelity. The study also highlights the base-
mediated rapid hydrolytic degradation efficiency of the 3D printed parts, demonstrating the applicability of

3D printing
Digital light processing

these novel polymeric ene based thiol-ene for sustainable and eco-friendly 3D printable formulations.

1. Introduction

The process of creating objects through additive manufacturing,
often known as 3D printing, has opened up new possibilities for crea-
tivity and customization across various fields of applications. [1-6]
Among the various 3D printing methods, light-induced polymerization
technologies like stereo lithography (SLA) and digital light processing
(DLP), offer superior precision of prototype features, mechanical
robustness, and layer cohesion when compared to other approaches such
as filament deposition modeling (FDM). [7-11] Photo curable polymers
are now being used in the creation of 50 % of industrial prototypes. The
primary materials for 3D printing through photo polymerization pre-
dominantly center around acrylate or methacrylate-based formulations,
with the choice depending on factors like the quality of chain growth in
acrylate polymerization, curing speed, mechanical properties, and cost-
effectiveness.[12-14] According to a recent study, commercial acrylate
molecules pose toxicity risks due to their existence as residual monomers
after polymerization and additionally, they exhibit low degradability
after polymerization.[15-17] In an effort to address the significant
limitations that are associated with conventional acrylic monomers,

researchers have explored the use of thiol-ene-based chemistries.[18,19]
Photo-induced thiol-ene reactions combine the attributes of both photo
polymerization and click reactions, including precise control, selec-
tivity, resistance to oxygen and water, and high yields without the for-
mation of by-products.[20-23] Unlike chain-growth acrylate
polymerizations, thiol-ene reactions proceed via a step-growth mecha-
nism, offering benefits such as delayed gelation, improved monomer
conversion, and reduced shrinkage stress.[24,25] Acrylate-based or
thiol-ene-based thermosets are valued for their thermal and chemical
resistance but face environmental concerns due to fossil feedstock usage
and increased waste generation. Biomass-derived materials like poly
(lactic acid), sucrose, vegetable oil, and eugenol are being incorporated
into thermosetting resins to address these issues.[18,25-27] Conven-
tional polymer resin-based 3D printing techniques create thermosetting
materials that are non-biodegradable and add to the plastic pollution.
Therefore, there is an increasing need for 3D printing resins based on
renewable and biodegradable ingredients to address this issue. Thiol-ene
polymerization producing novel biomaterials possessing unique cross-
linking architecture, improved mechanical properties, eco-friendly re-
action characteristics, rapid and site-specific polymerization, and the
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potential of improved degradability are highly sought-after. [28-31]
Due to its benefits, thiol-ene photo polymerization is progressively
emerging as a viable option for creating resins for additive
manufacturing. The recent expansion of literature has shown interest in
thiol ene click chemistry in liquid-based 3D printing introducing
different thiol and/or ene moieties in polymeric or small molecule
fashion. [32-34] Andreas Oesterreicher et al and Yimei Wu et al. suc-
cessfully synthesized thiol-yne small molecules for photo resin formu-
lations to demonstrate biocompatible monomers for UV-based additive
manufacturing (DLP 3D printing). They also demonstrated its reduced
cytotoxicity and hydrolytic degradability, thereby addressing plastic
pollution. [35,36] Sycks et al. demonstrated the 3D printing of spiro ene
molecules with a custom DLP 3D printer, showcasing the tenable me-
chanical properties through controlled heat treatment and Spiro chem-
istry. [37] Merckle et al. introduced eco-friendly 3D printing resins,
comprising 20-40 % bio derived monomers from linalool offering high
spatial resolution, customizable properties, and also exhibit 4D shape
memory effects.[38] Eric Constant et al. reported photopolymers derived
from natural terpenes, limonene, and p-myrcene that were used for the
thiol-ene photo cross-linking via solvent-free DLP 3D printing which
exhibited good mechanical properties and cell viability with shape
memory effect making them promising for 3D printable photopolymers
and structurally robust materials.[32] Recently, Porwal et al. extracted
Levoglucosan, a bio-based compound, from cellulose biomass through a
pyrolysis process. Levoglucosan was subsequently employed to synthe-
size an ene-containing molecule, which was used to create a thiol-ene
network polymer for application in 3D printing technology. The 3D-
printed objects exhibited favorable degradability properties in THE/
NaOH solution making it a well-suited rapid prototyping application
mitigating the waste generation from acrylate-based printing. [39]
Despite the proliferation of 3D printing resins and processes described in
the literature, it is important to note that the mechanical properties of
the resulting materials often do not meet the desired standards. The
current work outlines the scalable synthesis of ethyl lactate-based
polymeric ene and its thiol-ene photochemistry with isosorbide-based
thiol and Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP)
based multifunctional thiol for DLP 3D printing application. Thiol-ene
photo kinetics was analyzed using photo DSC studies, and the me-
chanical and thermal properties of the 3D-printed materials were also
evaluated. The hydrolytic degradability of the 3D printed parts was
showcased in 1 M NaOH solution. Overall, this research presents a
promising avenue for the development of new biobased materials that
can address the issue of nondegradable acrylate-based 3D print waste.
The fast degradability of PAEL-based polymeric thiol-ene 3D print ma-
terials has the potential to significantly impact rapid prototyping for
mass production applications.

2. Materials and methods
2.1. General information

Ethyl lactate, allyl bromide, isosorbide, 3-mercapto propionic acid,
and 2-hydroxy ethyl acrylate (HEA) were purchased from Sigma Aldrich
(India) and used without further purification. Acryloyl chloride, triethyl
amine, azobisisobutyronitrile, lithium hydroxide, potassium carbonate,
and p-toluene sulphonic acid were purchased from local dealers and
used directly without further purification. Phenylbis(2,4,6-trimethyl
benzoyl) phosphine oxide (TPO), Triallyl-1,3,5-triazine-2,4,6
(1H,3H,5H)-trione (TTD), Pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP), and 2,5-Bis(5-tert-butyl-benzoxazol-2-
yDthiophene (BBOT) dye was purchased from TCI Chemical Pvt. Ltd and
used as such. Tetrahydrofuran (THF), chloroform, methanol, isopropyl
alcohol, dichloromethane, hexane, and sodium sulfate (anhydrous) were
purchased locally. For gel permeation chromatography HPLC-grade THF
was purchased from Merck Chemicals (India). 1 and 3C NMR spectra
were recorded using Bruker-AVENS 400 and 200 MHz spectrometers
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and chemical shifts were reported in ppm using CDClj3 as a solvent with
small amounts of Trimethylsilane (TMS) added as an internal standard.
The molecular weight of small molecules was recorded on the HRMS
(ESI) Thermo Scientific Q-Exactive, Accela 1250 pump. The Fourier
transform (FT-IR) spectra were acquired using a BRUKER alpha-E
spectrometer. The molecular weights of polymers were determined
using size permeation chromatography (SEC) equipped with a Viscotek
VE 3580 RI detector. The SEC was calibrated with polystyrene standard
and THF (HPLC grade) solvent was used as eluent at a 1 ml/min flow
rate. The viscosity of the formulated resins as a function of shear rate
was determined using the Anton Paar Physica Modular Compact
Rheometer (MCR) 301. The shear rate was performed from 1 to 1000 per
second at 30 °C. The thermal stability of all 3D printed parts was
analyzed using Thermal Gravimetric Analysis (TGA), TA discover, 550-
second generation TGA instrument, at a temperature range of 50 °C to
900 °C under nitrogen atmosphere (25 ml/min), and the heating rate
was 10 °C/min. The glass transition temperature (Tg) was determined
using TA Discover 250, second generation differential scanning calo-
rimeter under nitrogen atmosphere (50 ml/min) at a heating rate of 10
°C/min. The DSC was calibrated with indium standards before mea-
surement. A photo-DSC experiment was performed using the same DSC
instrument equipped with an optical UV light source Omni Cure series
2000.

2.2. Thiol-ene resin formulation for 3D printing

The thiol-ene resin formulations for 3D printing was prepared by
mixing different weight percentages of allyl PAEL polymer with pen-
taerythritol tetrakis(3-mercapto propionate) (PETMP), Triallyl-1,3,5-
triazine-2,4,6(1H,3H,5H)-trione (TTT), and isosorbide bis(3-mercapto)
propionate to target a stoichiometric mixture of 1:1 thiol to alkene
functionalities. The TPO photoinitiator weight percentage was exam-
ined from the photo DSC kinetic experiment. No organic solvent was
added to the 3D printing resin formulation. Allyl PAEL polymer was
mixed with TTT and poured into PETMP in cold conditions to avoid
premature curing of thiol-ene. The resin was mixed well with a spatula.
TPO was separately dissolved in TTT and mixed with the resin just
before 3D printing. Considering that the photoinitiator is sensitive to
visible light, the glass vial was completely wrapped with a layer of
aluminum foil to prevent any pre-polymerization. All resin formulations
were prepared following a similar procedure.

2.3. Photo-differential scanning calorimetry (Photo-DSC)

The Photo-DSC experiments were conducted using a TA Discover
250 s-generation differential scanning calorimeter equipped with a
photo calorimetric unit known as the Omni Cure series 2000. The irra-
diation to the sample chamber was provided by a 200 W high-pressure
mercury lamp emitting light in the 320-500 nm wavelength range via
dual-quartz light guide with neutral density. For the measurement, a
precise amount of 5 mg of the prepared resin formulation was carefully
weighed and placed into the sample pan, which was then inserted into
the DSC cell. The measurements were performed under a consistent flow
of nitrogen gas at a rate of 50 ml/min. Before subjecting the sample pan
to UV light irradiation, the sample was initially held under isothermal
conditions for 2 min in a nitrogen atmosphere, with equilibration at 30
°C. Subsequently, the electronic UV light shutter was opened, allowing
the sample to be exposed to UV light for a duration of 5 min. At the end
of the irradiation period, the shutter automatically closed. The peaks in
the resulting data were integrated to determine the curing enthalpy.

2.4. Viscosity measurement
The viscosity of the resin formulations was determined through

Rotational Parallel Plate measurements. The experiment was conducted
using the Anton Paar Physica Modular Compact Rheometer (MCR) 301
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having a cup and bob. The resin formulation, devoid of any photo-
initiator, was carefully poured into the cup up to a specified mark level.
Subsequently, during the experiment the bob was inserted into the resin,
and shear was applied by rotating it. The shear rate was systematically
increased, ranging from 1 to 1000 per second, to measure the viscosity,
which was expressed in units of Pascal-seconds (Pa-s). Throughout the
experiment, the temperature of the resin was maintained at a constant
30 °C. The rheology of the resin formulation was measured with the
same set of instrumentation. The angular frequency was constant at 1
rad/s and strain was varied from 0.1 to 100.

2.5. 3D printing of thiol-ene resin formulations

Organic solvent-free resin formulations were utilized for DLP (Digital
Light Processing) 3D printing using an anycubic photon ultra resin 3D
printer. This DLP 3D printer is equipped with a 405 nm LED light source
and features a resin bed with dimensions measuring 102.4 x 57.6 x 165
mm. The printing operation was carried out at room temperature. The
intensity of the LED light source was precisely measured at 10 mW cm?
using a UNO Genetic laser power meter. To initiate the printing process,
the resin was carefully poured into the resin bed, filling it up to a
designated level. Subsequently, the printing parameters were config-
ured. Each printed layer had a thickness of 100 um, and for the first 5
layers, the exposure time was set at 12 s. Afterwards, each subsequent
layer had an exposure time of 5 s. Upon completion of the printing
process, the printed part underwent a post-processing treatment. This
involved washing the printed object with isopropyl alcohol in a resin
washer for a duration of 3 min. Following the washing step, the printed
part was placed in a UV chamber for post-curing, which lasted for 15
min.

2.6. Mechanical test of 3D printed part

The tensile strength analysis of the 3D printed component was con-
ducted using a Universal Testing Machine, specifically the Instron series
33R4204 model, equipped with a 1 KN capacity load cell. This evalua-
tion was carried out at room temperature. For the tensile test, ASTM
D638 type V specimens were 3D printed, and an average of five samples
were tested to ensure accuracy and consistency in the results. Each
sample had a gauge length of 10 mm, and the experiment was conducted
at room temperature, employing a stretching rate of 5 mm per minute.
Mechanical properties, including tensile strength, Young’s modulus,
elongation, and toughness, were determined at the point of sample
breakage.

2.7. Hydrolytic degradation of 3D printed parts

3D-printed dog-bone-shaped specimens were employed as test sam-
ples for hydrolytic degradation studies. The procedure began by
recording the initial mass of these specimens before placing them in 20
ml glass vials. Each specimen was then immersed in a 10 ml solution of
0.1 M NaOH to initiate the degradation test, with gentle shaking at 35
°C. Periodic evaluations involved removing the specimens, blotting
them dry with tissue paper, and drying them in a vacuum oven at
40-50 °C until constant weight, to record mass loss due to hydrolysis.
Subsequently, the dried specimens were re-immersed in the original
degradation solution to continue the hydrolysis process. This compre-
hensive experimental protocol allowed for the continuous monitoring
and assessment of the hydrolytic degradation effects on the 3D printed
specimens over time. Similarly, a hydrolytic degradation experiment
was performed in 0.1 M HCL solution.
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3. Results and discussions
3.1. Synthesis of PAEL and hydrolysis of PAEL, allyl PAEL and ISMP

Acrylate ethyl lactate (AEL) was synthesized according to the liter-
ature report as shown in scheme 1a using THF as solvent [40].

This reaction could be done on a large scale (30 g) and the resultant
AEL monomer could be obtained in high yields (90-95 %). Briefly, the
ethyl lactate was reacted with acryloyl chloride to produce acrylate
ethyl lactate at room temperature within 12 h which was purified by
simply washing with brine solution several times with no requirement
for chromatographic purification. The chemical structure of the syn-
thesized AEL monomer was confirmed by 'H NMR spectroscopy
(Fig. S1) with the appearance of new peaks from 5.85 to 6.51 ppm
corresponding to an acrylate carbon double bond which was also
confirmed by the appearance of two peaks in the 3C NMR spectrum at
126 ppm and 130 ppm. HRMS mass data also confirmed the formation of
the product (Fig. S2). Studies in the literature have explored the poly-
merization of the AEL monomer, systematically investigating initiator
and solvent selection [40]. In our report, we present a simplified method
for synthesizing PAEL polymer. A free radical polymerization approach
was employed, utilizing AIBN as the initiator and dry THF as the chosen
solvent. A constant monomer-to-initiator ratio was maintained targeting
25 repeat units, and the solvent quantity was maintained at 1.5 times the
volume of the monomer. The polymerization reaction was conducted at
a temperature of 60 °C for a duration of 12 h. The structural charac-
terization of the polymer was performed using 'H NMR spectroscopy
(Fig. S3) and the molecular weight was determined by size exclusion
chromatography (SEC). The disappearance of the acrylate peaks of AEL
monomer and the formation of two new broad peaks in the 1.82 ppm to
2.59 ppm region corresponding to the methylene protons (-CHCHj3)
(labeled as ’a’) and methine protons (-CHCH) (labeled as °b’) of PAEL
polymer repeat units provided structural confirmation for the formation
of the polymer. The 3C NMR spectrum (Fig $3) also confirmed the
complete conversion by the disappearance of the acrylate carbon double
bond at 126 ppm and 130 ppm. The degree of polymerization (X,) was
determined from the 'H NMR spectra. The integration value of the ter-
minal methyl group of AIBN was utilized to determine the degree of
polymerization. The peak at 5.01 ppm corresponds to methine proton
(-C(OO)CHCH3) (labeled as ’c’) of the PAEL polymer repeat unit and the
peak at 0.86 ppm corresponds to the terminal AIBN methyl group
(labeled as ’g’). The calculated integration values of these two peaks
revealed a total number of 23 repeat units, which was close to the tar-
geted number of 25 repeat units. The SEC plots of the polymers per-
formed using THF as eluent are given in Fig. 1b, which exhibited a
monomodal distribution with a polydispersity index (PDI) value of 3.1.

The terminal ethyl ester group of the PAEL polymer was hydrolyzed
with LiOH by base hydrolysis to form a carboxylic functional group in

o ° AIBN
a) o~ OH o. dry THE 23
(9 A ~ —ry—>o NC
Et;N, THF 60°C,12h <]
12h, rt )\PO

b)

o>o  THFH0 0o 0o —_— 0“0 0770
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—_—
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Scheme 1. Synthesis of PAEL, partially hydrolyzed PAEL, allyl PAEL,
and ISMP.
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Fig. 1. (a) Hydrolysis kinetics study of PAEL polymer in 0.5 eq. of LiOH followed by 'H NMR spectra recorded in DMSOds (b) SEC plot of PAEL and Allyl PAEL in
THF as eluent and Polystyrene (PS) as standard (c) DSC thermogram of PAEL, hydrolyzed, and allyl PAEL polymers (d) Table of the molecular weight of the polymer

PAEL and allyl PAEL calculated from 'H NMR and SEC.

the repeat unit which was further reacted with allyl bromide to intro-
duce the allyl group, as detailed in Scheme 1b. The kinetics of the hy-
drolysis reaction were monitored by NMR spectroscopy using aliquots
retrieved at various time intervals. 0.5 equivalents of LiOH were taken
with respect to one repeat unit of PAEL polymer for the hydrolysis re-
action. The aliquots were collected every two hours and NMR spectra
were recorded after purifying the hydrolyzed PAEL polymer. The 'H
NMR spectra (recorded in DMSO-dg) of the hydrolyzed PAEL polymers
for various time intervals are depicted in Fig. 1a. The degree of hydro-
lysis was assessed by tracking the decrease in peak areas corresponding
to methine proton (labeled as ’e’) and methylene proton (labeled as ’f’)
within the hydrolyzed PAEL polymer. It was noted that the degree of
hydrolysis of the PAEL polymer increased as the duration of time
elapsed. During the initial 6 h, approximately 50 % of the ester groups in
the PAEL polymer underwent hydrolysis. After 24 h, the degree of hy-
drolysis reached nearly 99 %, but the reaction yield significantly
declined due to the dissolution of the hydrolyzed PAEL polymer in water
during the workup process. In order to expedite the hydrolysis reaction
of the PAEL polymer, the amount of LiOH was increased to one equiv-
alent with respect to one repeat unit of PAEL, and the reaction time
could be shortened to just one hour. Subsequently, NMR spectra
(Fig. S4) analysis revealed that approximately 50 % of the polymer had
undergone hydrolysis within this one-hour timeframe, with a remark-
able 90 % yield. These revised reaction conditions were deemed optimal
for our study.

In the final step of the allyl PAEL polymer synthesis, the 50 %

hydrolyzed PAEL polymer was reacted with allyl bromide in dry DMF for
24 h, maintaining a temperature of 80 °C (Scheme 1b). The confirmation
of the successful formation of the allyl PAEL polymer was achieved
through the analysis of 'H and 3C NMR spectra recorded in CDCl3
(Fig. S5). The 'H NMR spectrum exhibited distinctive peaks at chemical
shifts of 5.90 ppm, as well as a cluster of peaks ranging from 5.30 to 5.34
ppm, which were attributed to allyl protons (-CH2CyH3s) (labeled as ’i,’
’j,). Additionally, new peaks emerged in the 'H NMR spectrum at
4.55-4.62 ppm, which corresponded to methylene protons (-C(O)O-
CH,CyH3) of the terminal group, (labeled as *h’). Similarly, the 13C NMR
spectrum showed the appearance of new peaks at chemical shifts of 118
ppm and 132 ppm (labeled as 10, 11 in Fig. S5), which were indicative of
the allyl carbon double bond in the resulting polymer. The allyl protons
were integrated with respect to the methine proton (-C(O)OCHCHj3)
(labeled as ’c’). As only 50 % of the total repeat unit of PAEL polymer
was available in the hydrolyzed PAEL for the allylation, the ratio of the
integration of allyl proton to the methine proton intensity was half. The
disappearance of the hydroxyl peaks as well as matching of the inte-
gration values of allyl protons with respect to the methine proton indi-
cated the full conversion of the carboxyl group into the allyl group.
Fig. S6 compares the FT-IR spectra of the polymers before and after
modification. The appearance of the peak at 1648 cm ™! corresponding
to the carbon-carbon double bond in allyl PAEL also confirms the
functional group conversion.

The thiol cross linker Isosorbide bis-(3-mercapto) propionate (ISMP)
was synthesized according to literature procedure.[41] Isosorbide was
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reacted with 3-mercapto propionic acid in the presence of p-toluene
sulfonic acid as catalyst (Scheme 1c). The structural confirmation of
ISMP was confirmed by the 'H, 13C NMR, and HRMS spectra (Fig. S7 and
S8).

Differential scanning calorimetry (DSC) analysis (Fig. 1c) was
employed to investigate the thermal characteristics of the polymers. The
glass transition temperature (Tg) of polymer PAEL was observed at 13
°C. After undergoing hydrolysis, the Ty increased to 30 °C, likely due to
the presence of hydrogen bonding within the hydrolyzed acid groups.
Upon functional group modification to allyl group, the polymer allyl
PAEL exhibited a lower Tg (-3 °C). The lower Tg value of allyl PAEL
indicated its soft consistency at room temperature. The table in Fig. 1d
summarizes the molecular weight of the polymer before and after allyl
modification.

3.2. Resin formulation and photo calorimetric studies

After the structural characterization of the ene containing polymer -
allyl PAEL and thiol cross linker - ISMP, these were used for the
formulation of a photo curable resin with Pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP) and  Triallyl-1,3,5-triazine-2,4,6
(1H,3H,5H)-trione (TTT). Four resin formulations (F1-F4) were pre-
pared using different weight percentages of allyl PAEL, TTT, PETMP,
and ISMP avoiding the use of any non-reactive organic solvent. Fig. 2a
shows the schematic representation of the preparation of resin formu-
lation. The weight percentages of resin formulations are listed in the
table in Fig. 2(b).

The first entry in the table is the reference formulation (Ref) which
consists of a stoichiometric blend of the commercial thiol and ene small
molecules PETMP and TTT, excluding the synthesized polymer allyl
PAEL. This resin serves as a reference material for evaluating the rheo-
logical, mechanical, and degradation properties of other resin formu-
lations. The curing kinetics and the specific weight percentage of
photoinitiator required for curing the resin formulations were obtained
from photo DSC analysis. Upon reviewing the existing literature, it was
found that the kinetics of free radical network polymerization of thiol-
ene click chemistry is influenced by the specific structures of the al-
kenes and thiol. The chemical reactions involving alkane thiols and
terminal alkenes, resulting in the formation of linear thioethers, were
found to be exothermic with an approximate heat change (AH) of
around —19 kcal/mol. [20] The mechanism governing the radical-
initiated thiol-ene formation can be described as a step-growth
pathway, which can be divided into two distinct steps following the
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initial formation of the thiyl radical through its reaction with the pho-
toinitiator. The thiyl radical then reacts with the alkene, leading to the
creation of a stable carbon-centered radical intermediate. Subsequently,
this intermediate undergoes chain transfer to another thiol molecule.
The curing enthalpies of the resin formulations were examined by
altering the weight percentage of the TPO photoinitiator within the
range of 0.25 to 1.0 wt% of the total weight of a specific resin formu-
lation (Fig. 2c). The photo DSC plots and table listing the curing en-
thalpies of all formulations as a function of varying photoinitiator
concentrations are given in Fig S9 and Table S1. The rate of thiol-ene
network polymerization was increased (indicated by the larger heat
flow peaks) when the concentration of TPO was increased. For all for-
mulations, the curing enthalpies increased with increasing photo-
initiator concentration from 0.25 wt% to 0.75 wt%, though reduction
was observed in the curing enthalpy for 1 wt% photoinitiator concen-
tration. This phenomenon could be attributed to either the self-
absorption of UV light by the photoinitiator or the possibility of
network polymerization being quenched due to the recombination of
radicals (such as thiyl or carbon-centered radicals) resulting in dead-
polymerization beyond the optimized concentration of photoinitiator.
[42] Further, the thiol-ene network formation was followed using FTIR
spectroscopy (shown in Fig. S10) as a function of varying exposure time.
Formulation F2 was subjected to this FTIR analysis, by tracing the
disappearance of the carbon—carbon double bond peak at 1648 cm™*
(for TTT and allyl PAEL) and sulfur hydrogen bond at 2570 cm ™! present
in PETMP. The disappearance of these peaks upon irradiation also gave
additional support for the thiol-ene network formation.

3.3. Rheology and viscosity of prepared resin formulations

The stability of thiol-ene resin formulations poses a significant
challenge due to the rapid reactivity of the thiol reaction.[43] As a
result, the viscosity of the thiol-ene resin formulations increased with
time even at ambient temperature.[44] In our study, we conducted
measurements of viscosity and rheology for the thiol-ene resin formu-
lation at a temperature of 30 °C, with a focus on assessing its suitability
for room-temperature Digital Light Processing (DLP) 3D printing. To
achieve optimal results, including smooth, high-resolution, and pristine
printed objects, it is essential that the resin’s viscosity remains below 10
Pa-s. [45] The viscosity of the resin formulations was observed between
0.23 Pa-s and 0.61 Pa-s, (Fig. 3a and Table 1).

As seen from the Fig. 3b, no significant change was observed with
higher shear rates, indicating its Newtonian fluid-like behavior.

Resins Allyl PETMP TTT ISMP TPO
Formulations PAEL wt.% wt.% wt.% wt.%
wt. %
Ref - 60 40 - 0.75
F1 5 57 38 - 0.75
150 10 54 36 - 0.75
F3 5 54 36 5 0.75
F4 10 52 33 5 0.75
c) _ 607 . = Ref|
= 340 . fem
=" A 2
_E 320 - YR
= ° o ¢ W4
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Fig. 2. (a) Schematic representation of resin formulation of allyl PAEL, TTT, PETMP, and ISMP. (b) Weight percentages of PAEL, TTT, PETMP, and ISMP taken to

prepare resin formulations. (c) Optimized curing enthalpies of resin formulations.
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Fig. 3. (a) Schematic representation of Cup and Bob for viscosity and rheology measurement (b) Measurement of viscosity of resin formulations (c) Storage modulus

(6) and loss modulus (G) of resin formulations.

Table 1

Viscosity, mechanical properties, and thermal properties of resin formulations.
Resin formulations Viscosity® Tensile strength Elongation Young’s modulus T'g Tda10%

(Pa.s) MPa % GPa °C) °C)

Ref 0.23 11.0 £ 2.8 11 +1.5 0.9 + 0.02 58 372
F1 0.38 28.1 £3.1 3+16 1.8 £0.03 54 375
F2 0.61 214 +1.1 8+1.6 1.1 £0.02 44 364
F3 0.40 25.0 £ 4.2 6+15 1.4 +£0.04 51 366
F4 0.55 19.1 £ 2.2 10 + 1.0 1.0 £ 0.01 47 355

a) viscosity of resin formulation at 30 °C b) T, of printed parts from DSC.

However, when the weight percentage of PAEL polymer increased from
5 wt% to 10 wt%, the viscosity of the resins also increased. To prevent
the thiol-ene mixture from curing prematurely and leading to an unde-
sirable increase in viscosity, which could pose difficulties in DLP 3D
printing, we combined the thiols and enes immediately just before
commencing the 3D printing process. The rheology of the resin formu-
lations was examined to prove the liquid-like behavior. The higher
values of loss modulus (G’’) compared to storage modulus (G’) indicated
the stability of the liquid form of resin formulations (Fig. 3c).

3.4. 3D printing of thiol-ene resins

The thiol-ene photo polymerization is quite attractive for 3D

DLP 3D Printer

a)

Iitial layer exposure 85
Each layer exposure 5s
Time left m

—_——

printing due to its low shrinkage derived from the step-growth mecha-
nism. Spot cure studies were carried out to get the estimate of the time
required for the curing of the resin formulation. Spot curing of the resin
formulation was executed on a glass plate to ensure that the resins
achieved complete curing within a rapid timeframe of 4-8 s. The
printability of allyl PAEL thiol-ene resin formulation was demonstrated
with a DLP 3D printer (schematically depicted in Fig. 4a) to explore the
creation of intricate 3D printed objects that exhibited controlled
degradation for sustainable end-of-life.

All the prepared resin formulations were used to demonstrate the 3D
printing. To improve the resolution of the 3D-printed part 0.03 wt% of
(2,5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene) (BBOT) a fluorescent
dye was mixed with the thiol-ene resin formulation. The images of the

Fig. 4. (a) Schematic depiction of the DLP 3D printing process. (b) Picture of 3D printed part of a filled gyrometric square structure. (c) 3D printed teeth model in
visible light and under UV light. (d) (top) Hexagonal 3D model with complex design inside, (bottom) an Ameralabs Town (standard stl. file) 3D printed part with high
resolution. (e) a highly porous complex CAD file 3D printed structure showing the fidelity of thiol ene resin printability.
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3D-printed parts are shown in Fig. 4b-e. Fig. 4b, 4c and 4d (top) depicts
3D printed gyrometric square, teeth model and a hexagonal 3D model
with complex internal design respectively. The 3D printed component
depicted in Fig. 4d (bottom) corresponds to a conventional AmeraLabs
Town CAD file employed for calibrating DLP 3D printers and testing
resin formulations. The successful printing of this standardized CAD file
serves as validation for the printing capabilities of the thiol-ene resins.
Additional images from various angles of viewing can be found in
Fig. S11. Fig. 4e shows a 3D-printed highly porous complex structure
that once again proves the fidelity of thiol-ene resin printability. For 3D
printing using the anycubic DLP 3D printer, the exposure time of the
bottom layer was intentionally set slightly higher at 12 sec to secure the
attachment of the cured layer to the aluminum build platform, thereafter
subsequent layers were printed at 5 s exposure.

3.5. Mechanical and thermal properties of the thiol-ene polymer network

Mechanical testing, thermogravimetric analysis (TGA), and differ-
ential scanning calorimetry (DSC) were performed to elucidate the
impact of the weight percentage of biobased allyl PAEL polymer and
isosorbide thiol in the 3D printed thiol-ene network. Fig. 5a illustrates a
typical stress—strain curve for the 3D-printed thiol-ene network. The
mechanical properties such as tensile strength, Young’s modulus, and
elongation at break were obtained from the stress—strain curve and these
results are summarized in Table 1. The introduction of allyl PAEL
polymer had a significant positive effect on the mechanical properties of
the reference material, which was much higher than the literature re-
ports (Table S2). [39,46,47] Specifically, there was a notable improve-
ment in both tensile strength, which increased from 11 + 2.8 MPa to
28.1 + 3.1 MPa, and Young’s modulus, which increased from 0.9 + 0.02

a)

European Polymer Journal 205 (2024) 112761

GPa to 1.8 + 0.03 GPa for F1 (5 wt% allyl PAEL polymer) when
compared with reference material. The reference resin (Ref) is composed
of small molecules only- tetra functional thiol and trifunctional ‘ene’
whereas all the other resin formulations incorporated a polymeric ‘ene’
component — the PAEL polymer, which forms a higher crosslinking
network during 3D printing than the reference resin formulation. As a
result, the mechanical properties like the tensile strength were much
higher for the resin formulation compared to the ‘Ref’ resin. However, it
has to be noted that this enhancement in mechanical properties was
accompanied by a reduction in elongation. The elongation of the F1
resin was 3 % compared to the 11 % elongation for the ‘Ref’. This
reduction can be attributed to the higher crosslinking network formed
during the 3D printing process which makes it less flexible. While the
increased crosslinking enhances strength and modulus, it tends to limit
the material’s ability to deform before reaching failure, as evidenced by
the decrease in elongation. The formulation F2 was prepared with 10 wt
% of branched allyl PAEL polymer and the mechanical properties of the
3D printed parts showed lower tensile strength than F1 (28 MPa for F1
and 21 MPa for F2) and the modulus also decreased from 1.8 GPato 1.1
GPa. As the polymer content in the F2 resin formulation increased, the
branching side chain in the 3D printed part also increased, leading to
disruptions in the formation of the printed network structure. This
disruption results in a less favorable distribution of molecular segments,
leading to changes in tensile strength and modulus and improved flex-
ibility as observed from the increase in elongation from 3 to 8 %. [48,49]
Similarly, the observed mechanical properties of the F3 and F4 resin
formulations followed a similar trend. All resin formulations F1 to F4
exhibited improvement in tensile and Young’s modulus compared to the
reference material. The inclusion of isosorbide thiol in the resin
formulation did not notably enhance the mechanical properties, but it
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Fig. 5. (a) Tensile stress—strain plots of 3D printed thiol-ene network of different resin formulations (b) TGA plots of 3D printed thiol-ene network of different resin
formulations (c) DSC plots of 3D printed thiol-ene network of different resin formulations.
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exhibited significant improvement in degradation behaviour, which will
be discussed in the later section.

The thermal stability of the thiol-ene 3D printed parts is shown in
Fig. 5b and the values are summarized in Table 1. The thermal decom-
position of the thiol-ene network in all resin formulations followed a
single-step process. Importantly, all of the 3D printed thiol-ene networks
demonstrated outstanding thermal stability, as indicated by a Td, 10 %
(the temperature at which 10 % weight loss occurs) exceeding 350 °C.
The glass transition temperature (Tg) determined from the DSC ther-
mogram ranged from 44 to 54 °C. The plots are shown in Fig. 5c and the
Tg values are reported in Table 1. The absence of any endothermic peaks
in the DSC thermogram indicated the amorphous nature of the network
formed

3.6. Degradation of thiol-ene polymer network

The hydrolytic degradation of the 3D printed crosslinked thiol-ene
network polymer was investigated both under acidic and basic condi-
tions. Different reports studied the degradation mechanism of the ester
bond present in thiol ene network thermoset polymer. [50,51] Han Shih
et. al [52] showed the ester bond hydrolysis of thiol-ene hydrogels for
base-catalyzed hydrolytic degradation and changes in degradation

a) Base hydrolysis
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behavior by manipulating the degree of thiol-ene network cross-linking.
Mayuri et al. [39] reported the degradation of the thiol-ene network in
different NaOH base strengths with an organic solvent which promotes
the swelling of the thiol-ene network and enhances the degradation.
Fig. 6a shows the degradation studies of the 3D printed thiol-ene
network polymer performed in 10 ml of 1 M NaOH solution and 1 M
HCI solution for each resin formulation at room temperature. As shown
in Fig. 6a, there was a noticeable escalation in the degradation rate of 3D
printed components in 1 M NaOH over time. The reference materials,
which consisted of a stoichiometric blend of PETMP and TTT, displayed
minimal degradation, measuring just 10 % in a two-day timeframe. In
contrast, 3D printed parts composed of other resins containing allyl
polymer and isosorbide thiol exhibited significantly higher levels of
degradation during 48 h. The 3D printed component from formulation
F1, which included 5 wt% of PAEL polymer exhibited a degradation of
30 %. Meanwhile, formulation F3, comprising 5 wt% of PAEL polymer
and an additional 5 wt% of isosorbide experienced a higher degradation
reaching 60 % at the end of 48 h. The 3D printed components from
formulation F2, which included 10 wt% of PAEL polymer, and formu-
lation F4, which contained 10 wt% of PAEL polymer along with 5 wt%
isosorbide demonstrated significantly higher degradation. Specifically,
F2 showed almost 95 % degradation, while F4 exhibited complete

b) Acid hydrolysis
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Fig. 6. Real-time photographs of degradation of the different 3D printed parts in (a) 10 ml 1 M NaOH solution over 48 h (b) 10 ml 1 M HCL solution for 7 days (c)
degradation plot of 3D printed parts in 1 M NaOH solution for 48 h (d) degradation plot of 3D printed parts in 1 M HCI solution for one week.
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degradation, reaching 100 %. The elevated degradation observed in the
resin formulations, in contrast to the reference material, can be attrib-
uted to the inclusion of allyl polymer, specifically ethyl lactate ester.
This particular component is notably susceptible to ester hydrolysis,
particularly in the presence of a potent base like NaOH. The degradation
process was replicated in a solution with 1 M HCI solution. Surprisingly,
even after a consistent week-long experiment, there was no significant
degradation observed. These findings suggest that the thiol-ene 3D
printed network, featuring allyl PAEL, displays remarkable stability in
an aqueous acidic environment, whereas it readily degrades in a basic
medium. The degradation study involving the allyl PAEL-containing
thiol-ene network highlighted the rapid degradation efficiency of 3D
printed parts within a span of 2 days. This characteristic renders it an
exceptionally appealing material for various prototype applications,
especially those focusing on renewable sources and a sustainable end-of-
life cycle.

4. Conclusions

In conclusion, this study has successfully demonstrated a scalable
and sustainable approach for developing 3D printing materials via thiol-
ene photochemistry, utilizing ethyl lactate-based polymeric ene and
isosorbide-based thiol. The synthesis of the ethyl lactate-based poly-
meric ene component was achieved by free radical polymerization of
acrylate ethyl lactate monomer, followed by partial hydrolysis and
subsequent reaction with allyl bromide. The thiol-ene photo kinetics was
analyzed through photo DSC experiments, shedding light on the un-
derlying chemical reactions that occur during the curing process. The
mechanical and thermal property analysis provided valuable insights
into the potential applications and performance of these novel bio based
thiol-ene materials. The practical application of the developed materials
was showcased through 3D printing using a commercial DLP 3D printer,
highlighting their feasibility for manufacturing and prototyping pur-
poses. Notably, the hydrolytic degradability of the 3D printed parts was
demonstrated in a 1 M NaOH solution, underlining the eco-friendly
aspect of these materials and their potential to mitigate the issue of
nondegradable acrylate-based 3D printed waste. This research paves the
way for the development of environmentally responsible materials that
have the potential to revolutionize the 3D printing industry. The fast
degradability of PAEL-based polymeric thiol-ene 3D print materials
opens new possibilities for rapid prototyping in mass production appli-
cations, making it a promising avenue for addressing the sustainability
challenges associated with traditional acrylate-based materials. By
combining the benefits of bio based sourcing, scalability, and degrad-
ability, these materials represent a significant step towards a more
sustainable and environmentally conscious future in the field of 3D
printing.
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Digital light processing (DLP) technology was employed to . w

3D print acrylate-modified poly(ether ether ketone) (PEEK). PEEK and ——— [

modified PEEK (mPEEK incorporating pendant pentadecyl chain) ‘X‘ ‘i g #

polymers were synthesized and end-capped with urethane acrylate units. :‘;W,m,_ = oo WA

These end-modified PEEK polymers were combined with commercially
available (meth)acrylic cross-linkers and photoinitiator to create photoc- ibresent Worky _
urable resin formulations suitable for DLP 3D printing. The resulting 3D- | « g " | pipap it

printed parts exhibited remarkable mechanical strength, with a Young’s "o g
modulus of 2.1 GPa. This surpassed the mechanical properties of
commercial acrylate resin 3D-printed parts and achieved approximately
55% of the Young’s modulus of reported commercial PEEK polymer.

Room Temperature

Notably, the thermal properties of the 3D-printed materials were Syntheticalls odifid PEEK Folymer Renctive Dituent DLD3D Prining
impressive, including a high glass transition temperature of 140 °C and
stability with only around 10% weight degradation occurring at approximately 400 °C. These innovative resins demonstrated
excellent printability with high resolution, enabling the fabrication of intricate shapes, including complex dental materials by DLP 3D
printing. Their versatility extends to potential applications in dentistry, automobile manufacturing, and robotics.

additive manufacturing, polyether ether ketone, digital light processing, acrylate PEEK, 3D printing

layer unity.lz’m Despite these advancements, a persistent

challenge lies in processing high-performance polymers
(HPPs) such as polyether ether ketone (PEEK) and polyimide
under ambient conditions.'”'> HPPs exhibit remarkable
mechanical and thermal properties due to the concentration
of aromatic rings within their polymer chains, resulting in
strong bonds and interchain interactions. '’ PEEK, in
particular, stands out for its strength and heat resistance,
making it valuable in fields like the automotive industry and
medical implants.'"*™*° Commercial PEEK polymer has a
reported tensile strength of 90—100 MPa and Young’s
modulus of 4 GPa with a glass transition temperature of 143
°C and stability up to 450 °C with only 5% weight loss.
While processing PEEK polymer remains challenging,
research groups have made significant efforts to 3D print this
material.>' For instance, Tan et al. used direct energy

3D printing has garnered significant interest due to its ability to
facilitate rapid prototyping and on-demand production of
materials. This innovative technique involves constructing
objects layer-by-layer, effectively transforming computer-aided
designs into tangible three-dimensional models. Beyond
prototyping, these methodologies are now envisioned for
directly fabricating intricate structures as end-use components.
In diverse fields, 3D printing finds applications ranging from
tissue engineering and medical device fabrication to soft
robotics, dentistry, and sensor development among many
others.'® The methods used in 3D printing are classified
based on printing techniques and material utilization.
Extrusion-based 3D printing, including melt material extrusion
(MME) and direct ink writing (DIW), is commonly employed
for the fabrication of high-performance polymer (HPP)
structures from filaments or shear thinning inks.”~” Photo-
curing technologies, such as stereolithography (SLA) and April 24, 2024
digital light processing (DLP), utilize photochemical curing of May 25, 2024
liquid acrylate or cationically polymerizable resin materials to May 28, 2024
produce 3D-printed components.'”'" Compared to extrusion- June 10, 2024
based methods, DLP 3D printing offers higher precision in
manufacturing, improved mechanical toughness, and better
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Figure 1. Overall representation summarizing the preparation of the 3D printable photocurable resins of UMPEEK/UMmPEEK polymers into 3D-

printed physical objects using a DLP 3D printer.

deposition with a CO, laser beam to create circular PEEK
polymer discs blended with hydroxyapatite powder. Optimized
printing parameters included a temperature of 140 °C and 16—
21 W for direct energy deposition (DED).** Other studies
have explored PEEK polymer composites with bioactive
additives, resulting in nontoxic and porous materials suitable
for applications like porous scaffolds."”** Another approach
involves MME, where PEEK filament materials are extruded
through a heated extruder head (maintained above 360 °C) for
3D printing human bone structures.””** Researchers have also
investigated factors like adhesion between print layers, printing
temperature, speed, and postcuring parameters.”*’ Notably,
Rinaldi et al. observed variations in the Young’s modulus of
3D-printed PEEK materials based on the infill percentage with
100% infilled parts exhibiting a remarkable mechanical strength
at 4 GPa.”° Hu et al. documented an additional heat control
treatment implemented during 3D printing to mitigate layer
warping, thereby enhancing interlayer connectivity.”” In a
recent development, Lee et al. demonstrated the room
temperature 3D printing of PEEK materials through the
DIW 3D printing process.”® They created a novel epoxy-
functionalized PEEK paste using commercial PEEK powder
and fenchone (a colorless oily liquid used to make the PEEK
paste). The resulting 3D-printed parts exhibited outstanding
thermal and chemical stability, achieving 62% of the
mechanical strength observed in commercial PEEK materials.
In yet another report, 3D printing was carried out for
polyimide using vat polymerization after synthesizing photo-
cross-linkable acrylate-functionalized polyamic acid derivatives
in NMP solvent.”” As far as we are aware, the exploration of
liquid-based 3D printing for the PEEK polymer has not been
undertaken to date.

The current work details the synthesis of urethane
methacrylate-based poly(ether ether ketone) (PEEK) and its

successful application in room temperature DLP 3D printing.
The urethane methacrylate end-capped PEEK polymers were
incorporated into resin formulations, adjusting the proportions
of reactive diluents. The viscosity and curing kinetics of these
resin formulations were characterized using rheology and
photodifferential scanning calorimetry (photo-DSC) analysis.
Additionally, the thermal and mechanical properties of the
DLP 3D-printed parts were evaluated. Notably, our research
marks the first instance of room temperature DLP 3D printing
of functionalized PEEK polymers. These 3D-printed PEEK
parts exhibit comparable Young’s modulus and thermal
properties, demonstrating a promising synthetic approach to
enhance PEEK polymers for high mechanical strength in end-
use product fabrication.

Figure 1 summarizes the main goals of creating a photocurable
resin formulation with the UMPEEK/UMmPEEK polymer.
Specifically, regular polyether ether ketone (PEEK) and
modified polyether ether ketone incorporating pendant
pentadecyl chains (mPEEK) were synthesized and further
end-functionalized with photocurable moieties. Scheme 1
shows the synthesis of PEEK and mPEEK and their further
modification by introduction of a photocurable urethane
methacrylate group. The synthesis of the modified PEEK with
an appended pentadecyl chain was adopted with some
modifications from the literature (mentioned in the Supporting
Information $2).*° The sections S3—S7 and Figures S1—S6 of
the Supporting Information provide the details of the synthesis
and structural analysis of the polymers. Size exclusion
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Scheme 1. Synthetic Scheme for the Terminal-Functionalized Urethane Methacrylate PEEK Polymers: (a) UMPEEK and (b)
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chromatography (SEC) and proton NMR spectroscopy were
used to determine the degree of polymerization for the PEEK
and mPEEK polymers.

Briefly, the synthesis of PEEK (or mPEEK) involved the
polycondensation reaction of bisphenol A (or 3-pentadecyl
4,4'-biphenol) with 4,4’-difluorobenzophenone in a solvent
mixture of toluene and dimethylacetamide in the presence of
anhydrous potassium carbonate. After a 3 h of reaction at 130
°C, the temperature was increased to 180 °C to remove water
and toluene as an azeotropic mixture. Afterward, 2-
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hydroxyethyl 4-fluorobenzoate was added to end-cap the
formed polymer. A moderate molecular weight was targeted
for the polymerization to enable processing of the polymer in a
photocurable resin formulation. The precipitated polymer was
structurally characterized by NMR spectroscopy, and molec-
ular weight was determined by size exclusion chromatography
(Figures S3, S4, and S7). The methacrylate modification of the
end groups was accomplished by reacting the hydroxyl
terminated PEEK and mPEEK polymer with 2-isocyanatoethyl
methacrylate in the presence of dibutyltin dilaurate (DBTDL)

https://doi.org/10.1021/acsaenm.4c00275
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Figure 2. '"H NMR spectra of (a) UMPEEK polymer and (b) UMmPEEK polymer.

as a catalyst.”’ The final photocurable PEEK polymers were
obtained by precipitation from chloroform into methanol at
least 2—3 times.

Figure 2 compares the proton NMR spectra of the
methacrylate end-capped PEEK and mPEEK polymers,
which were named as urethane methacrylate PEEK (UM-
PEEK) and urethane methacrylate-modified PEEK (UMm-
PEEK). The terminal methacrylate protons were observed as
two doublets at 6.12 and 5.59 ppm respectively. By integrating
the intensity of the methacrylate protons with respect to the
aromatic protons (especially the isolated peak near the ketone
labeled as ‘0’ for UMPEEK and ‘t' for UMmPEEK) at 7.82—
7.84 ppm, the average number of repeat units was obtained as
56 for UMPEEK and 30 for the UMmPEEK polymer
respectively. Table 1 lists the number-average molecular
weight determined from proton NMR spectroscopy.

The molecular weights of the polymers were measured using
GPC with THF as eluent and polystyrene as a standard. The
GPC chromatograms are given in Figure S7, and the values are
listed in Table 1. The number-average molecular weights
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Table 1. Molecular Weight of the PEEK Polymers Was
Determined from NMR Spectroscopy and GPC Analysis

Polymers Mn“ (g/mol) Mn” (g/mol) Mw” (g/mol) B
PEEK 23200 8100 14200 1.7
UMPEEK 23 400 9700 19000 1.9
mPEEK 17 500 18 400 23 000 1.3
UMmPEEK 17 800 16 300 27300 1.7

“NMR. ’GPC in THF eluent, PS standard.

determined from GPC were much lower compared with that
determined from NMR spectroscopy for the UMPEEK
polymer. On the other hand, the corresponding values for
UMmPEEK seemed to exhibit a reverse trend, with the GPC
molecular weights on the higher side compared to that
determined from proton NMR spectroscopy. The molecular
weights determined by proton NMR spectroscopy are more
reliable than that obtained using GPC for these aromatic
polymers, as the latter measurement is taken with respect to
polystyrene standards.””** Additionally, the introduction of a

https://doi.org/10.1021/acsaenm.4c00275
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Table 2. Weight Percentages of UMPEEK, UMmPEEK, TCDDA, BPAEDMA, and PI Taken to Prepare Resin Formulations

and Their Measured Viscosity

Resin formulations TCDDA wt % BPAEDMA wt % UMPEEK wt % UMmPEEK wt % TPO wt % Viscosity (Pa‘s)
Ref 49.5 49.5 - - 1 0.17
UMPEEKS 47 47 S - 1 0.32
UMPEEK10 44.5 44.5 10 - 1 0.57
UMmPEEKS 47 47 - S 1 0.54
UMmPEEK10 44.5 44.5 - 10 1 1.03
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Figure 3. (A) UMPEEK polymer with reactive diluents before and after sonication, (B) selection of the photoinitiator weight percentage by
photocuring study, (C) measurement of viscosity of the resin formulations.

long pentadecyl group in the mPEEK polymer altered the
hydrodynamic volume resulting in the much higher values for
the molecular weight.34

Following structural characterization, the PEEK polymers were
used to formulate a photocurable resin mixture. The
formulations incorporated tricyclo[5.2.1.02,6]-
decanedimethanol diacrylate (TCDDA) and bisphenol A
ethoxylate dimethacrylate (BPAEDMA) as reactive diluents.
Table 2 lists the weight percentages of polymers and reactive
diluents used in the resin composition. Two formulations each
were prepared using S and 10 wt % of UMPEEK and
UMmPEEK polymers, respectively, in the resin mixture of
equal weight percentages of TCCDA and BPAEDMA. Figure
S8 illustrates the attempts made to increase the weight
percentage of the UMPEEK and UMmPEEK polymers in the
resin formulation. Unfortunately, due to dissolution problems,
it was not feasible to create resin formulations with a higher
weight percentage incorporation of the PEEK polymers. As a
result, the resin could not be formulated for printing at higher
PEEK concentrations.

The solid polymer was sonicated for 1 h in the resin mixture
to let it dissolve completely (Figure 3A). A formulation of only
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TCCDA and BPAEDMA was also prepared without the PEEK
polymer as a reference system. The weight percentage of the
photoinitiator TPO required for the curing was determined
using isothermal photo-DSC analysis at 30 °C. In this process,
resin formulations underwent solidification upon exposure to
UV light, and accurate measurements of curing enthalpies were
obtained. The curing mechanism involves the initiation of
radicals by cleaving the photoinitiator in the presence of UV
light, resulting in the formation of a cross-linked network
polymer. To examine the curing enthalpies in the resin
compositions, the weight percentage of TPO photoinitiator
was varied between 0.5 and 2 wt % (Figure 3B). Figure S9 in
the Supporting Information shows photo-DSC graphs for the
resin formulations at various percentages of PI. Analysis of the
curing enthalpies revealed an increase in enthalpy with an
increase in concentration of PI until a concentration of 1 wt %,
after which, the enthalpy decreased with further increase in the
PI concentration. Based on this observation, the ideal PI
concentration was fixed at 1 wt % for maximum conversion. It
is reported that insufficient amounts of PI concentration may
be inadequate for complete curing. However, higher
concentrations of PI can result in increased light absorption,
potentially leading to insufficient light penetration for the
comprehensive curing of the resin samples.”

https://doi.org/10.1021/acsaenm.4c00275
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Viscosity Measurement. A key factor in room temper-
ature DLP 3D printing is the viscosity of the resin formulation.
For a 3D printing process to be smooth and distortion-free, the
resin must flow easily. The resin used in room temperature
DLP 3D printing should ideally have a viscosity less than 10
Pa-s.*>*® Figure 3C compares the viscosity as a function of
increasing shear rate for the different resin formulations at 30
°C. There was no significant change observed in the viscosity
of the resin with increasing shear rates, indicating Newtonian
behavior. On the other hand, the viscosity of the resin rose
from 0.32 to 0.57 Pa-s and from 0.54 to 1.03 Pa-s, respectively,
with an increase in the weight proportion of UMPEEK/
UMmPEEK polymer. Despite the low viscosity exhibited by
the resin formulations, they were found to be entirely adequate
for room temperature DLP 3D printing, ensuring a smooth
and successful printing process. Despite their comparatively
lower molecular weight, the formulations incorporating
UMmPEEK exhibited higher viscosities. One reason for this
could be the presence of the long C1S alkyl side chains in each
repeat unit in UMmPEEK, which are long-enough to entangle
thereby increasing the viscosity.”” This was also reflected in the
apparently higher molecular mass, as recorded by the GPC due
to the larger hydrodynamic volume in the case of UMmPEEK.

DLP 3D Printing of PEEK Resin Formulations. 3D
printing of PEEK polymer at room temperature presents a
challenge, but this challenge was addressed by utilizing a
miscible (meth)acrylate PEEK polymer as the resin. Spot
curing studies were conducted to estimate the curing time of
the resins. Spot curing involved applying the resins onto a glass
plate and exposing it to UV light from a homemade setup
utilizing six UV-LED lights, (as shown in Figure S10). A single
drop of resin solidified within 10 s, as confirmed by tilting the
glass plate without any observable resin flow. The printing
capabilities of PEEK (meth)acrylate resin formulations were
assessed using the Anycubic Photon Ultra resin 3D printer
(schematically represented in Figure 1). The printing
parameters of the DLP 3D printer involved 30 s for the initial
five layers followed by 10 s for each succeeding layer. The
longer irradiation time for the initial layers is required to make
the layer stick on the build plate; otherwise, the succeeding
layers will collapse under its own weight. The printing of the
tensile bars was performed in flat (0°) orientation because this
specific orientation has been shown to exhibit better
mechanical properties.”®*” All resins were employed to
showcase their 3D printing capabilities, and it was noted that
each resin produced prints with sharply defined edges. In order
to achieve high-resolution 3D-printed parts (shown in Figure
S11), 0.02 wt % of a fluorescent dye (2,5-bis(5-tert-butyl-
benzoxazol-2-yl)thiophene (BBOT) was added to the resin
compositions. Dyes are frequently used in DLP 3D printing to
enhance the precision of the printed item and to introduce
light emission characteristics when excited by UV light. The
inclusion of dye in the resin formulation modulates the
penetration of light into the resin, thus controlling the curing
process during 3D printing. The absence of dye in the resin
may result in excessive curing in unwanted areas due to the
scattering of incident light within the resin, which can limit the
resolution of the 3D-printed part.*>*' Figure S12 shows some
failed 3D-printed parts in the absence of BBOT dye.

Figure 4A displays top-view images of the intricate 3D-
printed part using the UMPEEK/UMMmPEEK resin formula-
tions. Figure 4B,C exhibits sharp edges of the 3D-printed parts
under UV irradiation. The uniform blue emission signifies the
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Figure 4. (A) Top view of different 3D-printed parts of UMPEEK/
UMmPEEK polymers. (B,C) High-resolution 3D-printed parts of
UMPEEK/UMmMmPEEK resin observed under UV light irradiation.
(D) Left side: distorted (due to warpage) 3D print part of resin
containing 10 wt % UMPEEK polymer (validation Xp2 Standard
Triangle Language file); right side: flat 3D-printed part with 10 wt %
UMmPEEK polymer formulation.

presence of the BBOT dye, which is evenly mixed in the resin
mixture. Some issues of warpage were observed during
postcure treatment for thin 3D-printed parts using UMPEEK
resin formulations, which were not observed while using the
UMmMmPEEK resin formulations. The UMPEEK acrylate 3D-
printed part (resin validation Xp2 Standard Triangle
Language) displayed a distorted structure after postcuring
However, it is noteworthy that this distortion was not observed
when thicker 3D parts were printed, as depicted in the first
three images of Figure 4. In contrast, the 3D-printed parts
using the UMmPEEK resin formulation exhibited a precisely
flat structure according to the resin validation Xp2 Standard
Triangle Language, even after a 15 min postcuring period
(Figure 4D right). It has been reported in the literature that
when 3D printing thin objects there is a likelihood of plastic
deformation especially in parts with elongated shapes and small
thickness in the horizontal direction.”” The pendant
pentadecyl chain present in UMmPEEK serves as an in-built
“internal plasticizer” effectively reducing plastic deformation
and preventing warpage in the 3D-printed thin film."’
Mechanical and Thermal Properties of 3D-Printed
Parts. The 3D-printed parts were subjected to mechanical
testing, thermogravimetric analysis (TGA), and differential
scanning calorimetry (DSC) to investigate the effect of varying
the weight percentage of the UMPEEK/UMmPEEK polymer
in the resin formulation. The mechanical properties were
assessed by employing 3D-printed dumbbell-shaped specimens
of ASTM D638 type V for each resin formulation. Tensile
strength values were obtained by averaging the results from a
total of five specimens. Figure SA depicts the stress—strain plot
of the 3D-printed PEEK polymer, while Table 3 provides a
summary of mechanical properties, including tensile strength,
Young’s modulus, and elongation at break. Analysis of the
mechanical properties revealed a notable positive impact of the
UMPEEK polymer compared with the reference materials.
The 3D reference resin printed parts, which are a mixture of
aromatic acrylate (BPAEDMA) and cyclic (meth)acrylate
(TCDDA), exhibited a tensile strength of 15 + 2 MPa and
Young’s modulus of 0.9 & 0.01 GPa with 2 + 0.3% elongation.
The mechanical strength of the acrylate mixture reference
materials depends on the chemical structure and the number of
acrylate functionalities present.””~*° Upon increasing the
UMPEEK polymer content from 5 to 10 wt % in the reference
resin, the tensile strength improved from 27 + 3 to 39 + 2
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Figure S. (A) Tensile stress—strain graph of 3D-printed parts of different resins. (B) TGA graph of all 3D-printed parts. (C) DSC graph of all 3D-

printed parts.

Table 3. Mechanical And Thermal Properties of the 3D-
Printed Parts

Tensile Young’s

Resin Strength Elongation Modulus T, T g10%

Formulations  (MPa) (%) (GPa) (&) (0O

Ref 15 +2 20+£03  09+00l 145 398

5% UMPEEK 27 +3 24401 16+001 140 399

10% 39+2 22402 21002 140 401
UMPEEK

5% 18+3 22+ 27 0.9 + 0.01 140 402
UMmPEEK

10% 25+ 4 22+£03 1.7 £ 0.02 139 396
UMmPEEK

MPa, and the Young’s modulus increased from 1.6 + 0.01 to
2.1 + 0.02 GPa while maintaining similar elongation values.
Following a similar trend, the inclusion of the UMmPEEK
polymer elevated the mechanical properties of the 3D-printed
parts. The increase of UMmPEEK polymer from S to 10 wt %
resulted in an increase of tensile strength from 18 + 3 to 25 +
4 MPa. Concurrently, the Young’s modulus also improved
from 0.9 + 0.01 to 1.7 + 0.02 GPa while maintaining a
consistent elongation. Based on the mechanical properties, it
could be deduced that the tensile strength and Young’s
modulus of the 10 wt % UMPEEK resin 3D-printed part
surpassed those of the other resin-printed parts. The enhanced
mechanical properties in the 10 wt % UMPEEK resin printed
part were attributed to the rigid aromatic ring of the PEEK
polymer. In contrast, the 10 wt % UMmPEEK resin 3D-
printed part exhibited lower tensile strength and Young’s
modulus compared to the 10 wt % UMPEEK resin 3D-printed
part. This difference was linked to the presence of the long-
alkylated chain in each repeat unit of the latter, which
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potentially disrupted the cross-linked network polymer, by
creating space between the extended polymer chains.***® The
modulus of the 10 wt % UMPEEK 3D-printed part could
attain almost 60% of the tensile values of the commercial
PEEK polymer.'® Despite the low incorporation of PEEK
polymer in the resin formulation, its impact on enhancing the
mechanical properties is noteworthy. The PEEK polymer’s
exceptional performance is attributed to the aromatic ring in its
backbone, which imparts rigidity and strength.”® The pi-pi
interaction of the aromatic ring of PEEK with the aromatic unit
of BPAEDMA in the reference resin acrylate is also expected to
improve the strength of the printed materials.

Thermal properties of the PEEK polymer 3D-printed
materials are depicted in Figure 5B,C, and the values are
summarized in Table 3. In Figure SB, it was observed that all of
the 3D-printed parts showed a one-step degradation. The
temperature at which a 10% loss in weight occurs, or Tgq;0,.%,
is more than 390 °C, demonstrating that all of the PEEK
polymer 3D-printed parts exhibit high thermal stability. In
Figure 5C, it was observed that the glass transition temperature
values for all resin 3D-printed parts ranged from 140 to 145
°C. The incorporation of the modified PEEK polymers to the
reference resin enhanced the tensile and mechanical properties
of the 3D-printed materials, without compromising the thermal
properties of the reference resin.

In this study, we present a remarkable achievement of DLP 3D
printing of functionalized PEEK polymer at room temperature.
Notably, this printed material exhibited approximately 55% of
the Young’s modulus found in commercial PEEK polymer.
The end-capped PEEK polymers and their reaction with
methacryloyloxyethyl isocyanate were successfully accom-
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plished and structurally characterized. Additionally, a modified
PEEK polymer featuring a long C1S5 alkyl chain in each repeat
unit was also synthesized, which was further end-capped with a
terminal methacrylate group. The resulting methacrylate PEEK
polymers were incorporated into resin formulations up to 10
wt % enabling room temperature DLP 3D printing.
Impressively, the printed PEEK resin parts demonstrated
excellent resolution and high mechanical properties, including
a tensile strength of 39 + 2 MPa and a Young’s modulus of 2.2
+ 0.2 GPa. Furthermore, the incorporation of the long C15
alkyl chain in the 3D-printed cross-linked network effectively
addressed warpage issues after the post curing. Thermal
analysis revealed outstanding properties, including a 10 wt %
degradation temperature of 400 °C and a high glass transition
temperature of 140 °C, both remarkable results for DLP 3D-
printed PEEK polymer. To our knowledge, this study
represents the first report of the room temperature DLP 3D
printing of functionalized PEEK polymers, achieving com-
parable Young’s modulus and exceptional thermal character-
istics.

4,4'-Difluorobenzophenone, 2,2-bis(4-hydroxyphenyl)propane, 4-flu-
orobenzoic acid, dibutyltin dilaurate (DBTDL), 3-pentadecylphenol,
and tetrakis(triphenylphosphine)palladium were purchased from
Aldrich and used as such. Bromoethanol, methacryloyloxyethyl
isocyanate, tricyclo[5.2.1.02,6]decanedimethanol diacrylate
(TCDDA), 4-methoxyphenyl boronic acid, bisphenol A ethoxylate
dimethacrylate (BPAEDMA), N-bromosuccinimide, and boron
tribromide were purchased from TCI Chemicals and used without
purification. The following items were bought locally: sodium sulfate
(anhydrous), dichloromethane, toluene, methanol, isopropyl alcohol
(IPA), potassium carbonate, diethyl amine, dimethyl sulfate,
tetrahydrofuran, acetone, CHCl;, and hydrochloric acid. For gel
permeation chromatography, HPLC-grade THF was purchased from
Merck Chemicals. The general methods of the characterization are
similar to our previous report,*” and the details are provided in the
Supporting Information section SI.

The PEEK resin formulations were prepared by blending different
concentrations of UMPEEK and UMmPEEK polymers with tricyclo-
[5.2.1.02,6]decanedimethanol diacrylate (TCDDA) and bisphenol A
ethoxylate dimethacrylate (BPAEDMA) as reactive diluents. Initially,
the polymer was placed in a 50 mL vial, followed by the addition of
reactive diluents. The contents of the vial were subjected to sonication
for 1 h to ensure complete miscibility of the polymer. Throughout the
sonication, the water bath temperature was maintained at 30 °C. The
weight percentage of the TPO photoinitiator was determined through
photo-DSC experiments. The 3D-printed resin formulation excluded
any organic solvents. The glass vial was completely covered in
aluminum foil to protect the photoinitiator from light and to avoid
prepolymerization. The resin formulations reported herein were
prepared by following a similar protocol.

A TA Discover 250 s-generation differential scanning calorimeter
fitted to an OmniCure series 2000 photo calorimetric unit was used to
conduct the photo-DSC studies. A 200 W high-pressure mercury
lamp with a range of 320—500 nm was used to irradiate the sample.
The light from the lamp was directed through a dual-quartz light
support with balanced intensity into the material’s container. Sample
preparation involved the precise weighing of S mg of resin
formulation samples and placing them into the sample pan. After
that, the sample pan was placed inside the DSC cell. Nitrogen gas was

continuously supplied at a rate of 50 mL/min during the
measurements. The sample pans were initially maintained at
isothermal temperatures (30 °C) for 2 min under nitrogen
atmosphere, before being exposed to UV light. The specimen was
exposed to UV light for S min after the electronic UV light shutter
was opened. The shutter closed on its own when the irradiation
period ended. The curing enthalpy was calculated by integrating the
peaks in the generated data.

Rotational parallel plate measurements were used to evaluate the
viscosity of the resin compositions; a photoinitiator was not used in
this test. An Anton Paar Physica Modular Compact Rheometer
(MCR) 301 was used in the experiment with a cup and bob. The
photoinitiator-free resin formulation was poured carefully into a cup
until it reached the predetermined mark. The bob was then rotated to
provide shear during the experiment after it had been placed in the
resin. The viscosity, measured in Pa-s, was determined by method-
ically increasing the shear rate between 1 and 1000 per second. The
resin temperature was kept constant during the experiment at 30 °C.

An Anycubic Photon Ultra resin 3D printer was used for the DLP 3D
printing of the resin compositions without organic solvents. The resin
bed of the DLP printer had dimensions of 102.4 X §7.6 X 165 mm®
and a 405 nm LED light source. An UNO Genetic laser power meter
was used for recording the LED light source’s intensity of 10 mW
cm™2, The printing process was started by carefully adding resin to the
resin bed until it reached a predetermined level. The printing of the
resin formulation was performed at room temperature. The
dimension of each printed layer was 100 pm, and the exposure
time for the first five layers was set at 30 s. Each succeeding layer was
exposed for 10 s. The printed object was subjected to postprocessing
treatment after washing with IPA in a resin washer for 3 min followed
by postcure for 15 min under UV light in a 360° rotating curing
platform fitted with 12 UV lights of wavelength 405 nm covered with
plastic cage.

The tensile strength of the 3D-printed part was examined using the
Instron series 33R4204 model of the Universal Testing Machine,
which has a 1 KN capacity load cell. The tensile test involved 3D
printing ASTM D638 type V specimens with dimensions measuring
63.5 mm in length, 9.53 mm in width, and 3.2 mm in thickness. To
ensure accuracy, a total of five 3D-printed tensile specimens were
tested, and the resulting average value was recorded as the final result.
Each specimen in the experiment had a gauge length of 10 mm, and
the stretching rate was S mm/min at room temperature. Mechanical
properties such as toughness, elongation, Young’s modulus, and
tensile strength were determined.

The Supporting Information is available free of charge at

https://pubs.acs.org/doi/10.1021/acsaenm.4c00275.
Synthesis of 3-pentadecyl 4,4'-biphenol, 2-hydroxyethyl
4-fluorobenzoate, polyether ether ketone (PEEK)
polymer, modified polyether ether ketone (mPEEK)
polymer, urethane methacrylate PEEK and mPEEK,
SEC plot, photo-DSC plot, spot curing, high-resolution
3D-printed part (PDF)
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