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Abstract
This thesis explores the development of high-performance polymer nanocomposites

through photopolymerization, a technique that has gained significant attention due to

its rapid, energy-efficient, and environmentally friendly nature. Photopolymerization

offers unique advantages over conventional methods by enabling solvent-free,

spatially controlled polymerization at ambient temperatures using light. This precision

and adaptability are particularly valuable for fabricating nanocomposite materials,

where achieving uniform dispersion of nanofillers is crucial to optimizing properties.

By incorporating functionalized nanomaterials, photopolymerization facilitates the

formation of polymer networks with enhanced mechanical, optical, and functional

attributes, making it a preferred approach for creating materials tailored to specific

industrial, biomedical, and environmental applications. Each chapter in this thesis

presents a distinct photopolymerization strategy to integrate dual-role nanomaterials

that function as both photoinitiators and reinforcing agents, yielding composites with

enhanced stability, functionality, and potential for scalable production.

Chapter 1 provides a comprehensive review of the latest advances in

photopolymerization techniques for fabricating polymer composites with

functionalized nanofillers. It emphasizes the significance of selecting suitable

monomers and nanofillers, modifying filler surfaces, and optimizing interfacial

interactions to improve material properties. This chapter highlights key applications in

sensors, gas separation, and biomedical fields, establishing a foundation for

subsequent experimental work.

Chapter 2 details the synthesis of triazine-coated silica nanoparticles (Si-triazine

NPs), which act as both photoinitiators and reinforcing agents under LED (410 nm)
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irradiation. These nanoparticles effectively initiate free radical polymerization of

trimethylolpropane triacrylate (TMPTA) while enhancing mechanical strength and

reducing shrinkage in the polymer matrix. The study further evaluates the impact of

different Si-triazine NP concentrations on photopolymerization kinetics, highlighting

optimal formulations for improved migration stability and mechanical integrity.

Chapter 3 investigates the dual-role potential of CsPbBr₃ quantum dots (QDs) as

photoinitiators and emitters within polymer composites for optoelectronic applications.

By combining the QDs with diphenyliodonium hexafluorophosphate (Iod) or ethyl 4-

(dimethylamino) benzoate (EDB), the study enhances photoinitiation efficiency,

achieving composites with superior photoluminescence and long-term stability. The

research demonstrates that Iod as an additive significantly improves photoinitiation,

enhancing the composite’s performance in luminescent displays and lighting.

Chapter 4 introduces a novel approach to create polymer/MOF (metal-organic

framework) composites by functionalizing UiO-66 MOFs with visible-light-sensitive

photoinitiators, N-(1-pyrenyl)glycine (NPYG) and triazine. These modified MOFs

enable rapid, thick curing under LED light, improving structural stability. UiO-66-

NPYG composites demonstrate potential for high-resolution 3D printing, while UiO-

66-Tz composites exhibit selective cationic dye absorption, showing promise for

water purification applications.

Chapter 5 explores a hybrid system of TiO₂ and carboxylated nanodiamonds (NDs)

in zwitterionic hydrogels derived from 2-(N-3-Sulfopropyl-N,N-dimethyl

ammonium)ethyl methacrylate (SBMA). This system enhances both the mechanical

strength and anti-fouling properties of SBMA hydrogels, with TiO₂/ND acting as a
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photoinitiator and reinforcing agent. The hydrogels demonstrate increased electron-

hole separation efficiency, enabling enhanced photopolymerization and potential

moisture-sensing applications.

Together, these chapters present innovative, sustainable photopolymerization

methodologies for producing multifunctional nanocomposites, advancing their utility

across industrial, environmental, and biomedical applications.
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Chapter 1 Literature Review

1.1. Statement of contribution

I declare that the literature review presented in this chapter are the original work I wrote as

part of my Ph.D. program at the Australian National University. As the primary author, I was

responsible for drafting the initial manuscript, under the guidance of my primary supervisor,

Prof. Pu Xiao.

1.2. Publication status

The published review titled “Photopolymerization Approach to Advanced Polymer

Composites: Integration of Surface-Modified Nanofillers for Enhanced Properties” is

reproduced in this chapter with permission1 from Wiley‐VCH GmbH, © 2024. This

manuscript was published in the journal Advanced Materials in 2024. The citation for the

published work is:

Peng, X.; Zhang, J.; Xiao, P. Photopolymerization approach to advanced polymer

composites: Integration of Surface‐Modified Nanofillers for enhanced properties. Advanced

Materials, 2024, 36 (33). https://doi.org/10.1002/adma.202400178.

1.3. Abstract

The incorporation of functionalized nanofillers into polymers has been the subject of much

research in recent years due to the unique properties they can impart to the resulting

materials. One promising method for preparing such polymer composites is through the use

of photopolymerization, which allows for the rapid polymerization of monomers in the

presence of nanofillers under light irradiation. This paper reviews recent developments in

preparing functional polymer composites that contain functionalized nanofillers using the
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photopolymerization approach. It highlights several important factors that must be

considered when using photopolymerization to fabricate functional composites, including

the selection of monomers and nanofillers, the modification of nanofillers, and the interfacial

interactions between nanofillers and polymer matrix since these closely relate to the final

properties of the polymer composites. The paper also discusses some of the key

applications of the functional composites prepared through photopolymerization, including

the fabrication of materials for use in sensors, gas separation, purification, optical devices,

and biomedical applications. Overall, the review can provide insight into the relationship

between the interfacial interaction and the modifications, thereby inspiring new ideas on

modifications of broad types of nanofillers in preparing high-performance materials that are

applicable in multidiscipline.

1.4. Introduction

Polymers and nanoscale reinforcement materials have been long aware of their unique

properties. The former is easy to process, lightweight, flexible, and versatile for material

design, whereas the latter can possess unique optical, electrical, catalytic, magnetic,

superior thermal, and mechanical properties.2-12 Nevertheless, the individual of them lacks

advantages over each other, which limits their potential applications.13, 14 A new class of

materials known as polymer nanocomposites has been developed to expand the

applications. Polymer nanocomposite materials consist of nanoscale, noncontinuous

reinforcements, and continuous polymer matrix phases. Combining reinforcement and

matrix produces polymer nanocomposites with combinational properties and are now found

in applications such as electronics, photocatalysis, drug delivery, energy storage,
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wastewater treatment, optical devices, and carbon capture.15-35 In general, polymer

nanocomposites can be prepared by melt blending, 36 solution mixing,35, 37 or in situ

polymerization by heat or light.38 As a matter of fact, the first two options are usually

adopted by the industry due to their ease of use and economic viability.39 Even so, these

processes are usually highly time-consuming and require high temperatures and toxic

organic solutions,40, 41 which are against green chemistry and require further research and

development. Alternatively, in situ polymerization can be advantageous in terms of solving

the issues.42 Compared to thermal polymerization, photopolymerization, which allows rapid

reactions under energy-saved mild conditions and provides spatial-temporal control over

reaction, has been well adopted since twenty century.43-46 In this technique, photoinitiator is

one of the key components responsible for the initiation of monomers. While most of the

commercially available photoinitiators reactive under the ultraviolet (UV) range,47, 48 many

researches have been focused on developing novel photoinitiators that can work under the

longer wavelengths of light to ensure safety and be able to activate multiple monomer

systems to expand the possible applications.23, 48-82 The increasing maturity of

photopolymerization technology has sparked a growing interest in using it to produce

functional polymer nanocomposite materials.

A significant aspect related to the properties of nanocomposites is how well the

nanomaterials are dispersed in polymers, which largely determines how strong they are.

Due to the strong interparticle interactions and the weak interfacial interactions between

nanofillers and polymers, aggregation and phase separation are often observed, degrading

the properties of nanocomposites significantly.83 Consequently, obtaining polymer

composites with high nanofiller loading is difficult to achieve, especially with the widely used

melt-blending or solution-mixing techniques. A new approach called “P&F” has been

proposed by iteratively pressing and folding to achieve up to 74 vol% loading with good
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dispersion.84 Yet, this has still been limited due to the high temperatures and the long

processing times. To achieve better dispersion, researchers have also attempted to modify

the surfaces of nanomaterials to improve their dispersion.85, 86 Most typically, polymer

surfactants or other molecules that are capable of providing repulsion between

nanomaterials are usually selected.87 Despite the possibility of improving filler dispersion,

the lack of interactions between the nanofillers and the matrix may still cause the nanofillers

to separate from the matrix or migrate out into the environment. As a result, many studies

have focused on developing nanofillers with reactive groups that could physically or

chemically link with the matrix during the manufacturing processes.86, 88-91 Since

photoinitiators and monomers are the key components required in photopolymerization,

they became the potential candidates to be considered in nanofiller modifications.

Modifications of nanofillers with cross-linkable fragments or photoinitiating fragments

significantly enhance the dispersity, improve the polymer/nanofillers interactions, and

reduce the tendency of photoinitiators/nanofillers migration.92, 93 However, the relationship

between interfacial interaction and nanofiller modification, as well as the effects of different

types of nanofiller modification on the properties of final polymer composites and their

potential applications are rarely summarized or discussed.

Therefore, this review summarizes works in preparing functional polymer nanocomposites

with in situ photopolymerization technique. Since there have been plenty of great books or

reviews focused on the selection of monomers,94-101 we will only give a brief overview of this

in the first section. We then focus on discussing the selection of different modified

nanofillers, the interactions between the polymer and the nanofillers, which reflect different

properties of the polymer nanocomposites, and the current applications. Our review can

provide helpful guidance for researchers in the areas of chemistry and materials science

regarding the design and selection of appropriate nanofillers to fabricate polymer
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nanocomposite materials with better performance via a simple photopolymerization

approach.

1.5. Overview of the selections of photopolymers in preparing
polymer composite

Polymer composites are synthesized by integrating functional nanofillers into a

photopolymerizable resin system, followed by light-induced polymerization to form a

crosslinked network. Depending on the polymerization mechanism, four major types of

monomers are well adopted in photopolymerization: free radical polymerization of

(meth)acrylate systems or thiol-ene/nye systems and cationic polymerization of epoxies or

vinyl ethers. In brief, free radical photopolymerization involves the generation of radicals

upon light activation of a photoinitiator, which subsequently initiates chain-growth

polymerization. In contrast, cationic photopolymerization operates via a cationic chain-

growth mechanism, initiated by photogenerated acid species. Furthermore, thiol-ene

photopolymerization is a hybrid approach that follows a step-growth mechanism.96, 102, 103

Even though cationic polymerization exhibits advantages such as insensitive to oxygen

inhibition, substantial dark polymerization, and reduced volume shrinkage compared to free

radical polymerization,104, 105 free radical photopolymerization still dominates the research of

polymer nanocomposites since they react rapidly, are insensitive to trace impurities, and

tolerate wide functionalities.106, 107 Besides, diluents are usually incorporated to reduce the

viscosity since the introduction of nanofillers increases viscosity, thereby affecting the

fabrication process. Alternatively, monomer blends (e.g., acrylates and epoxies) has also

been a selection to enhance the mechanical properties of the corresponding polymer

nanocomposites.108 Most importantly, the selection of photocurable resins should be

determined by the intended applications, as well as the compatibility of the nanofillers with
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the resins. For instance, to yield polymer nanocomposites with improved transparency,

polymer/nanofillers with similar refractive indexes are usually considered the ideal

combinations (e.g., acrylate-based resin and silica nanofillers).109 In summary, selecting the

appropriate photopolymer is critical to creating high-quality polymer composites with the

desired properties. The selection process must take into account several key parameters,

including reactivity, viscosity, shrinkage, and compatibility with the reinforcement materials.

Through careful consideration of these parameters, it is possible to create polymer

composites with optimized properties for specific applications.

1.6. Selection and development of functional/modified nanofillers
for polymer composites and their achieved properties

As part of the polymer nanocomposites, nanofillers significantly affect the resulting

properties and their potential applications. Here, some commonly used nanofillers, their

properties and potential applications are summarized in Table 1.1. Specifically, the effect of

different nanofillers on polymer composites’ properties will be discussed in the following

section in the order of mechanical, optical, environmental-related, and electrical properties.

Moreover, the details on the modifications of different nanofillers and the approach to the

corresponding polymer nanocomposites via photopolymerization will also be discussed. It

should be noted that some nanofillers without functionalization have also been included in

certain sections. This is because they are involved in photopolymerization reactions, acting

as photoinitiators or photosensitizers.

Table 1. 1. Types of nanofillers and their properties and potential applications.
Nanofillers Properties Applications References

Carbon-based
materials (graphene,
graphene oxides,

High aspect ratio, excellent
mechanical properties,

electrical conductivity, high

Sensors, biomedical
devices, conductive
composites, water

110-112
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carbon nanotubes) surface area purification
Silica nanoparticles High surface area, good

mechanical properties,
biocompatibility

Optical coatings,
biomedical devices

113-116

Clays and Minerals High surface area, layered
structure, good mechanical

properties, barrier
properties

Reinforcing fillers 117-119

Metal-organic-
frameworks

High surface area, tunable
pore size and surface
chemistry, structural

versatility

Gas storage, catalysis,
sensing

120-123

Cellulose Renewable, biodegradable,
high mechanical strength,
low thermal expansion

Biomedical applications 124-129

Chitin and chitosan
Biodegradable, abundant,
non-toxic, biocompatible

Wound healing, drug
delivery, tissue
engineering

130-133

Perovskites
High luminescence,

piezoelectric, ferroelectric

Photovoltaics, light-
emitting devices,

sensing

134-136

Ionic liquids Low volatility, wide
electrochemical window,

tunable properties

Electrochemical
devices, catalysis,

separations

137-140

1.7. Mechanical property

1.7.1. Silica oxides

Silica nanoparticles have been widely selected over other inorganic nanofillers (e.g.,

titanium dioxide45, aluminum oxides141, gold142, silver7, etc.) owing to their easily

functionalizable surface, high biocompatibility, controllable sizes, and rich textural

properties. Recently, many efforts have been made to graft commercially available

photoinitiators onto the surface of silica nanoparticles (Si NPs). 92, 143-145 This can increase

the dispersity of nanoparticles in the polymer matrix and decrease the migration tendency

of photoinitiators after photopolymerization. As a matter of fact, the migration issue is highly

assessed in the food packaging industry because any left-over photoinitiators that migrate

out could cause health problems.93, 146, 147 For instance, a commonly used type II

photoinitiator, 2-chlorothioxanthone (CTX), has been grafted onto silica NPs and the
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modified NPs are subsequently used to initiate the polymerization of epoxy acrylate resin

under the light from a Hg-Xe lamp with a light intensity of 80 mW/cm2.145 As expected, good

dispersion and low migration were achieved, and an improved tensile strength (from 66

MPa to 84 MPa) and elongation at break (from 7.6% to 9.7%) were observed compared to

the polymer prepared by free CTX. Nevertheless, only 3 wt% of functionalized silica NPs

were incorporated. A question remains whether the good dispersion is due to the

functionalization or low loading of silica NPs. Alternatively, two type I photointiators,

trialkoxysilyl-functionalized bis(acyl)phosphane oxide (TEMSI2-BAPO) or 1-[4-(2-(3-

triethoxysilanylpropylcarbamoyloxy)ethoxy)phenyl]-2-hydroxy-2-methyl-1-propane-1-one

(TESI-IC2959) were immobilized onto the silica NPs.92 They can successfully initiate thiol-

ene photopolymerization with a high-pressure Hg lamp with a wavelength ranging from 250

nm to 470 nm. Notably, a low migration of residue photoinitiators from the corresponding

composites was achieved. This work has been focused on comparing two different

functionalization routes while lacking an investigation of the properties of the as-prepared

nanocomposites. Furthermore, one major drawback of this approach was that a relatively

large amount of organic solvent was used to allow the fair distribution of silica NPs. This

took away the advantage of photopolymerization (solventless). Similarly, another type I

photoinitiator, ethyl(2,4,6-trimethylbenzoyl) phenylphosphinate (Irgacure TPO-L), bearing

trialkoxysilyl units were functionalized onto Silica NPs and mixed with acrylic monomers to

form nanocomposite under a high-pressure Hg lamp with wavelength range from 250 nm to

470 nm.144 Silica NPs were distributed evenly into the polymer matrix owing to the addition

of organic solvent, and patterned polymerization was possible with the photomask. Despite

the successful synthesis of the photoinitiating silica NPs, using UV light and organic

solvents for polymerization in the studies mentioned above is unfavorable since it may raise

health issues.148 To tackle this problem, our group has grafted a blue light-sensitive
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photoinitiator, 4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenyl (3-

(triethoxysilyl)propyl)carbamate (silylated triazine) onto the silica nanoparticles as shown in

Figure 1.1 (a), which were found to work in dual functions.143 Specifically, being a

photoinitiator, the modified silica nanoparticles could successfully initiate free radical

polymerization with up to 69% conversion within 5 minutes; being fillers, the flexural

modulus of the as-prepared composites could be improved from 43 MPa to 286 MPa as

shown in Figure 1.1 (b). Notably, the dispersion of nanoparticles in the matrix was

significantly enhanced, and the as-prepared nanocomposites showed minor photoinitiator

migration when immersed in the organic solvent.143 Nevertheless, the high loading of Si

NPs is still limited. The flexural modulus started to decrease when 20 wt% of functionalized

Si NPs were added.

Figure 1. 1. (a) Synthetic procedure to obtain triazine-coated silica nanoparticles (Si-triazine
NPs); (b) Stress–strain curves in a three-point bending test of the photocured samples
prepared from the photopolymerization of TMPTA initiated by 0.85 wt % triazine (molar
concentration: 19.1 μmol/g), 1.3 wt % Silylated triazine + 8.7 wt % Silica NPs (molar
concentration of triazine moieties: 19.1 μmol/g), 10 wt % (molar concentration of triazine
moieties: 19.1 μmol/g), 20 wt % (38.2 μmol/g), or 50 wt % (95.4 μmol/g) Si-triazine NPs.143
Copyright 2021. Reproduced with permission from American Chemical Society.

To achieve a high loading, an alternative way is to modify the surface of Si NPs with

polymerizable groups. In one research, 3-methacryloxypropyl trimethoxysilane (MPS) has

been used to modify the surface of Si NPs (MPS-Si NPs).149 To ensure the compatibility

between nanofillers and matrix, a methacrylate-terminated polyether polyol(polyether-MA)
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was synthesized as the photocurable resin. With the combination of a diluent, isobornyl

methyacrylate (IBOMA) and a photoinitiator, Irgacure 819, the resulting elastomer

composites were investigated and 3D printed with 405 nm light irradiation. In the

prepolymer system, the addition of 20 wt% of MPS-Si NPs was found to have an average

hydrodynamic size of 154 nm compared to the pristine Si NPs (432 nm), which confirmed

the exceptional dispersity of MPS-Si NPs in the polymer matrix. Moreover, the high loading

did not induce severe light scattering. In fact, it resulted in a greater photocuring depth

compared to those with 0 or 10 wt% MPS-Si NPs. This was explained by the additional

nucleation sites for polymerization when a good dispersibility of nanofiller was achieved.

The extraordinary dispersity also reflected a significant improvement in mechanical

properties. The tensile strength and hardness were increased by 88% and 52% from 3.29

to 6.18 MPa and 48.6 to 74.0, respectively. In the meantime, the insignificant effect of light

scattering allowed the 3D printability of these mixtures. As illustrated in Figure 1.2, a gripper

that showed high robustness and durability can be successfully 3D printed out and

therefore can be potentially used in soft actuator applications.
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Figure 1. 2. Compression test of a 3D-printed hollow cylinder with different contents of
SiO2 NPs: (a) 3DP-SiO2-0, (b) 3DP-SiO2-10, and (c) 3DP-SiO2-20. The weight of the
stainless-steel plates on top of the hollow cylinder was 2 kg. Pneumatic actuation of 3D-
printed grippers with different amounts of SiO2 NPs content before and after pressurization
at 150 kPa: (d) 3DP-SiO2-0, (e) 3DP-SiO2-10, and (f) 3DP-SiO2-20.149 Copyright 2020.
Reproduced with permission from American Chemical Society.

In another research, a series of oligomers with different lengths and degrees of

functionality were studied to reveal their effects on the properties of the resulting polymer

composite.150 In brief, three epoxy oligomers with the molecular weight of 1075, 4000, and

6100 g/mol reacted with isocyanatoethyl methacrylate (IEM) to different extents (either 10%

or 100% OH groups reacted with the IEM) to achieve various methacrylate functionality

along the chains as shown in Figure 1.3 (a). The oligomers with various lengths and

methacrylate functionality were then grafted onto the Si NPs surfaces as illustrated in

Figure 1.3 (b). The photopolymerization was carried on with a dental curing light irradiation
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(IQ2, Caulk, Dentsply) with a maximum output of 465 nm. Irradiation of a mixture of dental

resin (mixture of (2,2-Bis[4-(2-hydroxy-3-methacryloyloxypropyl-oxy)phenyl]propane

(BisGMA) and triethylene glycol dimethacrylate (TEGDMA) in 70:30 mass ratio), modified Si

NPs, camphorquinone and ethyl 4-N,N-dimethylaminobenzoate yielded the corresponding

polymer-based dental restoratives. Specifically, a pronounced shrinkage reduction was

observed when incorporating modified Si NPs with a longer chain and lower methacrylate

functionality. This was ascribed to the increased mobility of the compliant interface between

the fillers and polymer matrix, reducing the accumulated interfacial stress. A high loading of

modified Si NPs (up to 30 wt%) can be achieved because of the improved interface, and

the shrinkage was reduced by 30% compared to conventional dental materials.

Figure 1. 3 (a) Structure of epoxy oligomer series used to modify the OX50 surface where n
varies from 2 to 20. Modification of oligomers – Case 1 – Low methacrylate group
concentration on oligomer backbone – 10 % of OH groups are reacted with IEM, leaving
90 % OH groups unmodified. Case 2 – High methacrylate group concentration on oligomer
backbone – all OH groups are reacted with IEM; (b) Attachment of oligomers to silica
particle surface – OX50 particles were silanized in dry conditions with MAPTS. MAPTS was
further reacted with modified epoxy oligomers to yield particles with oligomers on the
surface.150 Copyright 2021. Reproduced with permission from Elsevier.
Besides methacrylate moiety, others also investigated the effect of the modification with

vinyl groups on the properties of the corresponding polymer composites. For instance, Si

NPs were first modified with methacrylate (MA-Si NPs) and vinyl groups (V-Si NPs),

respectively. Then the photocurable Si NPs were incorporated into poly(ethylene glycol)

diacrylate (PEGDA) in the presence of 2-dimethoxy-2-phenylacetophenone (DMPA) under

https://www.sciencedirect.com/topics/medicine-and-dentistry/triethylene-glycol-dimethacrylate
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irradiation with a MelodySusie UV Gel Nail Polish Dryer UV light (Model DR-301C) at 365

nm.151 The introduction of MA-Si NPs and V-Si NPs increased Young’s modulus and

ultimate compressive stress of the corresponding composite materials. But interestingly, the

relationship between Si NPs loading and the maximum mechanical property differed for

MA-Si NPs and V-Si NPs. In short, a higher loading of V-Si NPs (10.7 wt%) was required to

reach its maximum mechanical properties (~240 MPa of Young’s modulus and ~56 MPa of

compressive stress). In comparison, 7.4 wt% of MA-Si NPs can achieve composite

materials with similar mechanical properties, and further increased loading resulted in

increased mechanical properties (~340 MPa of Young’s modulus and ~60 MPa of

compressive stress). This could be due to the shorter molecular crosslink between the

nanofillers. Moreover, well-dispersed MA-Si NPs and an agglomeration of V-Si NPs were

found when blending into the matrix system. It indicated the importance of the selection of

modified groups which impacts the final composite properties, and the functional groups

with similar chemistries to the matrix should be considered.

While Si NPs have been mostly investigated for surface modification, one group also

explored the feasibility of another type of silica-based nanomaterial, polyhedral oligomeric

silsesquioxanes (POSS), which are the smallest hybrid silica particles (1–3 nm) with well-

defined structures.152 The POSS was functionalized with a polymerizable vinyl group (V-

POSS), and then mixed with acrylic acid (AA), ionic liquid, 1-Ethyl-3-methylimidazolium

diethylphosphate (EMIM(EtO)2PO2) and photoinitiator, 1-hydroxycyclohexyl phenyl ketone,

followed by photopolymerization under 365 nm irradiation to achieve the dual crosslinked

inongel.152 The combination of the multifunctional chemical crosslinking provided by V-

POSS and the reversible hydrogen bonding provided by AA yielded the composites with

superior mechanical flexibility (stretchability up to 7000%), self-adhesiveness, and

outstanding self-healability. Moreover, the prepared inogel was 3D printed as a strain
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sensor, which showed good stability, high gauge factor (1.52–3.93), wide sensing range

(1%-1200%), and excellent durability (10,000 cycles). Therefore, it was then assembled as

a wearable sensor as depicted in Figure 1.4. Surprisingly, human motion recognition can be

achieved, and it can also act as human–machine interface to control the mechanical hand

under extreme temperature. Due to the outstanding outcomes, this study provides guidance

for the fabrication of intelligent electronics.

Figure 1. 4.The real-time wireless human–machine interface control system. a-c) Schematic
of the system. The response of ionogel based sensor from hand motion is first real-time
captured and converted to the digital signal, and then the data is real-time wireless
transferred to a mechanical hand. d-f) Human hand gesture recognition and mechanical
hand real-time response and reconstruction. g) and h) Human-machine Interface under
−60 °C and 150 °C.152 Copyright 2022. Reproduced with permission from Elsevier.

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/end-effector


15

1.7.2. Clay and minerals

In addition to the commonly used Si NPs, clay and minerals are another group of materials

that are usually used to tailor the mechanical properties of polymer nanocomposites. This

section will summarize and discuss the functionalization of clay and minerals such as

halloysite, boehmite, hydroxyapatite, and montmorillonite. Specifically, the structures of the

discussed clays and minerals are illustrated in Figure 1.5.

Figure 1. 5. Structures of (a) halloysite nanotube (White atoms are H, red O, grey Al, and
yellow Si)153; (b) boehmite154; (c) hydroxyapatite155; and (d) montmorillonite. (The green
sheet indicates a tetrahedral silica layer (T), the yellow sheet indicates an octahedral
alumina layer (O), and the blue spheres represent sodium cations)156 Copyright 2010 and
2021. Reproduced with permission from American Chemical Society and Elsevier.

Halloysite (HNT) is a silica-alumina nanoclay with a tubular structure that is usually used as

an alternative to carbon nanotubes (CNTs) due to their lower cost and natural availability.157

Furthermore, their biocompatibility, high functionality, and mechanical properties also make

them suitable nanofillers for the mechanical enhancement of composite materials. As
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shown in Figure 1.6, halloysites were modified with polymerizable groups, 3-

(trimethoxysilyl) propyl methacrylate (MAPTS),158 vinyltriethoxysilane (VTES),159 and 3-

(glycidyloxypropyl)trimethoxysilane (GPTS).160

Figure 1. 6. structures of modified halloysites.158-160 Copyright 2020, 2022 and 2021(ref 69-
71). Reproduced with permission from Wiley‐VCH GmbH, Society of Plastics Engineers
and Elsevier.

For the MAPTS-HNT and VTES-HNT, they were photopolymerized in a merry-go-round

photoreactor equipped with 16 UV lamps (Philips 8 W/06 emitting at 300–400 nm

wavelengths) with the mixture of Bis-GMA/TEGDMA contained DMPA as the photoinitiator.

In contrast, the GTPS-HNT was photopolymerized in the same irradiation setup, but an

alternative mixture of bisphenol A diglycidyl ether (BADGE) and trimethylolpropane

triglycidyl ether (TTE) which contained benzophenone and diphenyliodonium

hexafluorophosphate (Iod) as the photoinitiating system. The monomers were selected

based on their compatibility with the modified HNT. Interestingly, in all three approaches, 4

wt% of modified-HNT was found to be the optimal loading amount in producing composites

with maximum mechanical properties. Specifically, the tensile strength and elastic modulus

(59.13 MPa and 782.27 MPa, respectively) of MAPTS-HNT-containing composites were 5

times and 33 times higher than the neat thermoset (11.54 MPa and 23.97 MPa,

respectively). However, with the same matrix, composites containing VTES-HNT only

showed 4.9 times higher tensile modulus (27.26 MPa) and 1.5 times higher elastic modulus
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(28.36 MPa) compared to the neat thermoset (5.51 MPa and 18.47 MPa, respectively). This

was probably due to the better compatibility of methacrylate-HNT with the matrix compared

to vinyl-HNT. It is worth noting that, even though the addition of 4 wt% of modified-HNT

resulted in significant enhancement of mechanical properties, a mixed morphology of

agglomerate and non-agglomerate was still present. Therefore, further consideration and

improvement are needed for the modification and selection of polymer.

Similar to halloysite, montmorillonite is also a silica-alumina nanoclay but usually exists in a

laminate structure. To achieve specific properties, exfoliation of these laminated nanoclays

becomes important. Montmorillonite was modified with three different polymerizable groups,

which were tetradecyl-2 methacryloyloxy(ethyl)dimethylammonium bromide (C14MA),

undecylmethacryloyloxytrimethylammonium bromide (PM1), and tetradecyltrimethylolbis(3-

mercaptopropionate)dimethylammonium bromide (PSH2).161 Specifically, the C14MA-

organoclay contained methacrylate groups close to the clay surface, while PM1-organoclay

contained methacrylate groups that were further away from the clay surface. Alternatively,

PSH2-organoclay contained thiol groups. To achieve photopolymerization, DMPA was used

as the photoinitiator and the prepared mixtures (modified organoclay with 1,6-hexanediol

diacrylate (HDDA)) were irradiated with 365 nm light (3 mW/cm2). Interestingly, C14MA-

organoclays showed an intercalated morphology in HDDA, while PM1-organoclays were

exfoliated instead. This was ascribed to the different positions of the methacrylate groups,

where C14MA-organoclays that had methacrylate groups closer to the clay surface

experienced more steric hindrance during photopolymerization. In contrast, PM1-

organoclays had more accessible methacrylate groups and were readily exfoliated even

before photopolymerization. Even though they showed different morphology, the

mechanical performance was similar, resulting in a 30-35% increase in storage modulus

(~530 MPa and ~540 MPa for C14MA organoclay composite and PM1-organoclay
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composite respectively, compared to ~400 MPa of neat polymer). On the other hand,

PSH2-organoclay, which contained thiol groups, showed enhanced exfoliation due to the

reaction of thiol and acrylate. Therefore, it resulted in a more remarkable improvement of

mechanical properties where the storage modulus was almost double (~700 MPa) of the

neat polymer (~400 MPa).

While most modification focuses on methacrylate, vinyl, and epoxy groups, acrylate groups

are seldom selected. It has been reported that boehmite nanowires modified with acrylate

groups were found to have greater mechanical properties than those modified with

methacrylate groups.162 In detail, boehmite wires were modified with β-carboxyethyl

acrylate (β-CEA) and photopolymerized with HDDA in the presence of bis-(2,4,6-

trimethylbenzoyl) phenylphosphine oxide. Surprisingly, up to 12 wt% of β-CEA-boehmite

could be incorporated, resulting in 53.2% higher (87.1 MPa) flexural strength compared to

the neat resin (56.8 MPa). However, only 6 wt% methacrylate-boehmite could be

incorporated, and the resulting flexural strength only increased by 26.7%. This significant

difference was due to the different grafting efficiency of β-CEA and methacrylate groups.

During the modification step, the boehmite-water mixture was weak acidic, and the

methacrylate groups MAPTS used for functionalization tended to self-condense, therefore

limiting the grafting amount. In contrast, the reaction between β-CEA and boehmite was

promoted under acidic conditions. As a result, β-CEA-boehmites were better dispersed in

HDDA and reflected a significant mechanical enhancement. Moreover, the β-CEA-boehmite

showed versatile reactivity in various monomer systems, including PEGDA and Bis-

GMA/TEGDMA. Therefore, they were highly feasible in 3D printing.

In addition to silica/alumina-based clay, calcium-based minerals are also of great interest,

especially the hydroxyapatites (HAs), which form the mineral phase of bones.163 A group

fabricated polymer composites containing hydroxyapatites that had osteogenesis
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potential.164 To avoid aggregation, nano HAs were functionalized with hydroxyethyl

methacrylate (nHAMA) and photocrosslinked under a UV lamp (wavelength of 365 nm and

intensity of 5 mW/cm2, Analytikjena, Germany) with tri-block poly (lactide-co-propylene

glycol-co-lactide) dimethacrylate (PmLnDMA, m and n respectively represent the unit length

of propylene glycol and lactide) in the presence of Irgacure 819.164 The modification allowed

exceptional dispersity where loading of 50 wt% nHAMA could be achieved. The improved

interfacial bonding between PmLnDMA and nHAMA, therefore, resulted in a 10-and 9-fold

increase in tensile modulus (157 MPa) and compressive modulus (362 MPa) respectively,

compared to the neat resin (16 and 43 MPa, respectively). The photocured composites

allowed the encapsulation of heat-labile molecules and a long-term release over 60 days. In

addition, they also showed good biocompatibility and oestrogenic potential (Figure 1.7),

which can be potentially used for bone grafts.

Figure 1. 7. Micro-CT evaluation and histomorphological observation of the in vivo bone
regeneration in a rabbit femoral condyle defect model. The femoral condyle defects were

https://www.sciencedirect.com/topics/engineering/propylene-glycol
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implanted with P7L2DMA/50%nHA, P7L2DMA/50%nHAMA and P7L2DMA/50%nHAMA/BMP-2
scaffolds, and the rabbits with no scaffold implantation served as blank control. (A) 3D
reconstructed micro-CT images of different groups showing the influences of different
samples on the new bone formation after implantation for 4 and 8 weeks. The red color
indicated the new bone tissues and green color represents the scaffolds. Quantitative
statistic of (B) BV/TV and (C) BMD of the newly formed bone at week 4 and 8. BV/TV: bone
volume/total volume; BMD: bone mineral density. (D) Representative images of Van
Gieson's staining showing the osseointegration of scaffolds with the new bones. S
represented implanted scaffolds and NB indicated new bone tissues. The red-stained areas
indicated by the arrows refer to the ossein. (E) Quantitative analysis of the new bone area
in the defects. Data are presented as mean ± SD and analyzed by one-way ANOVA (n = 6
for each group, *p < 0.05).164 Copyright 2020. Reproduced with permission from Elsevier.

1.7.3. Carbon-based nanomaterials

Carbon nanomaterials are well known for their superior mechanical properties. In this

section, three types of carbon-based nanomaterials, i.e. graphene oxides, graphene

nanosheets, and carbon nanotubes, will be discussed. The structures of three types of

carbon-based nanomaterials are depicted in Figure 1.8.

Figure 1. 8. structures of carbon-based nanomaterials.165 Copyright 2020. Reproduced with
permission from Elsevier.

1.7.3.1. Graphene oxides and graphene nanosheets

Similar to other inorganic nanomaterials, graphene oxides (GOs) suffer from severe

aggregation when directly mixing into a polymer matrix which significantly affects the

mechanical properties. Therefore, a strong matrix-filler interaction is required to allow

successful load transmission when an external force is applied. Just like the majority type of
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modification, GOs were modified with acryloyl chloride (fGO) and mixed with a

methacrylate-based resin (MA) to form the 3D printing prepolymer.166 With irradiation of 405

nm light (Formlabs), MA-fGO nanocomposites could be successfully 3D printed. At the

optimal loading of 0.2 wt% fGO, the MA-fGO nanocomposites exhibited a 46% increase in

ultimate strength (from 40 MPa to 60 MPa), 66% increase in ductility (from 3.5% to 6%),

and 186% increase in toughness (from ~75 MPa m1/2 to ~210 MPa m1/2) compared to the

neat MA. With the superior mechanical properties achieved, the fGO was viable in drone

parts manufacturing as shown in Figure 1.9.

Figure 1. 9. Images showing the drone blade (A) .STL file object and (B) 3D-printed fGO
nanocomposite suitable for a drone manufacturing application.166 Copyright 2019.
Reproduced with permission from American Chemical Society.

In another study, GOs were functionalized with a sniff base, N-(3-

triethoxysilylpropyl)propan-2-imine (ITES).167 The detailed synthesis steps are depicted in

below Figure 1.10. Notably, three GOs with different functionalization levels (ratio of

NH2/NH3+ groups), i.e. AGOL, AGOM, and AGOH were obtained (L, M, and H stand for low,

medium, and high). They were blended with commercially available methacrylate-based

resin containing photoinitiators and subjected to further characterizations and 3D printing.

Specifically, the necessary loading of functionalized GO to achieve superior mechanical

properties was only 0.01 wt%. AGOL, which had low grafting density resulted in the

production of a ductile composite; while AGOH, with high grafting density, produced a brittle
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composite. The toughness also followed the same trend, which AGOH being the lowest (24

MPa), followed by AGOM (342 MPa), and the toughest AGOL (562 MPa). In addition,

AGOM and AGOH, with higher grafting density compared to AGOL showed a more

exfoliated morphology.

Figure 1. 10. Surface bifunctionalization of GO with NH2/NH3+ at different functionalization
levels and their use to achieve stereolithographic 3D-printed nanocomposites with tuned
toughness.167 Copyright 2020. Reproduced with permission from American Chemical
Society.

Since thiol-ene photopolymerization yields final products with low shrinkage and uniform

structure, a thiol compound, 3-mercaptopropyl trimethoxysilane was used to modify

graphene nanosheets (FGNSs) as shown in Figure 1.11.168 FGNSs were then

photopolymerized with triallyl isocyanurate (TAIC) by adding 2-hydroxy-2-methyl-1-phenyl-

1-propanone (Darocur 1173) as the photoinitiator. While the unfunctionalized GNSs were

stacked in the polymer matrix, FGNSs were exfoliated and finely dispersed. The strong

interfacial adhesion and high stiffness of graphene endowed the corresponding composites

with up to 138% enhancement in storage modulus (From ~1500 MPa to 3500 MPa).
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Moreover, they also exhibited enhanced thermal stability due to the barrier effect of lamellar

structure.

Figure 1. 11. Schematic illustration of the synthetic route of functionalized graphene
nanosheets.168 Copyright 2013. Reproduced with permission from Elsevier

Besides polymerizable groups, magnetic Fe3O4 was also considered a promising

functionalization group on the GNSs (f-GNSs).169 Upon irradiation with LED lamps at 385

nm, the mixture of f-GNSs, aliphatic urethane diacrylate, 2-hydroxyethyl methacrylate
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(HEMA) and isobornyl acrylate (IBOA) was photopolymerized with the addition of bis (2,4,6-

trimethyl benzoyl) phenylphosphine oxide. Since the modification yielded magnetic f-GNSs,

the orientation of f-GNSs in the polymer matrix was then controlled by placing magnets

below the prepolymer prior to the irradiation. Interestingly, the composite films with f-GNSs

oriented in the horizontal alignment displayed superior tensile and barrier properties (i.e.,

water vapor transmission rate (WVTR) of only 0.89 g-mm/m2/day) than the materials with

random-dispersed f-GNSs (1.87 g-mm/m2/day) or f-GNSs oriented in vertical alignment

(5.57 g-mm/m2/day). Therefore, the encapsulation of the horizontal-oriented f-GNSs

composites greatly extended the lifetime of organic photovoltaic (OPV) cells, which made

them highly applicable in producing stable photovoltaic devices.

1.7.3.2. Multiwall carbon nanotubes (MWCNTs)

Apart from two-dimension graphene, three-dimension MWCNTs are also widely selected as

nanofillers in producing composite materials. MWCNTs were functionalized with

poly(ethylene glycol) methacrylate (PEGMA).170 Unlike most studies where only one type of

nanofillers was used, this work used both the PEGMA-MWCNTs and Si NPs to enhance

the corresponding composites’ properties. In brief, the prepolymer contained the following:

epoxy acrylate LR 8992 and poly(dimethyl siloxane-urethane methacrylate) (PDMS-U

methacrylate) as reactive oligomers, HDDA and nonbornyl acrylate as crosslinkers, N-vinyl

pyrrolidone (NVP) as a reactive diluent, and PEGMA-MWCNTs, sol–gel precursor, and

hydrophobic nanosilica as nanofillers. The prepolymer was photocured under UV irradiation

in the presence of Irgacure 184. Interestingly, when only PEGMA-MWCNTs were added,

phase-separated morphology was observed, probably due to the micro-micellization of the

hydrophilic and hydrophobic chain. Agglomeration was observed when the sol-gel

precursor was added. In this case, the hydrophobic silica acted as a reinforcer to overcome
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the phase separation. Overall, the modulus of the composite increased from 245 MPa to

318 MPa after the addition of PEGMA-MWCNTs and silica. Even though the mechanical

property did not increase to a great extent, this study demonstrated the synergetic effect of

multiple nanofillers on the final composite properties.

Unlike most modifications that focused on polymerizable groups or photoinitiators, one

selected polydopamine (PDA) as a functional group.171 As shown in Figure 1.12, MWCNTs

were modified with PDA via surface oxidative polymerization (PDA/MWCNTs) and

subsequently photopolymerized with 3,4-Epoxycyclo hexylmethyl-3′,4′-epoxycyclohexane

carboxylate (ECC) in the presence of diphenyliodonium hexafluorophosphate (Iod) and N-

vinylcarbazole (NVK). Surprisingly, PDA/MWCNTs showed dual roles, which can not only

act as mechanical reinforcement but also act as photosensitizer/co-initiator in accelerating

polymerization rate. Specifically, the conversion was improved from 28% to 69% compared

to the system containing a commercial photoinitiator (Irgacure 819). This was ascribed to

the synergy between MWCNTs and PDA where MWCNTs act as an electron sink to

prevent charge recombination, thereby leaving more reactive species in the system to

achieve higher final conversion. Furthermore, the PDA component was highly compatible

with multiple surfaces, and the PDA/MWCNTs were therefore highly applicable in coating,

adhesive and 3D printing.
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Figure 1. 12. Process Methodology: PDA and MWCNT nanohybrids as photosensitizer/co-
initiator.171 Copyright 2022. Reproduced with permission from Elsevier

1.7.4. Bio-based nanomaterials

1.7.4.1. Nanocellulose

The abundance and renewable nature of nanocellulose make them suitable nanofillers in

preparing biocompatible composites. To achieve high bio-based composites, the

functionalization has not been limited to photoinitiators172 and polymerizable groups,173 but

also fatty acids 174 and plant polymers.175 In the case of photoinitiator modification,

celluloses were grafted with bis(acyl)phosphate oxide (BAPO) to yield the photoinitiating

cellulose nanocrystals (BAPO-CNCs).172 Importantly, high grafting density with up to 2100

BAPO units in each CNC was achieved, resulting in a much shorter gelation time of

poly(ethylene glycol) methyl ether methacrylate (PEGMEM) compared to the systems

contained either BAPO or BAPO/unmodified CNCs. This was extremely important,

especially in 3D printing, where high fidelity and resolution can be achieved. The

functionalization of BAPO provided crosslinking sites between CNCs and PEGMEM, which

a higher gel content (>80%) could be achieved compared to the one with BAPO (16%) or

BAPO/unmodified CNCs (22%). The high gel content reflected an extraordinary swelling

ratio of up to 1100% (Figure 1.13) and doubled Young’s modulus (from 130 MPa to 270

MPa). Such efficient photoinitiating CNCs were therefore highly applicable in 3D printing.
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Figure 1. 13. a) Flat specimen from III. b) A dried cubic-lattice structure from III. c) The
same structure after swelling for 1 h. d) The maintained structure after removing the 20 g
weight. e) A hexagonal structure from IV. f) The swollen structure after repeating three
times the drying and swelling procedure. The green dye, which was used to adjust the
optical density during 3D printing, was washed out by re-dissolving in water.172 Copyright
2018. Reproduced with permission from John Wiley and Sons.

In the case of polymerizable group modifications, CNCs were functionalized with acryloyl

chloride (fCNCs) and subsequently photopolymerized with an elastic polymer (EP,

Formlabs, US) containing methacrylate monomer, oligomer, and photoinitiating systems.173

Interestingly, a lower loading of fCNCs (0.2-0.4 wt%) did not result in mechanical

improvement, while a loading of 0.5 wt% resulted in 30% mechanical improvement (from

~1300 kPa to ~1700 kPa). Further increase of loading (0.6 – 1 wt%) again degraded the
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mechanical properties. The optimal amount of fCNCs allowed the formation of a strong

primary network where stress was transferred effectively. At much lower loading (0.2 wt%),

the matrix reached its strain before transfer to the reinforced fCNCs, while above the

percolation threshold, the matrix fraction decreased and became insufficient to support both

primary and secondary networks. Nevertheless, with the optimal loading (0.5 wt%), ductility

(from 25% to 38%), tensile strength (from ~1300 kPa to ~1700 kPa) and toughness (from

72 J-m-3 to 144 J-m-3) have been increased by 50%, 30% and 100%, respectively. In

addition, complex structures as shown in Figure 1.14 could be easily printed with the

investigated formulas, suggesting the potential in various industrial applications such as 3D

printing of an air-purifying respirator and prostheses.

Figure 1. 14. (A) Photopolymerization of elastomeric matrix (EP), adsorbing on the surface
of CNC through covalent bonding with the ester moieties in situ (B) 3D printing of complex
structures via SLA such as air-purifying respirator, (C) gyroid cube, and (D) human ear
construct using EP-fCNC thermosetting elastomeric nanocomposite material developed in
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this study, demonstrating high degree of 3D printing flexibility, stability, and repeatability
potentially suitable for various industrial applications.173 Copyright 2022. Reproduced with
permission from Elsevier.

Alternative to short polymer modification, long polymer modification and their effects have

also been accessed. Compared to other studies, the lignin-coated CNCs (L-CNCs),

however, only showed a minor increase in tensile strength (from ~35 MPa to ~37 MPa) for

the photocured L-CNCs/methacrylate composites when an optimal amount (0.5 wt%) was

added.175 The insufficient interaction between L-CNCs and the matrix was responsible for

the poor mechanical properties. On the other hand, CNCs modified with fatty acid extracted

from safflowers oil (SOFA) behaved differently from the L-CNCs.174 The modification

considered the compatibility of modified groups and photocured matrix. Since the matrix

(eResin-PLA photopolymerresin (RPLA)) was hydrophobic, the modification was therefore

focused on the hydrophobization of CNCs. The excellent compatibility resulted in greater

dispersity compared to other modified CNCs, and subsequently increased the maximum

possible loading of SOFA-CNCs to 5 wt%. This was hardly achieved in other studies where

CNC modification was also performed with a maximum loading of 1 wt%.173, 175 Besides, the

transparent natural of SOFA-CNCs also facilitated the photopolymerization compared to

those using carbon-based nanofillers (graphene, carbon nanotubes, etc.). Overall, the high

transparency, excellent compatibility, mechanical reinforced properties, and high bio-based

content of SOFA-CNCs made them suitable for the preparation of environmentally

sustainable composites via 3D printing.

1.7.4.2. Chitins and chitosan

Chitins, which have a structure similar to cellulose, are more hydrophobic in nature due to

the presence of acetyl groups compared to hydroxy groups in celluloses. Similar to one of
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the previous work, where chitins (CNCs) were modified with acryloyl chloride (fCNCs)173,

chitin nanowhiskers (pCNWs) were also modified with acryloyl chloride.176 However, they

exhibited slightly different mechanical performance compared to fCNCs. With the same

optimal loading of 0.5 wt% of CNCs, pCNWs showed a greater extent of mechanical

reinforcement (from 35 MPa to 65 MPa, ~78% increase in tensile strength) after

photopolymerization into the corresponding nanocomposites compared to fCNCs

nanocomposites (from ~1300 kPa to ~1700 kPa, 30% increase in tensile strength). This

was probably due to the more hydrophobic nature of pCNWs which increased the

compatibility between nanofillers and matrix, thereby facilitating mechanical reinforcement.

The importance of the compatibility of fillers with the matrix was also reflected in another

chitin-modified study. Two modified chitins with different hydrophobicity were

synthesized.177 One was modified with methacrylic anhydride (ChNC-MA) and the other

with decanoyl chloride (ChNC-C10). Photopolymerization was carried out using resin

containing ethoxylated bisphenol A dimethacrylate (Bis-EMA), TEGDMA, HEMA, and the

photoinitiator (camphorquinone/ethyl 4-(dimethylamino)benzoate). Noticeably, aggregation

was found in the ChNC-MA incorporated composites, while ChNC-C10 was found to

disperse better. This was ascribed to the shorter chain length and lower substitution in

ChNC-MA, making them more hydrophilic than ChNC-C10, therefore, less compatible with

the hydrophobic matrix. As a consequence, the resin was better reinforced by ChNC-C10,

with higher flexural strength and hardness achieved compared to the neat resin.

The hydrophobic nature of chitins limits their potential applications. Therefore, their

derivative, chitosan, with increased hydrophilicity, is usually selected.178 Owing to the

excellent biocompatibility, biodegradability, and antibacterial ability of chitosan179, it is

usually prepared into hydrogels for wound dressing and tissue engineering.180, 181 To

achieve fast curing at physiological temperature and spatial temporal control of hydrogels,
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the photopolymerization approach is always preferred. An interesting highlight has

summarized the various modifications of chitosan such that they could be photocrosslinked

into functional hydrogels.182 Nevertheless, the hydrogels prepared by only chitosan usually

lack promising mechanical properties.183 Consequently, designing corresponding composite

materials is intriguing to enhance mechanical properties and expand potential applications.

Here, one of the groups synthesized maleilated chitosan (MCS) and photopolymerized with

methacrylated silk fibroin micro/nanoparticles (MSF) in the presence of D-2959

photoinitiator under irradiation of Omnicure series 1000 UV light as shown in Figure 1.15.184

Interestingly, the increase concentration of MSF (from 0% to 0.1%) resulted in a decrease

in equilibrium water uptake of the corresponding composite hydrogels (from 13.49 g/g to

8.79 g/g). This was mainly due to the increased crosslinking density in the hydrogel system.

Nevertheless, it also increased compressive modulus from 0.06 MPa to 0.32 MPa. Besides,

the in vivo cytotoxic evaluation revealed the biocompatibility of this MCS/MSF composite

hydrogel, which was therefore highly applicable to be used as cartilage repair materials.

Figure 1. 15. Reaction schematic of MCS/MSF micro/nanocomposite hydrogels.184
Copyright 2017. Reproduced with permission from Elsevier.

In an alternative study, chitosan-based nanofiber with micrometer pore size could be

achieved via electrospinning followed by photopolymerization with poly(vinyl alcohol) mats

(PVA).133 In brief, chitosan was modified with photocrosslinkable methacrylate group

(ethylene glycol arylate methacrylate (EGAMA)) through Michael addition reaction as

depicted in Figure 1.16. The methacrylated chitosan (MACS) was mixed with D-2959

photoinitiator and PVA solution in a different ratio, electrospun into nanofibers, and
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subsequently photopolymerized under the irradiation of Hg lamp. PVA was removed after

that, leaving chitosan nanofibers with micrometer pores. Specifically, the addition of PVA

(50 wt%) enhanced the electrospinnability by increasing the viscosity (from 0.6 to 1.14 Pa S)

and reducing the electrical conductivity (from ~4.5 mS/cm to ~2 mS/cm) of the solution

blend. Moreover, the tensile strength was also improved from 2.36 MPa to 3.37 MPa. The

highly micro-porous structure was shown to facilitate cellular migration, making it highly

applicable in tissue engineering.

Figure 1. 16. structure of methacrylated chitosan (MACS) and its 1H NMR spectra.133
Copyright 2017. Reproduced with permission from Springer Science Business Media B.V.

1.8. Optical property

1.8.1. Halide perovskite quantum dots (QDs)

Halide perovskites have drawn a lot of attention for photovoltaic applications, making light-

emitting diodes, X-ray detectors, and memory devices.185-188 The inherent direct bandgaps,

high absorption, and long exciton diffusion length offer them excellent optoelectronic

properties, and the simple and accessible synthesis steps make them of interest in

industries.189, 190 The outstanding optoelectronic properties of halide perovskite QDs give a

clue that they may demonstrate the potential to act as photoinitiators. CsPbBr3 nanocrystals
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(NCs) solution was mixed with styrene and irradiated with white light to achieve a polymer

composite film with ~44% photoluminescence quantum yield (PLQY).191 Specifically, the

interaction between olefin’s (styrene) filled π orbitals and an electron-deficient Pb was

responsible for the photoinitiating ability of CsPbBr3 NCs. Moreover, the degree of

dispersity of CsPbBr3 NCs was increased as the irradiation time increased since the longer

polystyrene chains were polymerized on the surface of CsPbBr3 NCs. After investigating the

photoinitiating ability of CsPbBr3 NCs, a red-emitting nanocomposite film containing

CsPbBr1.2I1.8 NCs was prepared in a similar fashion. As such, by combining the two

prepared green and red emitting composite films with a blue photoexciation LED as

illustrated in Figure 1.17, a white light-emitting down conversion device that can be

potentially used for color display was fabricated.

Figure 1. 17. Spectral characteristics and inset image of red and green-emitting perovskite–
polystyrene nanocomposite films and their combination with a blue LED to form a white
light-emitting downconversion device.191 Copyright 2018. Reproduced with permission from
John Wiley and Sons.

While a long irradiation time (14 h) was required in the previous study to allow

polymerization, another work treated the CsPbI3 NCs with a series of photoinitiators

(triphenylphosphine (TPP), diphenyl (2,4,6- trimethylbenzoyl) phosphine oxide (TPO),

DMPA, 1-hydroxycyclohexyl phenyl ketone (HPK) and 2-hydroxy-2-methyl-1-
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phenylpropan-1-one (HMPO)) and photopolymerized in an acrylate monomer to prepare

photoluminescence nanocomposite film in much shorter irradiation time.192 Surprisingly,

only the composite film contained TPP-treated CsPbI3 NCs showed 88% of PLQY after

photopolymerization, while the rest of the other photoinitiators-treated CsPbI3 NCs

composite films showed a drastic decrease in PLQYs (7.7%-26%). The interaction between

CsPbI3 NCs and TPP improved the photostability of the films, which was probably due to

the ability of TPP to consume oxygen. With less oxygen present in the system, the

CsPbI3 NCs were prevented from photo-oxidation and therefore retained their

photoluminescence properties even after polymerization. Enlighted with the excellent

photoluminescence properties of the TPP-treated CsPbI3 NCs, they were coated onto the

polymethyl methacrylate (PMMA) to prepare a luminescent solar concentrator (LSCs).

Impressively, an optical conversion efficiency of 3.1 % and optical quantum efficiency of

36 % were achieved as depicted in Figure 1.18.
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Figure 1. 18. a) Preparation of the thin-film LSCs using the doctor-blade method.
b) Photograph of a 5×15 cm CsPbI3 NCs-based LSC under ultraviolet light. c) AM 1.5 G
spectrum, UV/Vis absorption, and PL emission spectra of CsPbI3 NCs-based LSCs.
d) Integrated PL emission of the untreated and TPP-treated LSCs at different optical paths.
e) The optical efficiency of the LSCs coupled with silicon cell as a function of geometric
factor (G factor). f) The I–V curves of the Si solar cell coupled with the edges of an LSC
before and after storage for 2 months in ambient air.192 Copyright 2020. Reproduced with
permission from John Wiley and Sons.

Considering the photoinitiating potential of halide perovskites and the interaction with

photoinitiators, our group has used CsPbBr3 QDs as photoinitiators, with the aid of two

different additives (Iod or ethyl 4-(dimethylamino) benzoate (EDB)) to achieve the

corresponding photoluminescent composites with high stability.193 It was found that

CsPbBr3 QDs could successfully initiate polymerization of thiol-ene system

(triethyleneglycol divinyl ether (DVE-3) and pentaerythritol tetrakis(3-mercaptopropionate)

(Tetrathiol)) under irradiation with 410 nm and 530 nm lights. The addition of Iod or EDB

improved the photoinitiation ability of CsPbBr3 QDs thereby increasing the polymerization

rate and final conversion. However, when interacting with Iod, the CsPbBr3 QDs were

significantly quenched, leaving the polymerized composites with minor photoluminescence.

Alternatively, the interaction with EDB slightly quenched the CsPbBr3 QDs and the

corresponding composites showed long-term photoluminescence under elevated

temperature or oxygen plasma environment as shown in Figure 1.19.

Figure 1. 19. Schematic Illustration of CsPbBr3 QDs and Iod or EDB-induced thiol-ene
photopolymerization under Light Irradiation. Photocured DVE-3/tetrathiol samples achieved
(1:1 ene/thiol in functionality) in the presence of CsPbBr3 QDs/Iod (up) and
CsPbBr3 QDs/EDB (down) (CsPbBr3: 0.5 wt %; Iod: 0.5 wt %; EDB: 0.5 wt %) upon



36

exposure to LED@410 nm (110 mW cm–2).193 Copyright 2023. Reproduced with permission
from American Chemical Society.

1.8.2. Boehmites and montmorillonites

As well known, the aggregation of inorganic nanofillers in a polymer matrix resulted in a

light-scattering system, thereby limiting the production of highly transparent materials that

are required in many optical applications. Therefore, surface modification of nanofillers to

increase compatibility became the key solution. In one of the studies, two types of organo-

modified boehmites illustrated in Figure 1.20 (one with p-toluenesulfonic acid (OS1), the

other with C10-C13 alkylbenzenesulfonic acid (OS2)) were photopolymerized with 3,4-

epoxycyclohexylmethyl-3′,4′-epoxycyclohexanecarboxylate in the presence of UVI 6976

under irradiation of Fusion lamp.194 Unavoidably, the addition of two modified boehmites

reduced the light transmittance. However, OS2-boehmite was found to induce a larger

cluster in the matrix, resulting in a further decrease in light transmittance (reduced from

85% to 29%). The OS1-boehmite, on the other hand, was better dispersed, and the light

transmittance of the corresponding composites could be retained at 64%. It again indicated

the importance of understanding the chemistry between modified groups and matrix in

order to correctly modify nanofillers with enhanced properties.
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Figure 1. 20. Structures of organo-modified boehmites.

In an alternative study, two nanocomposite coatings containing different photoinitiator-

modified montmorillonites resulted in different optical properties.195 In brief, the

montmorillonites were functionalized with either Irgacure 2959 (PI-1-MMT) or

benzophenone derivative (PI-2-MMT) and subsequently photopolymerized with urethane

dimethacrylates. Specifically, the different chemistry of the two modifiers endowed the

corresponding composites with different morphology. The PI-1-MMT composite appeared to

be more intercalated, while PI-2-MMT appeared to be more exfoliated. In addition, PI-2-

MMT composites showed a UV-shielding feature compared to PI-1-MMT composites owing

to the UV light absorption nature of the benzophenone core, highlighting the great potential

ofPI-2-MMT to be used for UV shielding materials.

1.9. Environment-related applications

1.9.1. Metal organic frameworks (MOFs)

To expand the structural diversity, a class of compounds with metal ions coordinated with

organic linkers and metal-organic frameworks (MOFs) has brought wide attention. The

outstanding porosity, internal surface area, and versatile synthetic tunability make them

highly feasible, especially in environmental protection applications such as energy storage,

wastewater treatment, and gas separation.196, 197 Similar to other inorganic fillers, MOFs

also suffer from aggregation issues. Typically, the modifications were done by

functionalizing the organic linkers with polymerizable groups. Zirconium-based MOFs were

functionalized with methacrylamide groups (UiO-66-NH-Met) and photopolymerized in the

blend of butyl methacrylate (BMA) and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide

(photoinitiator) to prepare a stand-alone membrane.198 Compared to the unmodified MOFs,
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UiO-66-NH-Met was found uniformly dispersed in the membrane owing to the improved

chemical and physical interaction between MOFs and polymers. The corresponding

membrane was then tested for pollutant separation. Surprisingly, it removed 80% heavy

metal (CrVI ions) from the wastewater with a maximum separation capacity of 8 mg/g for

only one cycle. This is much higher than the one with active carbon (4.3 mg/g) or

unmodified MOFs (5 mg/g) membrane as depicted in Figure 1.21. As a result, this MOF-

membrane was highly applicable in wastewater treatment.

Figure 1. 21. Separation capacity for CrVI ions of a MOF/BMA copolymer membrane, a
PBMA membrane, a membrane of a MOF/PBMA blend, and a membrane of an activated
carbon/PBMA blend (unadjusted pH value, initial concentration and volume of
K2Cr2O7 solution: 10 mg L−1×10 mL, performed in triplicate).198 Copyright 2015.
Reproduced with permission from John Wiley and Sons.

In an alternative study, vinyl-functionalized UiO-66-CH=CH2 MOFs were synthesized using

2-vinyl-1,4-dicarboxylic acid as organic linkers.199 They were then introduced into a

monomer blend containing tetrathiol and 2,2-(ethylenedioxy)diethanethiol (EDDT));

poly(ethylene glycol) divinyl ether (PEO-250) and DMPA, followed by photopolymerization

with super pressure Hg lamp (Lumatec Superlite SUV-DC-P, 315 <λ< 390 nm). Importantly,

PEO-250 was selected since it showed affinity to CO2 through strong dipole–quadrupole

interaction. As expected, UiO-66-CH=CH2 MOFs were well spread in the polymer, which

was ascribed to the formation of the thioether linkage. The adhesion between MOFs and
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polymer was improved, eliminating the potential interfacial defects. Thus a high loading of

up to 60 wt% of UiO-66-CH=CH2 MOFs could be incorporated. Moreover, the

corresponding composites also achieved an 800% and 130% increase in Young’s modulus

(from 6 MPa to 59 MPa) and ultimate elongation (from 15% to 20%). In contrast, the

unmodified MOFs suffered from severe aggregation, even with a relatively low loading of 20

wt%. Finally, the prepared membrane was tested for the potential for gas separation.

Specifically, an increase in gas permeability was observed in UiO-66-CH=CH2 MOFs

composites compared to the pristine polymer. Following the previous work, dual-

functionalized MOFs nanoparticles with core/shell morphology were further synthesized, as

illustrated in Figure 1.22. In this case, MOFs contained 10% of polymerizable vinyl groups

on the shell, while the cores contained either NO2 group (UiO-66-NO2) or naphthalene

groups (UiO-66-Naph).200 For photopolymerization, the same thiol-ene system and

photoinitiators were used as in the previous work. Overall, the UiO-66-NO2 membrane

exhibited the highest CO2 permeability and solubility when the loading concentration was 30

wt%. This was due to the strong absorption sites provided by the polar NO2 groups. In

addition, all the MOFs membrane presented a modest CO2/CH4 separation factor. The

results together confirmed the potential of the composite membrane for gas separation

application.
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Figure 1. 22. Core/shell MOFs synthesized through PSE with vinyl functionality.200
Copyright 2020. Reproduced with permission from American Chemical Society.

1.9.2. Ionic liquid and graphene oxides

Likewise, ionic liquids (ILs) have also been considered for carbon capture due to their

selectivity of CO2 over other gases (e.g., N2, CH4, and H2). The first dual functionalizable

ILs (1-Vinyl-3-butylimidazolium 1-[3-(Methacryloyloxy)propylsulfonyl]-(p-toluene-

sulfonyl)imide (DIL)) were synthesized and subsequently photopolymerized with non-

polymerizable IL ([C4mim][Tf2N]) and PEGDA in the presence of DMPA.201 The structures

and fabrication scheme are shown in Figure 1.23. The photocured poly(IL)-IL composite

membranes were found to have good integrity with no free IL leaking out and high thermal

stability. With the increased content of free IL, the membranes exhibited increased

permeability for all gases. This was due to the changes in interchain spacing and chain

flexibility, thereby creating more diffusive pathways for gas permeation. Additionally, the

strong affinity between ionic liquid and CO2 governed the high permselectivities of CO2 over

CH2, N2 and H2 with the selectivity of 85.1, 68.1, and 3.5 respectively. Overall, this DIL was

highly feasible for the preparation of gas separation membranes in industries.

Figure 1. 23. Illustration of the poly(IL)-IL membrane composition membranes with PEGDA
network.201 Copyright 2020. Reproduced with permission from American Chemical Society.
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Typically, graphene oxides (GOs) are widely used in mechanical reinforced applications or

electronics. Interestingly, GOs were used to prepare functional hydrogels for wastewater

treatment.202 Briefly, GOs were modified with thiols (GO-SH), and then photopolymerized

with poly(ethylene glycol) diacrylate (PEGDA) under irradiation of LUYOR-3405 UV lamp at

365 nm. With the increased addition of GO-SH, the pore volume and average pore

diameter of the GO-SH/PEG composite hydrogels were larger than that of the pristine PEG

hydrogel. The absorption ability of GO-SH/PEG composite hydrogels to three organic dyes

(Congo red (CR), Rhodamine B (RhB), and methylene blue (MB)) was then evaluated. As

expected, a hydrogel with the most concentrated GO-SH showed the greatest absorption

ability towards the three dyes as shown in Figure 1.24. This was mainly due to its highest

specific surface areas, allowing increased adsorbent activity points and more contact

between dyes and activity points. Based on the excellent absorption properties of the GO-

SH/PEG hydrogel, they were highly applicable for wastewater treatment.

https://www.sciencedirect.com/topics/chemistry/rhodamine-b
https://www.sciencedirect.com/topics/chemistry/methylene-blue
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Figure 1. 24. Adsorption kinetics curves of as-prepared composite hydrogels (PG-2#, PG-
3#, and PG-4#) on CR (a, b), RhB (c, d), and MB (e, f) at 298 K. Pictures (g, CR; h, RhB; i,
MB) showed the dye solutions at different adsorption time intervals (0, 50, 100, and
280 min).202 Copyright 2017. Reproduced with permission from Elsevier B.V.

1.10. Electric property

1.10.1. Carbon-based materials

Graphene is one of the most conductive materials, with conductivity values up to 1,000

times greater than copper. This makes it an excellent candidate for use in a wide range of

electrical and electronic applications, such as batteries, capacitors, solar cells, and

sensors.203-205 Nevertheless, the high surface energy of graphene can lead to poor

interfacial adhesion with the polymer matrix resulting in severe aggregation, which

degrades the properties. As such, functionalization of gold nanoparticles onto graphene

sheets (GNSs) was proposed and the corresponding composites were prepared via

photopolymerization under a Fusion lamp by using 3,4-epoxycyclohexylmethyl-3',4’-

epoxycyclohexyl carboxylate and triphenylsulfonium hexafluoroantimonate as

polymerizable resin and photoinitiator, respectively.206 The TEM revealed a homogeneous

distribution of Au-GNSs in the polymer matrix. Furthermore, the charge transfer between

gold and GNSs facilitated the increase in conductivity. Specifically, the conductivity was

improved by four orders of magnitude from 10-6 S/m to 10-2 S/m. In an alternative study, a

photoinitiator (benzophenone, BP) was used for modification. Unlike the commonly used

chemical procedure, BP was functionalized onto the graphene oxides (BP-GOs) via UV

irradiation as shown in Figure 1.25.207 The BP-GOs were then used as fillers and

photoinitiators in fabricating composites via photopolymerization in PEGMA or perfluoro

butyl acrylate (PFBA). Specifically, more aggregates were found when polymerized in

PFBA compared to PEGMA, possibly due to the increased hydrophobicity of perfluoro

https://www.sciencedirect.com/topics/chemistry/adsorption-kinetics
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chains. The conductivity measurements were then evaluated. Surprisingly, the BP-GOs

were found to have a bulk conductivity that was two orders of magnitude higher compared

to the pristine GOs. During the BP UV functionalization step, they also reduced the GOs,

resulting in increased electrical conductivity. Nevertheless, a moderate electric conductivity

was achieved (1.5 S/cm) for the prepared BP-GOs composites.

Figure 1. 25. Scheme of the two steps functionalization reaction.207 Copyright 2014.
Reproduced with permission from Elsevier.

1.10.2. MOFs and BaTiO3

In addition to the important application of separation and purification, MOFs could also be

applied to the design of high-performance Li-ion batteries. UiO-66-NH2 MOFs were

decorated with polycaprolactone (PCL), together with PEGDA, boronic ester monomer

(BEM), lithium salt, and 1-hydroxycyclohexyl phenyl ketone, and then photopolymerized to

yield the corresponding electrolyte composite.208 Specifically, the modification improved the

dispersity of MOFs in the matrix and the formation of a crosslinked network suppressed the

formation of lithium-dendrites, leaving the electrolyte with a wide electrochemical window of

https://www.sciencedirect.com/topics/engineering/functionalization
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5.29 V and a high lithium-ion transference number of 0.59. Furthermore, the excellent long-

cycling and rate performance indicated the high potential of the studied modified MOFs in

high-performance Li-ion battery fabrication.

Other than MOFs, BaTiO3, a perovskite material has drawn a lot of attention for electrical

devices due to its unique ferroelectric properties. One of the groups was therefore selected

for the fabrication of a pressure sensor.209 In brief, BaTiO3 nanoparticles were

functionalized with 3,4-dihydroxyhydrocinnamic acid (HCA-BaTiO3) to achieve good

dispersion in an aqueous solution. Blending with polyvinylpyrrolidone (PVP), a copolymer of

HEMA and acrylonitrile (AN) (HEMA-co-AN), ethylene glycol dimethacrylate (EGDMA), and

DMPA followed by photocuring with the Blackray B100-AP UV lamp, a HCA-BaTiO3/inogel

composite was synthesized. With the incorporation of HCA-BaTiO3 nanoparticles, the

composite exhibited improved electromechanical properties, which could sense 5 kPa

pressure and respond with up to 8 mV while the pristine inogel only responded with 3.5 mV.

The electrochemical responses of pristine inogel and HCA--BaTiO3/inogel composite are

depicted in Figure 1.26. In addition, when the loading direction was opposite, the HCA-

BaTiO3/inogel composite responded with only 3 mV. The combination of the piezoelectric

effect and anisotropy response of HCA-BaTiO3/inogel composite made it feasible to be

used as a discriminative pressure sensor.

Figure 1. 26. (a) IG/BAT-Nc response at 0.1 (left), 0.5 (middle), and 1 Hz (right). (b)
Anisotropic response of the IG/BAT-Nc at 0.5 Hz, observed by flipping the sample with
respect to the normal force direction (c) Hysteresis loop of pristine ionogel and IG/BAT-Nc,
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the latter showing the typical ferroelectric behavior. (d). Pristine ionogel and IG/BAT-Nc
response at 0.5 Hz.209 Copyright 2019. Reproduced with permission from American
Chemical Society.

1.11. Conclusion and future perspectives

The use of photopolymerization for fabricating functional polymer composites containing

functionalized nanofillers is a rapidly growing area of research with significant potential

across various applications, including biomedical devices, environmental sensing, and

optoelectronic materials. However, despite the advantages of photopolymerization—such

as rapid curing, solvent-free processing, and precise spatial control—several challenges

remain in achieving optimal nanofiller dispersion, strong interfacial adhesion, and efficient

light penetration in highly loaded nanocomposites.

A key issue in photopolymerized nanocomposites is the aggregation of nanofillers, which

can deteriorate the mechanical, optical, and electrical properties of the final materials.

Therefore, surface modification strategies have been widely adopted to enhance

compatibility between nanofillers and the polymer matrix, leading to improved interfacial

interactions and dispersion stability. However, the relationship between nanofiller

modification and the final composite properties is highly complex, as it depends on multiple

factors, including:

 Chemical nature of the nanofillers (organic, inorganic, hybrid structures)

 Type of surface modification (covalent grafting, non-covalent interactions, functional

coatings)

 Processing conditions (light intensity, polymerization kinetics, crosslinking density)

 Polymer matrix properties (hydrophobicity, glass transition temperature, flexibility)
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Thus, a systematic approach is required to optimize nanofiller modifications for specific

applications, ensuring that the resulting composites exhibit the desired mechanical, optical,

and functional characteristics. Despite recent advancements, several challenges persist in

the fabrication of functional polymer composites using photopolymerization, particularly

when integrating nanofillers as photoinitiators and reinforcing agents. Some of the key

challenges include:

 Optimizing Nanofiller Dispersion in Polymer Matrices

Achieving uniform distribution of nanofillers remains a challenge, particularly for highly

loaded composites.

Developing advanced functionalization techniques to improve dispersibility without

compromising photoinitiation efficiency.

 Enhancing Interfacial Adhesion Between Nanofillers and Polymer Matrices

Strong interfacial interactions are essential for mechanical reinforcement and functional

performance.

Exploring novel coupling agents or multi-functional surface modifications to improve

adhesion.

 Transitioning Photopolymerization from UV to Visible or Near-Infrared (NIR)

Wavelengths

Many traditional photoinitiators require UV light, which limits biomedical and large-scale

manufacturing applications.
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Investigating visible-light-sensitive photoinitiators and hybrid nanomaterials to enable

efficient polymerization under mild conditions.

 Addressing Light Penetration Issues in Highly Loaded Nanocomposites

The incorporation of high nanofiller concentrations can lead to light scattering and

absorption, reducing polymerization depth.

Developing strategies for improving light transmission through tailored nanofiller refractive

index matching and multi-stage curing approaches.

 Balancing Mechanical Performance and Functional Properties

Achieving a balance between mechanical robustness, flexibility, and conductivity in different

composite systems.

Exploring synergistic effects of hybrid nanofillers to simultaneously improve multiple

properties (e.g., toughness and conductivity).

In conclusion, the development of functional polymer composites using photopolymerization

and functionalized nanofillers represents an exciting and rapidly evolving research area with

vast technological implications. By addressing nanofiller dispersion, interfacial adhesion,

photoinitiation efficiency, and functional integration, this thesis provides innovative material

solutions tailored for biomedical, environmental, and industrial applications. The findings

presented here pave the way for next generation photopolymerized materials with

enhanced performance, versatility, and scalability, setting a foundation for future

advancements in smart and sustainable nanocomposite technology.



48

1.12. Objective and thesis outline

This thesis aims to explore the development of functional polymer nanocomposites through

photopolymerization, with a particular focus on integrating functionalized nanomaterials as

both photoinitiators and reinforcing agents. The research seeks to address the limitations of

traditional polymerization methods, leveraging photopolymerization’s rapid, solvent-free

curing under light exposure, which provides precise spatial and temporal control over

polymer formation. By systematically investigating various nanomaterials and surface

modifications, this work aims to enhance the mechanical, optical, and functional properties

of polymer nanocomposites, with potential applications in biomedical devices,

environmental sensing, and optoelectronic materials.

A key theme of this thesis is the progressive exploration of different classes of

photoinitiators and their dual role as functional fillers in polymer nanocomposites. Each

chapter builds upon the previous one by introducing new materials, improving

photoinitiation strategies, and expanding the functional applications of the developed

composites. The following structured approach was adopted in this research:

Chapter 2: The study begins by introducing a fully organic photoinitiator system, where

triazine-coated silica nanoparticles (Si-triazine NPs) serve as both visible-light-sensitive

photoinitiators and mechanical reinforcements. These nanoparticles efficiently initiate free

radical polymerization under 410 nm LED irradiation while simultaneously improving the

mechanical integrity and stability of the resulting polymer composites. This chapter

establishes a fundamental approach to modifying nanomaterials for dual-function

applications.

Chapter 3: Building upon the concept of dual-function photoinitiators, this chapter explores

all-inorganic cesium lead bromide quantum dots (CsPbBr₃ QDs) as both photoinitiators and
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luminescent emitters. The transition from Si-triazine NPs to CsPbBr₃ QDs introduces a new

functionality—optoelectronic properties—while further optimizing photopolymerization

efficiency through the addition of co-initiators (iodonium salt and ethyl 4-(dimethylamino)

benzoate, EDB). The resulting nanocomposites demonstrate exceptional

photoluminescence and stability, highlighting their potential for luminescent displays and

lighting applications.

Chapter 4: The research then shifts to hybrid organic-inorganic systems by investigating

UiO-66 metal-organic frameworks (MOFs) modified with visible-light-sensitive

photoinitiators (NPYG and triazine). The transition from quantum dots to MOFs represents

an effort to expand photopolymerization strategies beyond conventional photoinitiators,

incorporating tunable porosity and selective adsorption properties. These composites not

only exhibit strong photoinitiation capabilities but also enable high-resolution 3D printing

and selective dye absorption, broadening the potential applications of photopolymer/MOF

materials in advanced manufacturing and environmental remediation.

Chapter 5: The final experimental chapter builds upon the previous findings by integrating a

hybrid inorganic system, combining TiO₂ and carboxylated nanodiamonds (NDs) to develop

mechanically robust and electrically conductive zwitterionic hydrogels. This marks a

significant transition from rigid nanocomposite materials to soft, responsive hydrogels,

which leverage hybrid photocatalytic and radical-generation mechanisms to achieve

enhanced mechanical properties, ionic conductivity, and moisture-sensing capabilities. The

insights gained in this chapter reinforce the versatility of photopolymerization in different

material systems, from rigid composites to functional hydrogels.

Overall, this thesis demonstrates a progressive exploration of diverse photoinitiating

systems, advancing from fully organic (Si-triazine NPs) to all-inorganic (CsPbBr₃ QDs),
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hybrid organic-inorganic (UiO-66 MOFs), and fully inorganic hybrid systems

(TiO₂/carboxylated NDs). Each chapter builds upon the previous one by introducing new

functionalities, optimizing photopolymerization conditions, and expanding the range of

applications, ultimately showcasing the broad potential of photopolymerized

nanocomposites in industrial, biomedical, and environmental applications.
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Chapter 2 Visible-Light-Sensitive Triazine-Coated Silica
Nanoparticles: A Dual Role Approach to Polymer
Nanocomposite Materials with Enhanced Properties

2.1. Preface

The creation of nanocomposite materials has garnered attention due to their enhanced

mechanical, optical, and thermal properties, making them suitable for diverse applications

such as electronics, medicine, and environmental engineering.1-5 Traditional synthesis

methods often require high temperatures or toxic solvents, posing environmental and health

risks. Photopolymerization offers a safer, low-cost, and eco-friendly alternative that provides

precise spatial and temporal control over polymerization.6 Among various types of

nanomaterials, silica nanoparticles (Silica NPs) are widely used as fillers due to their

functionalizable surfaces, biocompatibility, and structural versatility.7, 8 However, achieving

uniform dispersion is challenging, as nanoparticles naturally tend to aggregate, undermining

the material's integrity. Surface modification using photoinitiators helps improve

compatibility and dispersion while also minimizing migration, which is essential in

applications like food packaging.9

This chapter focus on developing triazine-coated silica nanoparticles (Si-triazine NPs) that

respond to blue light (LED@410 nm) for safer photopolymerization. The Si-triazine NPs

were evaluated for their dual roles: initiating polymerization and reinforcing the matrix.

Experimental results, including real-time Fourier-transform infrared spectroscopy (RT-FTIR)

and photorheometry, demonstrated their effectiveness in reducing shrinkage, enhancing

dispersion, and improving mechanical stability. The study also examines the impact of

varying Si-triazine NPs concentrations on photopolymerization kinetics and composite

properties.

This chapter advances the field of photopolymerized nanocomposites by presenting an

approach that combines safety, functionality, and scalability. By leveraging triazine-coated

silica nanoparticles, this work demonstrates a promising pathway for developing durable,

low-migration materials for industrial, medical, and environmental applications.
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46033–46042. https://doi.org/10.1021/acsami.1c15420.

2.4. Abstract

Nanocomposite materials are of great interest because of their superior properties. Besides

the traditional synthesis methods that require high temperature or toxic solvents,

photopolymerization technology provides a simple, low cost, and environmentally friendly

route in preparing nanocomposites. In this research, the preparation of blue light-sensitive

triazine derivative-coated silica nanoparticles is present. The resulting triazine-coated silica

nanoparticles can play a dual role, i.e. acting as both photoinitiators to trigger

photopolymerization reactions under the irradiation of LED@410 nm and as fillers to endow
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the produced photopolymer nanocomposite materials with enhanced properties. Specifically,

the triazine-coated silica nanoparticles can successfully induce free radical polymerization

of trimethylolpropane triacrylate efficiently under the irradiation of LED@410 nm and

demonstrate comparable photoinitiation ability to the triazine derivative-based photoinitiator.

The effects of different loading amounts of triazine-coated silica nanoparticles towards the

photopolymerizations kinetics are also evaluated. By coating with the triazine derivative, the

nanoparticles show good dispersion in the polymer matrix and significantly reduce the

shrinkage of the samples during the photopolymerization. Moreover, the photocured

nanocomposites exhibit enhanced migration stability and mechanical properties when an

optimal amount of triazine-coated silica nanoparticles are added in the formulation.

2.5. Introduction

Nanocomposites comprise at least two components with a continuous matrix phase and

nano-sized non-continuous reinforcement materials.11, 12 By incorporating different

reinforcement materials, the corresponding nanocomposites display enhanced mechanical1,

optical2, electrical3, thermal4, and magnetic5 properties; thus, nanocomposites have vast

applications in several fields such as electronics13, photocatalysis14, medicine15, 16, and drug

delivery17 etc.. Generally, nanocomposites can be fabricated via melt blending18, solution

mixing19, or in situ polymerization with heat or light20. Compared to the preparation

approaches with melt bending and solution mixing requiring high temperature or toxic

organic solvents, in situ photopolymerizations are more environmentally friendly and

energy-efficient and can provide spatial temporal control during the processes.6 Among

different types of nanoparticles (e.g. titanium dioxide21, aluminium oxide22, silicon dioxide23,

gold24, and silver3 etc. ) used as inorganic fillers in nanocomposites, silica nanoparticles

(Silica NPs) with easily functionalizable surfaces, good biocompatibility, tunable sizes, and
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rich textural properties have been widely used in nanocomposites fabrication7, 8. One major

concern in synthesizing nanocomposites is the dispersity of inorganic fillers in the matrix

since the nanoparticles have a high tendency to agglomerate.25 The agglomeration usually

degrades the properties of the corresponding nanocomposites26. To improve dispersion,

surface modification of nanoparticles with polymer surfactant or other structures that

provide repulsion between nanoparticles is one of the versatile approaches.9 Photoinitiators

become outstanding candidates for coating onto the silica nanoparticles as they can

increase dispersity in the organic matrix and exhibit a low migration tendency of

photoinitiators after being incorporated into the polymer matrix27. In food packaging

materials, migration becomes a critical issue as those unreacted photoinitiations can

migrate into the food and raise health issues28-30. In recent years, researchers have grafted

different commercially available photoinitiators onto the surface of Silica NPs to achieve

photoactive nanoparticles. For instance, a type II photoinitiator, 2-chlorothioxanthone (CTX),

was grafted onto the Silica NPs and photocrosslinked with epoxy acrylate resin (EA) to yield

the corresponding composites31. The resulting composites showed good dispersity of fillers,

low migration and enhanced mechanical properties compared to the polymers prepared

with free CTX. In addition, two photoinitiating Silica NPs were synthesized by immobilizing

trialkoxysilyl-functionalized bis(acyl)phosphane oxide (TEMSI2-BAPO) or 1-[4-(2-(3-

triethoxysilanylpropylcarbamoyloxy)ethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one

(TESI-IC2959) onto the Silica NPs27. The functionalized Silica NPs were then used to

induce the thiol-ene polymerization with UV irradiation. Notably, a low migration of residue

photoinitiators from the corresponding composites was achieved. Alternatively, ethyl (2,4,6-

trimethylbenzoyl) phenylphosphinate (Irgacure TPO-L) bearing trialkoxysilyl units was

immobilized onto Silica NPs and UV cross-linked with acrylic monomers to yield the
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corresponding composites. Undoubtedly, fillers were well distributed into the polymer matrix

and the patterned polymerization with photomask was possible32.

Although the synthesis of photoinitiating silica nanoparticles achieved great success, the

utilization of UV light for polymerization in the above researches is unfavorable as it is

harmful to the human body33. Thus, it is desirable to design and develop visible light-

sensitive photoinitiating Silica NPs with enhanced performance. Blue light-sensitive 2-(4-

methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (triazine) showed high initiation ability

for various photopolymerizations and 3D printing34-36 which can make it an ideal candidate

to be coated onto the surface of Silica NPs to prepare visible light-sensitive photoinitiating

Silica NPs for the fabrication of nanocomposites. Besides, the effect of the loading amount

of photoinitiaing Silica NPs towards polymerization kinetics and mechanical properties have

not been investigated yet.

In the present work, 4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenyl (3-

(triethoxysilyl)propyl)carbamate (silylated triazine) was synthesized and coated onto the

surface of Silica NPs to generate triazine-coated silica nanoparticles (Si-triazine NPs) as

shown in Scheme 2.1. The prepared Si-triazine NPs were investigated for their roles as

both the photoinitiators to trigger photopolymerization reactions under the irradiation of

LED@410 nm and the fillers to endow the produced polymer nanocomposite materials with

various properties. Specifically, the photoinitiation abilities of free triazine or the prepared

Si-triazine NPs for the photopolymerization of trimethylolpropane triacrylate (TMPTA) were

investigated and compared using the real-time Fourier-transform infrared spectroscopy

(RT-FTIR). In addition, the percentage shrinkage of the photocured samples was studied

using the photorheometer. Finally, the migration stability of the residue photoinitiators from

the bulk and mechanical properties of the photocured samples were also evaluated.
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Scheme 2.1. Synthetic procedure to obtain triazine-coated silica nanoparticles (Si-

triazine NPs).

2.6. Materials and methods

2.6.1. Materials

Unless specified, all chemicals were used as received. Trimethylolpropane triacrylate

(TMPTA), 2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (triazine), boron

tribromide (BBr3, 1M in heptane), dichloromethane (DCM; Anhydrous), hexane, ethyl

acetate (EtOAc), absolute ethanol, ammonium hydroxide (30-33% NH3 in H2O), tetraethyl

orthosilicate (TEOS), toluene, triethylamine (TEA), 3- (triethoxysilyl)propyl isocyanate,

trifluoroacetic acid (TFA), and acetonitrile were all purchased from Sigma-Aldrich.

Deuterated NMR solvents (d6-DMSO) was obtained from Cambridge Isotope Laboratories.

2.6.2. Synthesis

4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenol (demethylated triazine). 2-

(4-Methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (triazine) (0.2 g, 0.45 mmol) was

dissolved in 20 mL of anhydrous DCM and stirred at -78°C (immersed in the mixture of dry

ice and acetone) with protection by applying a drying tube filled with CaCl2. BBr3 (6 mL, 6

mmol) was added dropwise into the solution. The mixture was attainted to room

temperature overnight and stirred at room temperature for one day. The reaction mixture
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was then quenched with ice water (100 mL) and extracted by DCM. The organic layer was

dried by anhydrous sodium sulphate and concentrated under vacuum to yield demethylated

triazine as a yellow solid (67% yield).

1H NMR (400 MHz, DMSO-d6) δ 10.37 (s, 1H), 8.36 (d, J = 15.6 Hz, 1H), 7.83 (d, J = 8.3 Hz,

2H), 7.31 (d, J = 15.7 Hz, 1H), 6.88 (d, J = 8.2 Hz, 2H). 13C NMR (101 MHz, DMSO-d6) δ

175.3, 173.9, 161.7, 147.9, 132.3, 125.7, 120.4, 116.6, 89.8.

4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenyl (3-

(triethoxysilyl)propyl)carbamate (silylated triazine). Demethylated triazine (0.5 g, 1.15

mmol) was dissolved in toluene (10 mL). TEA (20 uL, 0.14 mmol) and 3-

(triethoxysilyl)propyl isocyanate (0.34 mL, 1.38 mmol) were added, the mixture was then

stirred at 70°C for two days. The mixture was concentrated in vacuum and purified by silica

column chromatography using a mixture of DCM/EtOAc (gradient 0-50% EtOAc). Silylated

triazine was obtained as a pale-yellow crystal (64% yield).

1H NMR (400 MHz, DMSO-d6) δ 8.41 (d, J = 15.8 Hz, 1H), 8.00 (d, J = 8.4 Hz, 2H), 7.52 (d,

J = 15.8 Hz, 1H), 7.23 (d, J = 8.3 Hz, 2H), 5.77 (s, 1H), 3.77 (q, J = 7.0 Hz, 6H), 3.07 (q, J =

6.7 Hz, 2H), 1.56 (q, J = 8.0 Hz, 2H), 1.17 (t, J = 7.0 Hz, 9H), 0.64 – 0.58 (m, 2H). 13C NMR

(101 MHz, DMSO-d6) δ 175.1, 174.1, 174.1, 154.2, 146.4, 131.2, 131.2, 131.1, 123.9,

122.7, 95.2, 58.2, 43.7, 23.3, 18.7, 7.6.

Silica nanoparticles (Silica NPs). The silica nanoparticles were prepared following the

modified Stöber process reported previously37. Specifically, ammonium hydroxide (20 mL)

and absolute ethanol (172.5 mL) were stirred at 650 r.p.m under nitrogen for 30 min. TEOS

(7.5 mL) was added and the mixture was continued stirring for three days at room

temperature. The resulting milky suspension was centrifuged at 3500 r.p.m. for 30 min, then
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washed and resuspended in water. The suspension was again centrifuged and washed

thrice with absolute ethanol (resuspended and centrifuged for each washing). The Silica

NPs was resuspended in ethanol (5 mL) and vacuum dried at 70°C overnight.

Triazine-coated silica nanoparticles (Si-triazine NPs). The coating of triazine on the

surface of the prepared silica nanoparticles was achieved following the procedure reported

previously32. Specifically, silylated triazine (0.25 g) dissolved in toluene (2.5 mL) was added

to Silica NPs (1.2 g) dissolved in toluene (27.5mL). The mixture was stirred at room

temperature with nitrogen protection for one day. TFA (50 uL) in ethanol (2.5 mL) was

added to the mixture and continuously stirred for one day. The mixture was evaporated,

and the residue solid was resuspended in ethanol (20 mL) and then TFA (50 uL) was added.

The mixture was stirred overnight. The solvent was evaporated and solid was resuspended

in ethanol (20 mL). The mixture was centrifuged at 3500 r.p.m for 30 min. After removing of

the solvent, toluene (20 mL) was added and the residue solid was resuspended by

sonication (10 min). The mixture was again centrifuged at 3500 r.p.m for 30 min. Toluene

was removed to yield the pale-yellow triazine-coated silica nanoparticles (Si-triazine NPs).

2.6.3. Photopolymerization experiment

Photopolymerization of TMPTA in the presence of the investigated triazine-coated silica

nanoparticles (Si -triazine NPs) upon the exposure to the LED@410 nm (110 mW/cm2) was

investigated using the real-time infrared INVENIO R (RT-FTIR) manufactured by BRUKER.

Free radical polymerization of TMPTA was conducted in laminate. Specifically, formulations

were added in between two polypropylene films with a thickness of samples approximately

25 μm. The film was then placed on a BaF2 pellet and placed in the measuring holder. The

evolution of the double bond of TMPTA was at the band of 1620 cm-1. Conversions of

functional groups of monomers were calculated by the following equation:
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C =
�0 − ��

�0
× 100%

where A0 the initial peak area before irradiation and At the peak area of the functional

groups at time t.

2.6.4. Photorheology test

Photorheology characterization was performed using an Anton Paar MCR 702 multidrive

rheometer. Tests were conducted at 25°C using a plate geometry (PP25) with a 25 mm

diameter. 100 µL of the liquid formula was placed on the holder (glass) with the plate

sensor pressing from the top until the gap between the sensor and the bottom holder

became 0.2-0.4 mm. Irradiation was located at the bottom of the sample holder and a

parallel plate (sensor) was measured from the top of the sample holder. The light passed

from the bottom to the top of the samples. Tests were performed at a constant angular

frequency of 1 Hz with a shear range of 0.1%. Normal force was set to 0 N for the entire

experiment (it means the gap may change during the measurements if the formulation

shrinks). Changes in storage/loss modulus of the formulations and gap distance were

recorded.

2.6.5. Scanning Electron Microscopy (SEM)

A scanning electron microscope (Zeiss UltraPlus FESEM) was used to reveal the surface

morphologies of Silica NPs and Si-triazine NPs, and the internal morphologies of the

photocured samples. The Silica NPs and Si-triazine NPs were mounted on the SEM tubs

with a conductive adhesive carbon tape; the photocured samples were first sectioned into 1

um thickness slices with a cutter (Lecia EM UC7 Ultramicrotome), the slices were then

collected onto the TEM copper grids and mount onto the SEM stubs with conductive
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adhesive carbon tape. The SEM images were acquired under vacuum, at 0.7 kV and

magnification from 10,000X – 50,000X.

2.6.6. Atomic force microscopy (AFM) and nano-thermal analysis (nanoTA)

The surface of the photocured samples was characterized using AFM and nanoTA which

were carried out on a nanoIR3 instrument (Bruker, Santa Barbara, CA, USA) integrated

with a nano-thermal analysis module. AFM data were collected in contact mode using nIR2

probes (gold coated silicon cantilever, nominal radius 25 nm, force constant 0.07-0.4 N/m,

resonance frequency 13±4 kHz) and the system was purged with dry nitrogen to maintain a

constant humidity < 5 %. AFM height images were acquired at a scan rate of 0.5 Hz and a

step size of 20 nm. AFM data were processed using Analysis Studio software (Bruker,

Santa Barbara, CA, USA) or Gwyddion (version 2.51, http://gwyddion.net). AFM images

were plane fitted with 1st fit order. A ThermaLever (AN2-300, Bruker, Santa Barbara, CA,

USA) probe was used for nanoTA. After the AFM image was collected, the probe was

moved to the point of interest and the temperature of the tip was then ramped linearly with

time, while the deflection of the probe was monitored during the thermal ramp.

2.6.7. Other characterizations

2.6.7.1. Fourier-transform infrared spectroscopy (FTIR)

Infrared spectra of demethylated triazine, silylated triazine, 3-(triethoxysilyl)propyl

isocyanate, Silica NPs and Si-triazine NPs were acquired using a Spectrum Two Fourier

transform infrared (FTIR) spectrometer (Perkin Elmer) fitted with attenuated total reflectance

(ATR) accessory Scans with an average over a range of 500 to 4000 cm-1 at a resolution of

4 cm-1.
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2.6.7.2. Ultraviolet-visible (UV-vis)measurements

Ultraviolet-visible (UV-vis) measurements were conducted on a Varian Cary 50 Bio UV-vis

spectrometer from Agilent Technologies.

2.6.7.3. Thermalgravimetric analysis (TGA)

Thermogravimetric analysis was conducted on a thermal analyser TGA Q500 from TA

instruments. The samples were heated from room temperature to 900 °C with a heating

rate of 4 °C/min under an air atmosphere. The mass loss was used to evaluate the amount

of silylated triazine being coated onto the surface of silica nanoparticles.

2.6.7.4. Mechanical test

Mechanical properties (flexural modulus) of the photocured samples were measured by

Instron 4505 testing machine. Samples were photopolymerized in a mould with a length

between 20 – 22 mm, a width of 5 mm and thickness between 1-2 mm (the instrument can

normalize the dimensions). 3 points bending test was performed with a compression rate of

10 mm/min. The load-deflection curves were recorded and the flexural moduli were

calculated from the slope of the curves and dimensions of the samples.

2.6.7.5. Dielectric analysis

A dielectric analyzer (DEA 288 Ionic, Netzsch) was used to determine the ion viscosity and

temperature change during the photopolymerization processes. All measurements were

performed at 215 kHz with interdigitated electrode IDEX sensors (115 um). For each

measurement, 100 uL of the sample was evenly distributed onto the sensor and covered

with a thin film to avoid the oxygen inhibition for the free radical photopolymerization. The

light was irradiated from the top of the sensor and the corresponding information was

recorded.
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2.6.7.6. Migration test

Photocured samples with a thickness of 0.3 mm were prepared. The comparing samples

had equal mass of 0.14 g. The investigated samples were immersed in 5 mL of acetonitrile

for 20 h. UV-vis measurements were carried out to determine the migration stability.

2.7. Result and discussion

2.7.1. Synthesis and characterization of silylated triazine

Triazine was first reacted with BBr3 to form demethylated triazine which has an OH

functional group instead. Further reaction of demethylated triazine with 3-

(triethoxysilyl)propyl isocyanate was proceeded to obtain silylated triazine. The details on

the synthesis of demethylated triazine, silylated triazine and silica nanoparticles were given

in the materials and methods section. The success in synthesizing of demethylated triazine

and silylated triazine was confirmed by 1H NMR and 13C NMR as shown in Figure S2.1-

S2.4. From the FTIR spectra (Figure S2.5), the absence of a characteristic band at 2260

cm-1 attributing to the N=C=O stretching38 and the presence of characteristic bands at 3334

cm-1 and 1718 cm-1 attributing to the N-H stretching and C=O stretching respectively38 again

confirmed the successful synthesis of silylated triazine from demethylated triazine and 3-

(triethoxysilyl)propyl isocyanate. In addition, as presented in Figures S2.6 and S2.7, the

prepared silylated triazine showed blue-shifted UV-vis absorption (λmax = 350 nm, λ350 nm =

41000 M-1 cm-1) compared to that of 2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-

triazine (λmax = 373 nm, λ373 nm = 44000 M-1 cm-1)36. However, it still showed light absorption

up to 425 nm, which can overlap with the emission wavelength of the LED@410 nm used in

this study.
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2.7.2. Preparation of triazine-coated silica nanoparticles

The surface coating of silica nanoparticles with silylated triazine was performed by mixing

Silica NPs and silylated triazine in ethanol with a catalytic amount of trifluoroacetic acid at

room temperature. Figure 2.1 illustrated the FTIR spectra of Si NPs and Si-triazine NPs.

The presence of characteristic bands at 1730 cm-1 and 1545 cm-1 attributing to the C=O

stretching and N-H (secondary amine) bending respectively38 indicated that silylated

triazine has successfully coated onto the surface of Si NPs. To further confirm the different

surface morphologies before and after triazine coating, Si NPs and Si-triazine NPs were

observed by SEM (Figure 2.2(a) and 2.2(b) respectively). In both samples, the size of

nanoparticles was about 400 nm. Si NPs showed smooth sphere surfaces while Si-triazine

NPs appeared rougher sphere surfaces31, which again indicated the success in coating of

silylated triazine onto the surfaces of Si NPs.

Figure 2. 1.FTIR spectra of Silica NPs and Si-triazine NPs.
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Figure 2. 2. SEM images of (a) Silica NPs and (b) Si-triazine NPs.

Thermogravimetric analysis (TGA) and UV-vis measurements were carried out to determine

the amount of the silylated triazine coated onto the surface of Silica NPs. The TGA curve of

Si-triazine NPs was compared with that of uncoated Silica NPs in Figure 2.3. In both

samples, the weight loss observed below 100°C was attributed to the release of water from

silanol groups39. The additional weight loss in Si-triazine NPs was attributed to the thermal

degradation of silylated triazine. Since the water and silanol content in both samples were

similar39, the coating amount was estimated to be 13 wt%, corresponded to 0.19 mmol of

silylated triazine per 1 g of Si-triazine NPs. The coating amount was double confirmed with

UV-vis measurements. The UV-vis light absorptions with different known concentrations of

silylated triazine or Si-triazine NPs in acetonitrile were plotted (Figure S2.6 and Figure S2.8).

As a result, the coating amount of silylated triazine on the surface of Silica NPs was

determined to be 13 wt% as detailed in the supporting information (Figure S2.7), which was

in agreement with the result obtained from the TGA. Hence the coating amount was

calculated as 13 wt% for the following experiments.

Figure 2. 3. TGA curves of Silica NPs and Si-triazine NPs.
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2.7.3. Photoinitiation ability of Si-triazine NPs

The photoinitiation ability of Si-triazine NPs for the photopolymerization of

trimethylolpropane triacrylate (TMPTA) in laminate was investigated upon exposure to LED

@410 nm. 2-(4-Methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (triazine) showed great

initiation ability for the free radical photopolymerization35 and thiol-ene photopolymerization

under the irradiation of LED@ 410 nm, 445 nm or 465 nm34. The polymerization profiles are

given in Figure 2.4, and the double bond conversions of TMPTA after 300 s of

photopolymerization and their relevant maximum polymerization rates are summarized in

Table 2.1. In Figure 2.4(a), three formulations with the addition of 0.5 wt% triazine, 0.76

wt% silylated triazine and 5.8 wt% Si-triazine NPs were compared. It should be noted that

the molar concentration of the triazine moiety (photoinitiator) in all three formulations are

equal (i.e. 11.1 umol/g). The double bond conversions were found to be 49%, 51%, and

50% respectively, with negligible differences. And the maximum polymerization rates of the

three formulations were found to be 5.5 s-1, 8.7 s-1 and 7.3 s-1, respectively. Interestingly,

the modified triazines (i.e. silylated triazine and Si-triazine NPs) demonstrated the higher

polymerization rate than that of the crude triazine, indicating that the photoinitiation abilities

of the triazine-containing compounds were improved with the modification. The slightly

decreased polymerization rate of Si-triazine NPs/TMPTA compared to silylated

triazine/TMPTA might be due to decreased in mobility of coated triazine moiety in Si-

triazine NPs. These results confirmed the effective photoinitiation ability of silylated triazine.

More interestingly, the coating of silylated triazine onto the surface of Silica NPs did not

significantly affect their photoinitiation abilities. In Figure 2.4(b), the increased amounts of

Si-triazine NPs from 10 wt% to 50 wt% resulted in increased of double bond conversions

from 55% to 69%. Obviously, the increase of double bond conversions was due to the

increased concentrations of triazine moiety in the formulations (i.e. increased from 19.1 to
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95.4 umol/g). The maximum polymerization rates had no significant difference when high

amount of Si-triazine NPs were added (10 wt%, 20 wt%, and 50 wt%). The difference in the

polymerization rates was more pronounced when comparing formulations with low

concentration (5.8 wt%, 7.3 s-1) and high amount (50 wt%, 4.0 s-1) of Si-triazine NPs. With

fewer Si-triazine NPs added, nanoparticles were further distributed in the formulation and

the generated radicals during the light irradiation might be less prone to recombination

reaction27, thus showing greater polymerization rates than the formulation with more Si-

triazine NPs added. Formulations with the same concentration of free or coated triazine

moiety (19.1 umol/g), i.e. 1.3 wt% silylated triazine + 8.7 wt% Silica NPs/TMPTA vs 10 wt%

Si-triazine NPs/TMPTA, were also compared in Figure 2.4(b). No obvious differences were

found in double bond conversions of TMPTA, while the slightly decreased in polymerization

rate in 10 wt% Si-triazine NPs/TMPTA was again ascribed to the lower mobility of coated

photoinitiating triazine moiety.

Alternatively, dielectric analysis (DEA) was performed as a complementary method in

evaluating ultra-fast polymerization kinetic. It was claimed that FTIR may lack resolution at

the early stage while DEA can provide reliable data instead40. DEA (Figure S2.9) was

carried out in 0.85 wt% triazine/TMPTA and 10 wt% Si-triazine NPs/TMPTA (the molar

concentration of the triazine moiety were equal in both formulations, 19.1 umol/g). When

the light was on, the decreased ion viscosity was observed in both samples, which was

attributed to the increase of temperature in the system. The increase of temperature led to

the increased ion mobility, thus reflected a decrease in ion viscosity41. As the

polymerization proceeded, liquid samples turned into solid crosslinked state, which

dramatically decreased the ion mobility, reflecting an increased in ion viscosity41 The initial

slope of the curves in Figure S2.9 revealed the polymerization rates. It was found that 10

wt% Si-triazine NPs/TMPTA demonstrated a faster polymerization rate than that of 0.85



79

wt% triazine/TMPTA, which was in agreement with the photopolymerization results

obtained using the RT-FTIR as discussed above. In addition, the increased polymerization

rate can also be ascribed to the higher temperature (Figure S2.10) resulted during the

photopolymerization process in 10 wt% Si-triazine NPs/TMPTA (47.5°C) compared to that

in 0.85 wt% triazine/TMPTA (34.5°C).

Figure 2. 4.Photopolymerization profiles of TMPTA obtained in laminate upon exposure to
LED@410 nm in the presence of (a) 0.5 wt% of triazine, 0.76 wt% of silylated triazine, or
5.8 wt% of Si-triazine NPs (molar concentrations of triazine moieties in formulations are
11.1 umol/g) and (b) different wt% of Si-triazine NPs (molar concentrations of triazine
moieties are 19.1, 19.1, 38.2, and 95.4 umol/g for 1.3 wt% Silylated triazien + 8.7 wt% Silica
NPs, 10 wt% Si-triazine NPs, 20 wt% Si-triazine NPs, and 50 wt% Si-triazine NPs
respectively).

Table 2. 1. Double bond conversions and polymerization rates of TMPTA obtained in
laminate upon exposure to LED@410 nm in the presence of triazine, silylated triazine, or
different wt% of Si-triazine NPs.

Photopolymerization systems

LED@410 nm

Ca
( �p

�=�
) ×

100�

(s-1)
0.5 wt% triazine/TMPTA* 49% 5.5
0.76 wt% silylated triazine/TMPTA* 51% 8.7
5.8 wt% Si-triazine NPs/TMPTA* 50% 7.3
1.3 wt% silylated triazine + 8.7 wt% Silica NPs/TMPTA# 56% 5.7
10 wt% Si-triazine NPs/TMPTA# 55% 4.3
20 wt% Si-triazine NPs/TMPTA 61% 5.4
50 wt% Si-triazine NPs/TMPTA 69% 4.0

a double bond conversion of TMPTA after photopolymerization for 300 s;
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bmaximum rates of photopolymerization, calculated from the maximum of the
first derivative of the double bond.
*Contains equal molar concentration of triazine moiety (11.1 μmol/g)
#Contains equal molar concentration of triazine moiety (19.1μmol/g)

2.7.4. Properties of photocured samples

2.7.4.1. Shrinkage of photocured samples

Polymer shrinkage during photopolymerization is always a big issue, especially in

dentistry42. Generally, inorganic fillers were added to reduce the produced shrinkage stress

during photopolymerization43. Shrinkage can be evaluated in various techniques, including

dilatometry44, gas pycnometry45, and linometer46 etc. Maximum conversion of light-sensitive

formulations should be achieved before evaluating the shrinkage47. Thus, photorheometer,

which can monitor the completion of polymerization and shrinkage simultaneously,

becomes the optimal technique to be used here. Photopolymerization of formulations listed

in Table 2.1 (except for 0.5 wt% triazine/TMPTA) were evaluated. The changes in storage

and loss modulus during the irradiation of LED@410 nm are plotted in Figure S2.11. No

significant difference of gel point times (1.8 – 2.5 s) was observed in all samples. However,

a longer time was required for samples with higher amount of Si-triazine NPs (20 wt% and

50 wt%, Figure S2.11 (e) and (f) respectively) to reach complete conversion (plateau in

curves). The results were correlated with the photopolymerization results obtained using

RT-FTIR, where the samples containing higher amounts of Si-triazine NPs showed slower

polymerization rates. For shrinkage measurements, the thicknesses of the samples before

and after photopolymerization were recorded (reflected as the gap distance between

support and the measuring sensor in photorheometer, Figure S2.12). The shrinkage was

then calculated as reported previously47:
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Figure 2.5 illustrates the difference in shrinkage of samples with different concentrations of

unmodified triazine or Si-triazine NPs (detailed values are summarized in Table S2.1).

Shrinkage occurs as the monomer distances decrease after photopolymerization (change

from van der Waals interaction to covalent bonds)48. Thus, the increase in shrinkage was

expected in samples with increased concentration of either unmodified triazine or Si-triazine

NPs as the increased concentration of radicals could be generated and more monomers

could participate in the polymerization, resulting in more significant shrinkage. Interestingly,

with the same concentration of triazine moiety, samples with Si-triazine NPs showed an

apparent decrease of shrinkage (6.0%) compared to that with unmodified triazine (14.6%).

Figure 2. 5. Shrinkage of the photocured samples prepared by the photopolymerization of
TMPTA under the irradiation of LED@410 nm in the presence of different molar
concentrations of triazine or triazine moiety in Si-triazine NPs. (Corresponded to 5.8 wt%,
10 wt%, 20 wt%, and 50 wt% of Si-triazine NPs respectively)

2.7.4.2. Distribution of nanoparticles in photocured samples

Even though inorganic fillers can reduce shrinkage, agglomeration is always found, as

pristine inorganic fillers cannot dissolve in the organic matrix. Composites with a good

distribution of inorganic fillers are required to achieve superior properties. Here, the
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distribution of nanoparticles in the above-investigated formulations was observed via SEM.

It was clearly noticed that in the photocured samples prepared from 1.3 wt% triazine + 8.7

wt% Silica NPs/TMPTA (Figure S2.13 (a)), Silica NPs did not spread evenly in the samples

while forming few groups of aggregate. In contrast, in 10 wt% Si-triazine NPs/TMPTA

(Figure S2.13 (b)), Si-triazine NPs were well distributed in the sample. With higher loading

of Si-triazine NPs (20 wt%, Figure S2.13 (c)), well distribution was observed. However, the

further increase loading of Si-triazine NPs to 50 wt% resulted in agglomeration (Figure

S2.13 (d)).

The surface morphologies of the photocured samples obtained after the measurements of

the photopolymerization kinetics were characterized using AFM. As presented in Figure

S2.14 (a), a rough surface was observed in the sample obtained from 10 wt% Si-triazine

NPs/TMPTA. The bright spots observed were the silica nanoparticles49, they were found to

uniformly disperse in the whole region of observation. Alternatively, a smoother surface was

seen in the sample obtained from 1.3 wt% silylated triazine + 8.7 wt% Silica NPs/TMPTA

(Figure S2.14 (c)). With a relatively high loading of silica nanoparticles, one should expect a

rough surface which indicated some silica nanoparticles were distributed evenly on the

surface. However, the less distribution of silica nanoparticles on the surface reflected an

uneven dispersion of Silica NPs in the sample as the Silica NPs might aggregate within the

polymer matrix. Besides, more nodules (recognized as highly crosslinked structure) with

sizes around 5 nm were observed in the 10 wt% Si-triazine NPs/TMPTA sample (Figure

S2.14 (b)) than those in the 1.3 wt% silylated triazine + 8.7 wt% Silica NPs/TMPTA sample

(Figure S2.14 (d)). It may be attributed to the fact that for the 10 wt% Si-triazine

NPs/TMPTA sample, the polymers formed could easily entangle between the well

dispersed nanoparticles, resulted in the formation of more nodules50. For the 1.3 wt%

silylated triazine + 8.7 wt% Silica NPs/TMPTA sample, since the nanoparticles were more
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aggregated, polymers formed were less entangled , thus leading to the formation of less

nodulus on the surface.

The local thermal transitions of different regions on the surface of the photocured samples

from 10 wt% Si-triazine NPs/TMPTA and 1.3 wt% silylated triazine + 8.7 wt% Silica

NPs/TMPTA were investigated using the nano-thermal analysis (Figure 2.6 and Figure

S2.15). Specifically, the measured deflections implied the degree of thermal expansion of

the materials. The steeper curve referred to a greater thermal expansion of the measured

region. In both samples, regions with silica nanoparticles showed decreased thermal

expansion compared to the poly(TMPTA) regions. The results were expected as the

poly(TMPTA) was restricted by the addition of silica nanoparticles51. Interestingly, the

difference of deflections between the regions with silica nanoparticles and the poly(TMPTA)

regions in the 10 wt% Si-triazine NPs/TMPTA sample were less significant than those in the

1.3 wt% silylated triazine + 8.7 wt% Silica NPs/TMPTA sample, which indicated the better

dispersion of silylated triazine-coated silica nanoparticles in the polymer matrix than that of

the unmodified Silica NPs. It can be ascribed to the chemical linkage between the silylated

triazine-coated silica nanoparticles and the polymer matrix after the photocuring of the 10

wt% Si-triazine NPs/TMPTA sample. Moreover, with the same amount of silica

nanoparticles added in the both samples, the 1.3 wt% silylated triazine + 8.7 wt% Silica

NPs/TMPTA sample demonstrated smaller thermal expansion than the 10 wt% Si-triazine

NPs/TMPTA sample. The significantly reduced thermal expansion reflected the formation of

aggregates in the measured region52. The thermal analysis results again confirmed the

enhanced dispersion of silylated triazine-coated silica nanoparticles in the polymer matrix.
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Figure 2. 6. Atomic force micrographs (height image) of the surfaces of photocured samples
obtained after the investigation of the photorheology of (a) 10 wt% Si-triazine NPs/TMPTA
and (b) nanothermal ramping of poly(TMPTA) or Silica NP regions in the samples of (a) and
Figure S2.15.

2.7.4.3. Migration of photoinitiator from the photocured samples

Residue monomers or photoinitiators tend to migrate out from the photocured samples after

storage for some time, and this is a major concern, especially in food packaging industries30.

The coating of photoinitiators onto low-migrating substances is a promising strategy to

increase the migration stability27. Figure 2.7 illustrates that the sample with free silylated

triazine (0.76 wt% silylated triazine/TMPTA) had a greater migration concentration of 1.2

ug/ml than the sample with coated silylated triazine (5.8 wt% Si-triazine NPs/TMPTA, 0.35

ug/ml). It should be noted that the molar concentration of the triazien moiety in both

samples are the same (i.e. 11.1 umol/g). By coating photoinitiator onto Silica NPs surface,

the migration of the residues from the photocured samples was greatly reduced.
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Figure 2. 7. UV-vis absorption spectra of silylated triazine extracted with acetonitrile for 20 h
from the polymers prepared by the photopolymerization of TMPTA in the presence of 0.76
wt% silylated triazine and 5.8 wt% Si-triazine NPs (Molar concentrations of triazine moiety
are 11.1 umol/g in both samples).

2.7.4.4. Mechanical properties of the photocured samples

The mechanical properties of the photocured samples prepared from the

photopolymerization of TMPTA initiated by different triazine-containing photoinitiating

systems under the irradiation of LED@410 nm are summarized in Table S2.2, and the

representative stress-strain curves, derived from load vs deflection measurements, are

shown in Figure 2.8. For all samples, an initial linear region in the stress-strain recording

was present, and the flexural modulus, which is a measure of the elastic stiffness (modulus)

of the samples, was derived from the gradient of the linear region.53 After reaching the

maximum stress, the sudden drops are referred as the failure of samples. Comparing 0.85

wt% triazine/TMPTA with 10 wt% Si-triazine NPs/TMPTA where the concentrations of

triazine moiety are equal (19.1 umol/g), the incorporation of triazine-coated silica

nanoparticles into the resin resulted in a significant increase of flexural modulus, i.e. from

43 MPa (triazine/TMPTA) to 286 MPa (Si-triazine NPs/TMPTA). As the nanoparticles were

well spread in 10 wt% Si-triazine NPs/TMPTA, the samples showed strong interfacial

adhesions between the resin and the surface of the nanoparticles. The adhesion allowed
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any built-up stress to transfer from resin to the nanoparticles, lengthening the propagating

crack path during fracture54 and thus resulting in increased flexural strength. Notably, the

increase in the composites stiffness, reflected by the increase in the flexural moduli,

resulted in a decrease in strain at break55. Interestingly, compared to the sample prepared

from 10 wt% Si-triazine NPs/TMPTA, 1.3 wt% silylated triazine + 8.7 wt% Silica

NPs/TMPTA sample exhibited a reduced flexural modulus (113 MPa) but with a larger

flexural strength (75 MPa). The decrease in flexural modulus might be due to the slight

agglomeration of silica nanoparticles, as seen in Figure S2.13 (a). And the increase in

flexural strength and the strain at break might be attributed to the fact that the different

interactions between the fillers and matrix resulted in different failure mechanism. Further

increase in the loading of Si-triazine NPs from 10 wt% to 50 wt% resulted in a drastic

decrease in flexural modulus from 286 MPa to 27 MPa. The agglomeration found in 50 wt%

Si-triazine NPs/TMPTA might initiate cracks easily54, thereby reducing the overall flexural

modulus.

Figure 2. 8. Stress-strain curves in three-point bending test of the photocured samples
prepared from the photopolymerization of TMPTA initiated by 0.85 wt% triazine (molar
concentration: 19.1 umol/g), 1.3 wt% Silylated triazine + 8.7 wt% Silica NPs (molar
concentrations of triazine moieties: 19.1 umol/g), or 10 wt% (molar concentrations of
triazine moieties: 19.1 umol/g), 20 wt% (38.2 umol/g), or 50 wt% (95.4 umol/g) Si-triazine
NPs.
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2.8. Conclusion

In this study, the visible light-sensitive triazine-coated silica nanoparticles (Si-triazine NPs)

were prepared by coating 4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenyl (3-

(triethoxysilyl)propyl)carbamate (silylated triazine) onto the surface of Silica NPs. TGA and

UV-vis measurements confirmed that the amount of triazine moiety on Silica NPs was 13

wt%. The Si-triazine NPs were then used to induce free radical photopolymerization of

TMPTA under the irradiation of LED@410 nm, and the polymerization kinetics were

compared with the system induced by free triazine or silylated triazine. Si-triazine NPs can

lead to similar double bond conversions of TMPTA as triazine or silylated triazine when an

equal amount of triazine moiety was presence in the formulations. With the increase in the

amounts of Si-triaizne NPs, the double bond conversions of TMPTA also increased;

however, the change in polymerization rates was negligible. DEA revealed a higher

temperature generated in Si-triazine NPs/TMPTA than triazine/TMPTA. The incorporation

of nanoparticles into the polymer matrix greatly reduced the shrinkage of the photocured

materials. In addition, Si-triazine NPs/TMPTA showed increased migration stability

compared to triazine/TMPTA. Finally, the rough surface with even distributed nodules was

found in the AFM analysis, which confirmed the improved dispersion of Si triazine NPs in

TMPTA compared to the pristine Silica NPs. The good dispersion of Si-triazine NPs in the

sample brought to the enhanced mechanical properties compared to those in the presence

of free triazine or silylated triazine. It demonstrated that the developed triazine-coated silica

nanoparticles can act as both the photoinitiators to trigger photopolymerization reactions

under the visible light and as the fillers to endow the produced polymer nanocomposite

materials with various enhanced properties.
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Looking forward, the unique dual functionality of Si-triazine NPs makes them promising

candidates for advanced applications. For instance, they could be employed in visible-light-

curable 3D printing resins to minimize shrinkage-induced warping while improving

mechanical durability. Their enhanced migration stability and dispersion also position them

as ideal fillers for dental composites or biomedical coatings requiring precise spatial control

and biocompatibility. Additionally, their energy-efficient curing under mild visible light could

benefit sustainable manufacturing processes, such as eco-friendly coatings or adhesives.

Further exploration of these nanoparticles in stimuli-responsive materials, optoelectronics,

or hybrid nanocomposites for tailored functionalities represents an exciting direction for

future research. Our approach paves the way for multifunctional photopolymer

nanocomposites that combine efficient visible-light curing with superior material properties,

broadening their utility across interdisciplinary fields.
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2.10. Supporting information

Figure S2. 1. 1H NMR of 4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenol
(demethylated triazine) in d6-DMSO (400 MHz).
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Figure S2. 2. 13C NMR of of 4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenol
(demethylated triazine) in d6-DMSO (400 MHz).

Figure S2. 3. 1H NMR of 4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenyl (3-
(triethoxysilyl)propyl)carbamate (silylated triazine)in d6-DMSO (400 MHz).
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Figure S2. 4. 13C NMR of 4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenyl (3-
(triethoxysilyl)propyl)carbamate (silylated triazine)in d6-DMSO (400 MHz).

Figure S2. 5. ATR-IR spectra of demethylated triazine, silylated triazine, and 3-
(Triethoxysilyl)propyl isocyanate.
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Figure S2. 6. UV-vis spectra of different concentrations of silylated triazine in acetonitrile.

Figure S2. 7. Calibration curve for silylated triazine concentration vs absorbance in
acetonitrile.

Figure S2. 8. UV-vis spectra of different concentration of Si-triazine NPs in acetonitrile.
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Figure S2. 9. Ion viscosity curves measured at 215 Hz frequency of 0.85 wt%
triazine/TPMTA and 10 wt% Si-triazine NPs/TPMTA during the photopolymerization under
the irradiation of LED@410 nm. (Molar concentrations of triazine moieties in the
formulations are 19.0 umol/g and 19.1 umol/g respectively)

Figure S2. 10. Temperature changes in 0.85 wt% triazine/TPMTA and 10 wt% Si-triazine
NPs/TPMTA during the photopolymerization under the irradiation of LED@410 nm. (Molar
concentrations of triazine moieties in the formulations are 19.0 umol/g and 19.1 umol/g
respectively)
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Figure S2. 11. Storage (G’) and loss (G’’) moduli of the photopolymerization of TMPTA
initiated with (a) 0.76 wt% silylated triazine (molar concentration of triazine moiety: 11.1
umol/g), (b) 1.3% silylated triazine + 8.7% Si-NPs (molar concentration of triazine moiety:
19.1 umol/g), or with different concentrations of Si-triazine NPs (c) 5.8 wt% (molar
concentration of triazine moiety: 11.1 umol/g), (d) 10 wt% (19.1 umol/g), (e) 20 wt% (38.2
umol/g), and (f) 50 wt% (95.4 umol/g) under the irradiation of LED@410 nm.

Figure S2. 12. Change of gap distance (reflects the shrinkage of samples during the
photopolymerization) measured from photorheometer during the photopolymerization of
formulations (a) 20 wt% Si-triazine NPs/TMPTA (Molar concentration of triazine moiety:
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38.2 umol/g) and (b) 50 wt% Si-triazine NPs/TMPTA (95.4 umol/g) under the irradiation of
LED@410 nm.

Table S2. 1. % Shrinkage of the samples during the photopolymerization of TMPTA under
the irradiation of LED@410 nm in the presence of different concentrations of Si-triazine
NPs or triazine.

Concentration of
photoinitiator (umol/g)

% Shrinkage of Si-triazine
NPs/TMPTA

% Shrinkage of
triazine/TMPTA

11.1 1.1% 7.2%
19.1 2.5% 11.1%
38.3 6.0% 14.6%
95.5 9.3% 16.3%

Figure S2. 13. SEM images of photocured samples of the formulations (a) 1.3 wt% silylated
triazine + 8.7 wt% Si NPs/TMPTA; (b) 10 wt% Si-triazine NPs/TMPTA; (c) 20 wt% Si-
triazine NPs/TMPTA, and (d) 50 wt% Si-triazine NPs/TMPTA under the irradiation of
LED@410 nm.

Table S2. 2. Flexural modulus of the photocured samples prepared from the
photopolymerization of TMPTA initiated by different triazine-containing photoinitiating
systems.
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Formulations Flexural Modulus
(MPa)

0.85 wt% triazine/TMPTA 43
1.3 wt% Silylated triazine +8.7 wt% Si NPs/TMPTA 113

10 wt% Si-triazine NPs/TMPTA 286
20 wt% Si-triazine NPs/TMPTA 185
50 wt% Si-triazine NPs/TMPTA 27
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Chapter 3 Fabrication of High-performance CsPbBr3
Perovskite Quantum Dot/Polymer Composites via
Photopolymerization: Implications for Luminescent
Displays and Lighting

3.1. Preface

Beyond silica nanoparticles, halide perovskite quantum dots (QDs), particularly CsPbBr₃

QDs, have also attracted considerable interest as functional fillers due to their promising

applications in optoelectronics, including light-emitting diodes, photovoltaic cells, and

memory devices.1-6 However, the inherent instability of these QDs, particularly under long-

term operational conditions, remains a challenge, often leading to degradation and reduced

photoluminescence, thus limiting their broader application.7, 8

In this chapter, CsPbBr₃ QDs are integrated into a polymer matrix through a

photopolymerization process, where they act as photoinitiators under blue LED light (410

nm) to trigger polymerization, while simultaneously enhancing the optical properties of the

resulting composites. Through a series of experiments, the chapter examines the

photoinitiating efficiency of CsPbBr₃ QDs alone and in combination with additives, using

real-time Fourier-transform infrared spectroscopy (RT-FTIR) and photochemical analysis

via steady-state photolysis and electron paramagnetic resonance spin trapping (EPR-ST)

techniques. The findings demonstrate that adding Iod results in superior photoinitiation

performance due to efficient electron transfer, reducing the risk of back electron donation,

and leading to a more stable polymer network.

Overall, it presents a simple, scalable, and environmentally friendly photopolymerization

strategy for producing CsPbBr₃ QD-based polymer composites, addressing existing

limitations in quantum dot stability. The resulting nanocomposites exhibit enhanced

photoluminescence and mechanical stability, showing promise for applications in

luminescent displays and lighting devices. This chapter provides a framework for the dual-

functional role of halide perovskite QDs, offering a sustainable approach for fabricating

advanced optoelectronic composite materials.

3.2. Statement of contribution

I declare that the research findings presented in this chapter are the original work I

conducted as part of my Ph.D. program at the Australian National University. As the primary
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author, I was responsible for developing the research concept, designing the experiments,

analyzing the data, creating the figures, and drafting the initial manuscript, under the

guidance of my primary supervisor, Prof. Pu Xiao.

3.3. Publication status

The published manuscript titled “Fabrication of High-Performance CsPbBr3 Perovskite

Quantum Dot/Polymer Composites via Photopolymerization: Implications for Luminescent

Displays and Lighting” and its supporting information are reproduced in this chapter with

permission9 from American Chemical Society, © 2022. This manuscript was published in

the journal ACS Applied Nano Materials in 2022. The citation for the published work is:

Peng, X.; Hu, L.; Sun, X.; Lu, Y.; Chu, D.; Xiao, P. Fabrication of High-Performance

CSPbBr3 Perovskite Quantum Dots/Polymer Composites via Photopolymerization:

Implications for luminescent displays and lighting. ACS Applied Nano
Materials, 2022, 6 (1), 646–655. https://doi.org/10.1021/acsanm.2c04773.

3.4. Abstract

The all-inorganic perovskites quantum dots (QDs), cesium lead halide QDs (CsPbBr3 QDs)

are the topic of interest in the field of optoelectronic devices as they show superior

photoluminescence quantum yield and tuneable optical band gaps. However, the long-term

stability issue limits their wide applications. In this research, we fabricate CsPbBr3
QDs/polymer composites through photopolymerization strategy, during which CsPbBr3
quantum dots serve as photoinitiators, in combination with the additives (diphenyliodonium

hexafluorophosphate (Iod) or ethyl 4-(dimethylamino) benzoate (EDB)), to trigger

polymerization processes as well as serve as highly efficient emitters in the resulted

composites. More importantly, two types of additives are investigated to optimize the

polymerization processes and the final product performance. In addition, steady-state

photolysis, fluorescence quenching measurements, and electron spin resonance spin

trapping technologies are applied to evaluate the relevant photochemical mechanism, and it

demonstrates that their photoinitiation efficiency is greatly enhanced with the addition of the
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additives. Specifically, the addition of Iod results in higher photoinitiation ability compared to

that of EDB, which can be explained by the absence of back electron donation in CsPbBr3
QDs/Iod combination. Therefore, the strategy provided here is that CsPbBr3 QDs play a

dual role in acting as both the efficient photoinitiators and the emitters to yield the desirable

composites with superior photoluminescence properties, which are promising to enhance

the long-term stability and device performance for the applications of luminescent displays

and lighting.

3.5. Introduction

Halide perovskite quantum dots (QDs) have drawn much attention for the applications of

photovoltaics, light-emitting diodes, X-ray detectors, and memory devices due to their

tunable bandgaps through size dependence or composition control.1-6 The high absorption

and long exciton diffusion length offer them excellent optoelectronic properties, and the

simple/accessible synthesis steps make them of interest in industries.10-12 Among the

perovskites QDs family, all-inorganic CsPbBr3 QDs have been widely investigated owing to

their excellent thermal stability and photoluminescence quantum yield (PLQY) properties.13-

16 However, they generally suffer from long-term stability issues7, 8, which significantly limit

the potential applications. Therefore it is necessary to come out with feasible approaches to

prevent degradations, such as a significant decrease in photoluminescence or structural

changes of QDs. 17, 18 Driven by this, polymers have been used to protect the quantum dots

through dispersing halide perovskite QDs into polymer solution and spin-coating the

solution on substrates. 19-21 Besides, spray-drying, melt encapsulation, and solution

electrospinning have been used for the fabrication of halide perovskite QDs/polymer

composites. However, these strategies usually lead to a decrease in PLQY and aggregation

of QDs.22-24 The combination of polymers and perovskites can not only improve the stability

of the quantum dots but also enhance their processability and rigidity, which endow the

corresponding composite materials with vast applications.25-27 Nevertheless, the major

drawbacks are the need for organic solvents and high temperatures during this process.22,

28, 29

The outstanding photophysical properties of halide perovskite QDs make them potential

candidates as photoinitiators in photopolymerization. However, only a few works have been
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done on this approach.30, 31 Specifically, one has been focused on oxide perovskites

(LaTiO3, LaCrO3, La0.6Sr0.4MnO3), where they could initiate free radical polymerization with

a combination of co-initiator such as iodonium salt and N-vinyl carbazole with irradiation of

a Xe–Hg lamp.31 However, oxide perovskites do not demonstrate similar optoelectronic

properties as halide perovskites and are seldom used in the optoelectronic fields.

Alternatively, the other has used halide perovskite QDs as photoinitiators and successfully

initiated the polymerization of styrene under white light irradiation. The prepared composite

delivered QD PLQY of 44% with significantly enhanced stability, demonstrating promising

application prospects. However, the polymerization required prolonged irradiation for at

least 14 hours, and further purification was required.30 It should be noted that, instead of a

3D crosslinked network, this approach was achieved via a short polymer chain growing on

the surface of the perovskites, which still tended to degrade since they were not fully

protected in a dense crosslink network. To improve photopolymerization efficiency,

additives are usually added. However, the interaction between QDs and additives might

result in a downside effect on their photophysical properties (e.g., a decrease in PLQY).32 It

has been reported that CsPbI3 QDs/PMMA composites were prepared via

photopolymerization using different types of commonly used photoinitiators (e.g., TPP, TPO,

DMPA, HPK and HMPO).32 Surprisingly, only the composite with TPP-treated QDs showed

approaching 100% PLQY and excellent stability; the rest of the photoinitiators in fact

significantly lowered the PLQY of the corresponding composites. Based on the currently

reported results32, additives play an important role in achieving rapid photopolymerization

and significantly affect the photophysical properties of the corresponding composite

materials. Therefore, it would be interesting to explore the potential of CsPbBr3 QDs as

photoinitiators, with interaction with additives, to induce rapid photopolymerization of thiol-

ene system. The effects of additives on the final photophysical properties of the resulting

composites are also of interest.

So far, the fabrication routes of 3D crosslinked polymer-halide perovskite composites are

still limited, and it is desirable to develop a new approach to overcome the current

drawback. Jumping out from the majority of the approaches where the perovskites were

only used as emitters, we proposed the potential of halide perovskite be used as both

photoinitiators and emitters and investigated the effects of the incorporation of additives in

the preparation of perovskite-polymer composites. In this case, a simple and

environmentally friendly photopolymerization approach can be utilized to achieve a one-pot

synthesis of functional composite materials. This new approach is expected to overcome
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the current issues and provide a guideline for fabricating new functional composite

materials.

In the present work, CsPbBr3 QDs were investigated as both photoinitiators to trigger

photopolymerization reactions under the irradiation of LED@410 nm and emitters of final

products to endow the produced polymer nanocomposite materials with superior properties

such as strong photoluminescence that allows potential application in optical devices (e.g.,

luminescent displays and lighting). Specifically, the photoinitiation abilities of CsPbBr3 QDs

alone or with the addition of additives (Iod or EDB) for the photopolymerization of

triethyleneglycol divinyl ether (DVE-3) and pentaerythritol tetrakis(3-mercaptopropionate)

(Tetrathiol) (Thiol-ene polymerization) were investigated (Scheme 3.1) and thoroughly

compared using real-time Fourier-transform infrared spectroscopy (RT-FTIR). Moreover,

photochemistry was studied by steady-state photolysis and electron paramagnetic

resonance spin trapping (EPR-ST) techniques. Finally, the composites with high-efficiency

CsPbBr3 QD emitters were fabricated and showed superior photoluminescence properties.

Scheme 3.1. Schematic illustration of possible electron/hole transfer between

CsPbBr3 QDs and Iod or EDB under light irradiation.

3.5. Materials and methods

3.5.1. Materials

Diphenyliodonium hexafluorophosphate (Iod), ethyl 4-(dimethylamino) benzoate (EDB),

dichloromethane (DCM; Anhydrous), triethyleneglycol divinyl ether (DVE-3), and

pentaerythritol tetrakis(3- mercaptopropionate) (Tetrathiol) were all purchased from Sigma-

Aldrich and used as received without further purification. The chemical structures of
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mentioned compounds are summarized in Scheme 3.2. CsPbBr3 QDs were prepared

following the procedure reported previously.33

Scheme 3.2. Chemical structures of investigated additives and monomers

3.5.2. Irradiation sources

Three LED irradiation sources from Thorlabs were used for the photopolymerization

experiments: 410 nm (110 mW cm−2), 530 nm (30 mW cm−2) and 640 nm (40 mW cm−2).

3.5.3. Photopolymerization reaction

The photopolymerizations were investigated using real-time Fourier Transform Infrared

Spectroscopy (RT-FTIR) (Bruker). All the photopolymerization reactions were conducted in

laminate (a drop of the formulation was cast between two layers of polyethylene

membranes, which were sandwiched between two pieces of BaF2 salt plates). The

thickness of the samples is approximately 25 μm. The evolution of the thiol conversion of

Tetrathiol and the double bond conversion of DVE-3 was monitored at 2595–2535 cm−1)

and 1660–1570 cm−1, respectively. Conversions of thiols or enes were calculated by the

following equation:

C =
�0 − ��

�0
× 100%

where A0 the initial peak area before irradiation and At the peak area of the functional

groups at time t.
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3.5.4. Ultraviolet-visible (UV-vis) measurements

Ultraviolet-visible (UV–vis) measurements were conducted on a Varian Cary 50 Bio UV–vis

spectrometer from Agilent Technologies.

3.5.5. Transmission electron microscopy (TEM)

TEM measurement was performed by a JEOL JEM-2010 and JEOL JEM-F200 operated at

200 kV.

3.5.6. Steady-state photolysis

Varian Cary 50 Bio UV-visible (UV-vis) spectrophotometer from Agilent Technologies was

utilized in steady-state photolysis investigation. The studied CsPbBr3 QDs in

dichloromethane were irradiated under LED@410 nm either alone or in the presence of

additives (Iod or EDB) or monomers (DVE-3 or tetrathiol), being recorded by UV-vis at

different irradiation time.

3.5.7. Fluorescence quenching experiments

A Varian Cary Eclipse Fluorescence Spectrophotometer from Agilent Technologies and

QuantaMaster 500 from Horiba were used in the investigation of fluorescence quenching

and photoluminescence quantum yield (PLQY). The investigated CsPbBr3 QDs were

dispersed in dichloromethane. After the addition of additives (Iod or EDB) or monomers

(DVE-3 or tetrathiol), the fluorescence or photoluminescence (PL) spectra were recorded.

3.5.8. Electron Paramagnetic Resonance Spin Trapping (EPR-ST) Experiments

EPR-ST experiments were conducted via a Bruker E500 spectrometer equipped with a

Bruker ER4103TM resonator. Samples were loaded into standard X-band EPR tubes of 2.8

mm i.d. Radicals were generated at room temperature by irradiating with LED@530 nm and

trapped by phenyl-N-tert-butylnitrone (PBN) or 5,5-Dimethyl-1-pyrroline N-oxide (DMPO)
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according to the previous procedure.34 Simulation was processed via the WINSIM

application.

3.5.9. Fabrication of CsPbBr3 QDs/polymer composites

The investigated formulations, CsPbBr3 QDs/Iod/DVE-3/tetrathiol and CsPbBr3
QDs/EDB/DVE-3/tetrathiol were added into a Teflon mold with a dimension of 40 mm x 10

mm x 2 mm. the mold was then covered with a transparent polyethylene film to avoid the

potential oxygen inhibition effect for the free radical photopolymerization. The formulations

were then exposed to LED@410 nm for 10 min to allow complete photopolymerization.

3.6. Results and discussion

3.6.1. Light absorption properties of CsPbBr3 QDs

The light absorption of CsPbBr3 QDs was first measured with a UV-vis absorption

spectrometer to confirm the suitable wavelength of irradiation to be used in the following

experiment. As illustrated in Figure 3.1 (a), the absorption tail of the CsPbBr3 QDs could

reach up to 700 nm. This implied that a wide range of irradiations could be involved in the

initiation process. Based on the UV-vis spectrum, we therefore selected three light sources,

LED @ 410 nm, 530 nm and 640 nm, for the rest of the investigations. Besides, a PL

spectrum (Figure S3.1) with a maximum emission of 497 nm has a full width at half

maximum (FWHM) of 41.11 nm, which indicated the good monodispersity of the CsPbBr3
QDs. The photoluminescence quantum yield (PLQY) was measured to be 70% in solution.

In addition, transmission electron microscopy (TEM) was used to study the structural and

morphological properties of the CsPbBr3 QDs. Figure 3.1b shows the as-synthesized

CsPbBr3 QDs with a scale bar of 100 nm, which confirmed the highly uniform size (8.7 nm)

and cubic morphology of the CsPbBr3 QDs.
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Figure 3. 1. (a) UV-vis absorption and CsPbBr3 QDs dispersed in dichloromethane
([CsPbBr3 QDs]: 0.2 mg/mL), (b) TEM image of CsPbBr3 QDs.

3.6.2. Photoinitiation ability of CsPbBr3 QDs-based photoinitiating system

The photoinitiation ability of CsPbBr3 QDs alone towards 3D crosslinking reactive thiol-ene

systems was first accessed. The polymerization profiles are given in Figure 3.2, and the

double bond conversions of DVE-3 and the thiol conversions of tetrathiol after 300 s of

photopolymerization and their relevant maximum polymerization rates are summarized

in Table 3.1. As shown in Figure 3.2 and Figure S3.2, it is intriguing to observe that with 2

wt% of CsPbBr3 QDs alone, the double bond conversion of DVE-3 and the thiol conversion

of tetrathiol can reach 52% and 88% when LED@410 nm was used and 47% and 62%

when LED@530 nm was used. Specifically, the polymerization rate was significantly higher

when the reaction proceeded under LED@410 nm compared to LED@530 nm (0.9 s-1/3.6

s-1 and 0.5 s-1/1.5 s-1, respectively). This was expected since CsPbBr3 QDs have greater

absorption under 410 nm than 530 nm (Figure 3.1) and the light intensity of LED@410 nm

was about three times higher than the LED@530 nm (110 mW cm−2 and 30 mW cm−2,

respectively). Alternatively, even though the absorption tail of CsPbBr3 QDs can reach up to

700 nm, LED@640 nm was unable to initiate the polymerization of CsPbBr3 QDs/DVE-

3/tetrathiol formula. This might be due to the extremely low absorption of CsPbBr3 QDs at

640 nm and the low intensity of the 640 nm LED used (40 mW cm−2). Since a high

concentration of CsPbBr3 QDs may lead to potential aggregation, the photoinitiation ability

of a lower concentration of CsPbBr3 QDs has also been accessed (Figure S3.3). As

https://pubs.acs.org/doi/10.1021/acsami.1c15420
https://pubs.acs.org/doi/10.1021/acsami.1c15420
https://pubs.acs.org/doi/10.1021/acsami.1c15420
https://pubs.acs.org/doi/10.1021/acsami.1c15420
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expected, the overall conversion and polymerization rate has decreased to 23%/56% and

0.4 s-1/2.4 s-1 due to the decreased concentration of the photoinitiator. Nevertheless, even

when the concentration of CsPbBr3 QDs has reduced to 25% of the original, the decrease

of photoinitiation ability was less than 50% of the original. Therefore, 0.5 wt% of CsPbBr3
QDs was used in the following research.

Figure 3. 2. Photopolymerization profiles of DVE-3/tetrathiol obtained in laminate upon
exposure to LED@410 nm and 530 nm in the presence of CsPbBr3 [CsPbBr3 QDs: 2 wt%;
ene : thiol = 1 : 1 in functionality]. Diagram labelled (a) represents double bond conversions
vs. time; diagram labelled (b) represents thiol bond conversions vs. time.

Table 3. 1. Conversions of functional groups and polymerization rates for the
photopolymerization of DVE-3/tetrathiol in laminate upon exposure to LED@410 nm, 530
nm, and 640 nm in the presence of Iod or CsPbBr3-based photoinitiating systems (CsPbBr3:
0.5 wt%; Iod or EDB: 0.5 wt%; ene : thiol = 1 : 1 in functionality)

LED@410 nm LED@530 nm LED@640 nm

PISs Ca/Cb

( �p

�=�
) × ����/

( �p

�−�
) × ����

(s-1)

Ca/Cb

( �p

�=�
) × ����/

( �p

�−�
) × ����

(s-1)

Ca/Cb

( �p

�=�
) ×

����/
( �p

�−�
) ×

����

(s-1)
Iod 51%/73% 0.3/2.2 npd npd npd npd

CsPbBr3
23%/56%e

52%/88%f

0.4/2.4e

0.9/3.6f 47%/62%f 0.5/1.5f npd npd
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CsPbBr3/Iode 87%/98% 4.2/6.0 58%/68% 3.1/2.5 28%/44% 1.2/1.1

CsPbBr3/EDBe 52%/87% 1.0/3.6 18%/22% 0.4/1.2 npd npd

a double bond conversions of DVE-3 after thiol-ene photopolymerization for
300 s
b S-H bond conversions of tetrathiol after thiol-ene photopolymerization for
300 s
cmaximum rates of photopolymerization, calculated from the maximum of the
first derivative of the double bond conversions versus time curves during
photopolymerization.
d no photopolymerization
eThe concentration of CsPbBr3 QDs is 0.5 wt%
f The concentration of CsPbBr3 QDs is 2 wt%

To improve the photoinitiation ability of CsPbBr3 QDs, two commonly used additives, Iod

and EDB were added separately to the photoinitiating systems. It should be noted that the

concentration of CsPbBr3 QDs has decreased to 0.5 wt% in the system to allow well

dispersion and avoid potential aggregation of CsPbBr3QDs. The polymerization profiles are

given in Figure 3.3, and the double bond conversions and the thiol bond conversions of

DVE-3 and tetrathiol, respectively after 300 s of photopolymerization and their relevant

maximum polymerization rates are summarized in Table 3.1. Interestingly, the addition of

Iod or EDB significantly enhanced the conversions of DVE-3/tetrathiol from 23%/56% to

87%/98% and 52%/87%, respectively. Specifically, the addition of Iod drastically increased

the polymerization rate from 0.4/2.4 s-1 to 4.2/6.0 s-1 for DVE-3 and tetrathiol. On the other

hand, the addition of EDB showed less photoinitiation efficiency than Iod where the

polymerization rate only increased to 1.0/3.6 s-1 for DVE-3 and tetrathiol. Nevertheless, it

still appeared to be more efficient than the system with Iod or CsPbBr3 QDs alone added.

The outstanding enhancement of the photoinitiation ability by adding Iod can be explained

by the less back electron transfer35 in CsPbBr3 QDs/Iod complex. Upon irradiation, an

excited state complex was formed between Iod and the excited CsPbBr3 QDs, followed by

the reduction of Iod by electron transfer. The resulting unstable diaryliodine radical is readily

decomposed and prevents back electron transfer. 35, 36 Alternatively, EDB being an electron

donor, could also perform electron transfer with holes in CsPbBr3 QDs during irradiation,37

however, the unavoidable charge recombination could significantly lower the quantum yield

of radicals generated, resulting in lower conversion and polymerization rate of EDB

containing formula compared to the Iod containing one.38 Besides irradiating under
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LED@410 nm, two formulas were polymerized under LED@530 nm and LED@640 nm.

Interestingly, with the addition of Iod, the formula was successfully polymerized under both

LED@530 nm and LED@640 nm (Figure S3.4), while the formula with EDB could only be

polymerized under LED@530 nm (Figure S3.5). It can be again ascribed to the higher

quantum yield of radicals generated in CsPbBr3 QDs/Iod-based system than the CsPbBr3
QDs/EDB.

Figure 3. 3. Photopolymerization profiles of DVE-3/tetrathiol obtained in laminate upon
exposure to LED@410 nm in the presence of Iod or CsPbBr3-based photoinitiating systems
[CsPbBr3: 0.5 wt%, Iod: 0.5 wt%, EDB: 0.5 wt %; ene : thiol =1 : 1 in functionality]. Diagram
labelled (a) represents double bond conversions vs. time; diagram labelled (b) represents
thiol bond conversions vs. time.

Generally, a higher concentration of CsPbBr3 QDs reflected enhanced photovoltaic

properties beneficial from a larger light harvesting. However, once exceeding the optimal

amount, the properties are greatly deteriorated by agglomeration.39 Here, the photoinitiating

systems containing different concentrations of CsPbBr3 QDs and 0.5 wt% EDB were

prepared in DVE-3/tetrathiol and the corresponding conversions and rate of polymerization

were investigated and summarized in Figure 3.4. It is obvious that 0.2 wt% QDs was

inefficient in initiating the polymerization of DVE-3/tetrathiol. When the concentration of

CsPbBr3 QDs increased to 0.5 wt%, the conversions and rate of polymerization drastically

increased to 59%/92% and 0.98/3.62 s-1, respectively. Further increased to 2 wt% did not

show significant improvement. Since a high concentration of CsPbBr3 QDs might result in

agglomeration, 0.5 wt% CsPbBr3 QDs was used as the optimal amount for the rest of the

experiment.
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Figure 3. 4. Photopolymerization profiles of DVE-3/tetrathiol obtained in laminate upon
exposure to LED@410 nm in the presence of CsPbBr3-based photoinitiating systems
[CsPbBr3: 0.2 wt%, 0.5 wt%, or 2 wt%; EDB: 0.5 wt %; ene : thiol =1 : 1 in functionality].
Diagram labelled (a) represents double bond conversions vs. time; diagram labelled (b)
represent thiol bond conversions vs. time.

3.6.3. Photochemistry of CsPbBr3 QDs

3.6.3.1. Steady-state photolysis

The photostability of CsPbBr3 QDs with additives or monomers in dichloromethane upon

exposure to LED@410 nm was investigated. As shown in Figure 3.5a, a significant blueshift

occurred after irradiating the CsPbBr3 QDs /DCM solution using LED@410 nm for 5 min.

This is due to the photoinduced anion exchange between the bromide anions in CsPbBr3
QDs and chloride anions in DCM.40 Same trends were found with the addition of EDB or

tetrathiol as shown in Figure 3.5c and 5e. However, a different phenomenon was observed

when combined with Iod and DVE-3. The clear, bright green solution quickly turned into a

slightly opaque suspension when Iod was added. This was also reflected in the UV-vis

spectrum (Figure 3.5b), where a significant increase of absorption offset was due to the

light scattering of the suspension formed. Alternatively, a decrease of a peak at ~450 nm

and an increase of a peak at ~500 nm was observed for the first 5 min of irradiation rather

than blueshift with the addition of DVE-3. (Figure 3.5d) This is referred to as a weakening of

quantum confinement, where the sizes of the CsPbBr3 QDs have increased. 41-43 When the

solution was further irradiated, a blueshift was observed, again referring to the

photoinduced anion exchange between CsPbBr3 QDs and DCM.



112

Figure 3. 5. Steady-state photolysis of (a) CsPbBr3, (b) CsPbBr3/Iod, (c) CsPbBr3/EDB, (d)
CsPbBr3/DVE-3, and (e) CsPbBr3/tetrathiol in dichloromethane ([Iod] = 3.4 mM; [EDB] = 7.4
mM; [DVE-3] = 23.6 mM; [tetrathiol] = 12.76 mM); UV-vis spectra recorded at different
irradiation time; LED@410 nm irradiation (110 mW cm-2).

3.6.3.2. Fluorescence quenching

The interactions between CsPbBr3 QDs and additives or monomers were also investigated

using the fluorescence quenching approach. The maximum fluorescence emission of

CsPbBr3 QDs was centered at 494 nm. Interestingly, the fluorescence was quickly

quenched when a tiny amount of Iod or tetrathiol was added (Figure 3.6a, d), while the

fluorescence was slowly quenched when EDB or DVE-3 was added (figure 3.6b, c).
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Specifically, the fluorescence was first decreased when DVE-3 was added, then remained

constant for further excess addition of DVE-3. It is possibly suggested that the interaction

between DVE-3 and CsPbBr3 QDs has passivated the surface defects of CsPbBr3 QDs,

thereby stabilizing the CsPbBr3 QDs and resulting in the retention of fluorescence.44 The

quick quenching of CsPbBr3 QDs/Iod combination compared to CsPbBr3 QDs/EDB

combination was correlated with the FTIR results that CsPbBr3 QDs/Iod proceeded with

higher photoinitiation ability than CsPbBr3 QDs/EDB. Besides the observation of quenching,

another interesting phenomenon happened in the investigated solutions with the addition of

EDB (Figure 3.6b) or DVE-3 (Figure 3.6c), that is, showing a redshift in maximum

fluorescence emission. This was possibly due to the formation of the superlattice.45 The

observation was correlated with the UV-vis results, where the CsPbBr3 QDs/DVE-3 solution

showed a redshift in absorption (referred to increase of size) upon irradiation before the

anion exchange with DCM.

Figure 3. 6. Fluorescence spectra of CsPbBr3 as the function of (a) [Iod], (b) [EDB], (c)
[DVE-3], and (d) [tetrathiol] in dichloromethane.



114

3.6.4. EPR-ST experiment and proposed chemical mechanism

Upon irradiation, the CsPbBr3 QDs were excited from the ground state to an excited state

(r1). Electron transfer due to the oxidation process between CsPbBr3 QDs and Iod

occurred subsequently, resulting in the formation of CsPbBr3 QDs·+ and Ph2I· (r2). Phenyl
radicals (Ph·) were then formed by the rapid cleavage of weak C-I bonds (r3).31

Alternatively, the combination of CsPbBr3 QDs and EDB or CsPbBr3 QDs and tetrathiol

followed the photo-reduction mechanism, where a hole transfer followed by an H-

abstraction occurred. 46-48 The formation of EDB(-H)· (r4) and thiyl radical (r5) was

responsible for the initiation of the polymerization. (Scheme 3.3)

CsPbBr3 QDs
hv
�
hv
�
hv
� CsPbBr3 QDs* (r1)

CsPbBr3 QDs* + Ph2I+ � CsPbBr3 QDs·+ + Ph2I· (r2)

Ph2I· � Ph-I + Ph· (r3)

CsPbBr3 QDs* + EDB � CsPbBr3 QDs - H· + EDB(-H)· (r4)

CsPbBr3 QDs* + 4SH �CsPbBr3 QDs - H· + 4S· (r5)

Scheme 3.3. Proposed chemical mechanisms for CsPbBr3 QDs-based photoinitiating

systems.

The generation of radicals upon the light exposure of CsPbBr3 QDs/Iod, CsPbBr3 QDs/EDB

and CsPbBr3 QDs/tetrahtiol to LED@530 nm was further confirmed by the EPR-ST

approach. The radicals generated were trapped by phenyl-N-tert-butylnitrone (PBN) or 5,5-

Dimethyl-1-pyrroline N-oxide (DMPO) and characterized. For CsPbBr3 QDs/Iod combination,

the hyperfine splitting (HFS) constants were found to be aN = 14.3 G, aH = 2.2 G (Figure

3.7A), which was consistent with the simulated spectrum of PBN/phenyl radical adducts as

previously reported.49-51 For CsPbBr3 QDs/EDB combination, the HFS constants were

obtained as aN = 14.3 G, aH = 2.3 G (Figure 3.7B), which could be assigned to the

PBN/aminoalkyl radical adducts.52 For CsPbBr3 QDs/tetrathiol combination, DMPO was

used as a spin trap reagent instead of PBN since DMPO showed a greater reaction rate

with thiyl radical and generally gave a more intense signal compared to PBN.53, 54 The HFS

of aN = 13.5 G, aH = 11.8 G was shown in Figure 3.7C, reflected the formation of

DMPO/thiyl radical adducts and this was consistent with the previously published report. 55
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Figure 3. 7. EPR-SP spectra of the radicals generated in (A) CsPbBr3 QDs /Iod and (B)
CsPbBr3 QDs/EDB combination upon exposure to UV LED@530 nm and trapped by PBN
in tert-butylbenzene; (C) CsPbBr3 QDs/tetrahtiol combination upon exposure to UV
LED@530 nm and trapped by DMPO in tert-butylbenzene: (a) experimental and (b)
simulated spectra.

3.6.5. Fabrication of functional composites in mold

In order to proceed with further material characterizations, the investigated formulas were

photocured in Teflon mold. As shown in Figure 3.8, CsPbBr3 QDs/Iod/DVE-3/tetrathiol (left

corner) and CsPbBr3 QDs/EDB/DVE-3/tetrathiol (right corner) were polymerized under the

irradiation of LED@410 nm. It was clearly noticed that the photocured sample with the

addition of EDB gave much brighter fluorescence than the one with the addition of Iod
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under the LED@410 nm irradiation. This was consistent with the fluorescence

measurements where Iod nearly fully quenched the CsPbBr3 QDs. One should be doubted

that some fluorescence was still found in CsPbBr3 QDs/Iod/DVE-3/tetrathiol chips, but the

fluorescence quenching measurements showed a fully quenched fluorescence by adding

Iod or tetrathiol (Figure 3.6). When the CsPbBr3 QDs were dispersed in solution, the oleic

acid used to stabilize the CsPbBr3 QDs was desorbed from the surface of the CsPbBr3 QDs

and allowed fast electron transfer with additives or monomers. Alternatively, when

preparing the investigated formulas, the CsPbBr3 QDs solution was first evaporated with a

rotary evaporator and then re-dissolved in the viscous monomers (instead of the solvent

used for dispersion). In this case, the oleic acid is less likely to be desorbed from the

surface, remaining stabilizing the CsPbBr3 QDs. It should be noted that electron transfer

with additives or monomers still proceeded, leaving the sample with minor fluorescence

after polymerization (with the addition of Iod, Figure 3.8 left). As EDB performed less

quenching ability than Iod and possibly promoted the formation of a superlattice of CsPbBr3
QDs, the sample containing EDB showed much greater fluorescence after polymerization

(Figure 3.8, right). The PL stabilities of the photopolymerized samples under heat and

oxygen plasma were finally evaluated. For the pristine photopolymerized CsPbBr3
QDs/EDB/DVE-3/tetrathiol composite, the PLQY was determined as 34%. Compared to a

PLQY of 70% of the CsPbBr3 QDs solution, the dropped after photopolymerization was

expected since the addition of EDB slightly quenched the CsPbBr3 QDs. However, the

photopolymerized composite showed a negligible change of PL under heating or oxygen

plasma (PLQY were measured as 24% and 26%, respectively.) conditions (Figure S3.6). It

confirmed the excellent protection of CsPbBr3 QDs in polymer and revealed the potential of

using a simple photopolymerization approach in preparing highly efficient composite

materials.
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Figure 3. 8. Photocured DVE-3/tetrathiol samples (1:1 ene: thiol in functionality) in the
presence of CsPbBr3 QDs/Iod (left) and CsPbBr3 QDs/EDB (right) (CsPbBr3: 0.5 wt%; Iod:
0.5 wt%; EDB: 0.5 wt%) upon exposure to LED@410 nm (110 mW cm-2).

3.7. Conclusion

In this study, all-inorganic perovskite quantum dots, CsPbBr3 QDs were investigated to

work as both the photoinitiator and the filler in preparing functional composite materials.

They have successfully initiated thiol-ene polymerization (DVE-3/tetrahthiol) under

irradiation of LED@410 nm and 530 nm. Specifically, the photoinitiation ability of CsPbBr3
QDs could be further enhanced with the addition of additives, Iod or EDB, where the

combination with Iod could render the thiol-ene polymerization to nearly complete

conversions. Steady-state photolysis revealed the photoinduced anion exchange between

CsPbBr3 QDs and DCM with a blue shift in absorption. In addition, fluorescence quenching

measurements showed a quick quenching of CsPbBr3 QDs with the addition of Iod or thiol,

but much slower quenching with the addition of EDB or DVE-3. Specifically, the red shift of

fluorescence emission peak with the addition of DVE-3 or EDB reflected the possible

formation of the superlattice. Alternatively, the EPR experiment revealed the formation of

phenyl radicals, aminoalkyl radicals, or thiyl radicals generated from Iod, EDB, or tetrathiol

by interacting with CsPbBr3 QDs under light irradiation. Finally, CsPbBr3 QDs polymer

composites with strong photoluminescence were prepared by simply polymerizing the

investigated formulas in Teflon mold under ambient conditions. The photopolymer showed

excellent PL stability under heating or oxygen plasma. With their high-performance

properties, they are highly applicable in making luminescent displays and lighting. Overall,
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this research provides a versatile approach for fabricating new functional composite

materials.
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3.9. Supporting information

Figure S3. 1. PL spectra of CsPbBr3 QDs dispersed in dichloromethane.

Figure S3. 2. FTIR spectra of CsPbBr3 QDs/DVE-3/tetrathiol before and after
photopolymerization.
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Figure S3. 3. Photopolymerization profiles of DVE-3/tetrathiol obtained in laminate upon
exposure to LED@410 nm in the presence of CsPbBr3 QDs [CsPbBr3 QDs: 0.5 wt%, ene :
thiol =1 : 1 in functionality]. Diagram labelled (a) represent double bond conversions vs.
time; diagram labelled (b) represent thiol bond conversions vs. time.

Figure S3. 4. Photopolymerization profiles of DVE-3/tetrathiol obtained in laminate upon
exposure to LED@410 nm, 530 nm, and 640 nm in the presence of CsPbBr3 QDs-based
photoinitiating systems [CsPbBr3 QDs: 0.5 wt%, Iod: 0.5 wt%; ene : thiol =1 : 1 in
functionality]. Diagram labelled (a) represent double bond conversions vs. time; diagram
labelled (b) represent thiol bond conversions vs. time.
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Figure S3. 5. Photopolymerization profiles of DVE-3/tetrathiol obtained in laminate upon
exposure to LED@410 nm or 530 nm in the presence of CsPbBr3 QDs-based
photoinitiating systems [CsPbBr3 QDs: 0.5 wt%, EDB: 0.5 wt%; ene : thiol =1 : 1 in
functionality]. Diagram labelled (a) represent double bond conversions vs. time; diagram
labelled (b) represent thiol bond conversions vs. time.

Figure S3. 6. PL spectra of photopolymerized CsPbBr3 QDs/EDB/DVE-3/tetrathiol
composite material under heating or oxygen plasma.
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Chapter 4 Rapid Fabrication and High-Resolution 3D
printing of Photopolymer/MOFs composites with Superior
Selective Absorption

4.1. Preface

Beyond enhancing mechanical and optical properties, we are also interested in developing

polymer nanocomposites with selective absorption capabilities. Metal-organic frameworks

(MOFs) are renowned for their high surface area, tunable pore structure, and versatility,

making them useful in a range of applications from catalysis to gas storage.1-9 However, the

practical use of MOFs is often limited due to their inherent fragility, susceptibility to moisture,

and difficulty in processing. Integrating MOFs into polymer matrices helps to enhance their

stability and mechanical properties, yet achieving effective dispersion and compatibility

remains challenging.10-12

In this chapter, we address these challenges by functionalizing zirconium-based UiO-66

MOFs with two visible-light-sensitive photoinitiators, N-(1-pyrenyl)glycine (NPYG) and 2-(4-

methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (triazine), creating UiO-66-NPYG and

UiO-66-Tz. These modified MOFs serve a dual purpose in the thiol-ene

photopolymerization process: as photoinitiators under blue LED light (410 nm) and as

reinforcing fillers, which enhance the structural integrity and functionality of the resulting

composites. Through experiments using real-time Fourier-transform infrared spectroscopy

(RT-FTIR), the study demonstrates the photoinitiation capabilities and thick-curing potential

of the UiO-66-based composites. UiO-66-NPYG enabled stable thiol-ene systems for high-

resolution 3D printing, showing applications in direct laser writing. UiO-66-Tz-based

composites exhibited unique selectivity for absorbing cationic dyes, indicating their potential

for water treatment applications. This chapter highlights the versatility of photopolymer/MOF

composites, providing a foundation for future industrial, environmental, and advanced

manufacturing applications.

4.2. Statement of contribution

I declare that the research findings presented in this chapter are the original work I

conducted as part of my Ph.D. program at the Australian National University. As the primary
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author, I was responsible for developing the research concept, designing the experiments,

analyzing the data, creating the figures, and drafting the initial manuscript, under the

guidance of my primary supervisor, Prof. Pu Xiao.

4.3. Abstract

The fabrication of polymer/metal-organic framework (MOF) composites presents an

innovative approach to optimizing space utilization and harnessing material properties,

thereby opening up new avenues in the design and manufacturing of lightweight yet robust

materials. Nevertheless, persistent hurdles exist in ensuring compatibility, stability,

scalability, and in devising efficacious fabrication methodologies for tangible applications. In

this research, we introduce a novel strategy for the rapid assembly of photopolymer/MOF

composites utilizing visible-light-triggered photopolymerization. Specifically, two visible-

light-sensitive photoinitiators, N-(1-pyrenyl)glycine (NPYG) and 2-(4-methoxystyryl)-4,6-

bis(trichloromethyl)-1,3,5-triazine (triazine), are functionalized onto the UiO-66 MOFs,

yielding UiO-66-NPYG and UiO-66-Tz. These compounds serve a dual role as both

photoinitiators and fillers in the thiol-ene photopolymerization process, facilitating the

creation of polymer nanocomposite materials under the irradiation of LED at 410 nm. Both

UiO-66-NPYG and UiO-66-Tz exhibit remarkable photoinitiation abilities and significant

potential for thick curing, thereby accelerate the production of corresponding composite

materials. Furthermore, UiO-66-NPYG stabilizes the reactive thiol-ene system, enabling its

application in direct laser writing, leading to high-resolution 3D printing. On the other hand,

the UiO-66-Tz based polymer composite reveals exceptional selective absorption of

cationic dyes over anionic dyes. This study pioneers a promising avenue for the

development of photopolymer/MOF composites, showcasing their versatility and potential

utility across a wide range of industrial and environmental applications.
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4.4. Introduction

Metal-organic frameworks (MOFs) represent a class of highly versatile and customizable

materials known for their exceptional properties and wide-ranging applications.13-19 These

materials are conceived through the orchestrated assembly of metal nodes and organic

linkers, facilitating the construction of porous architectures with precise geometries. This

unique structural characteristic results in a substantial surface area, greatly enhancing

adsorption capacities. Additionally, the facile tunability of MOF structures makes them

adaptable to diverse applications, including gas storage, separation processes, catalytic

conversions, and drug delivery systems.1-9 Typically, MOFs are synthesized by simple

solvothermal or hydrothermal conditions and yield either large crystals or micro-crystalline

powders.20, 21 Despite their superior properties, MOFs come with inherent challenges,

primarily owing to their powder-like nature. Their susceptibility to moisture absorption,

coupled with a lack of malleability and poor processability, compromises their stability when

exposed to aggressive chemicals.10-12 Consequently, their industrial potential remains

limited.

To address these limitations, MOFs are frequently integrated with polymer matrices to

develop composite materials that harness the advantages of both constituents. These

MOF-polymer composites, offer amplified surface areas, enhanced mechanical properties

and improved processability. 22-25 Nevertheless, challenges persist, such as the

compatibility between polymers and MOFs, and the dispersion of MOFs in polymer

matrices. 26, 27 To enhance the interfacial interaction between MOFs and polymer matrix,

previous approaches often involved complex chemical modification of MOFs, including

grafting organic molecules onto MOFs 28-31 or introducing polymerizable groups into MOFs

11, 32, 33. Nevertheless, the majority of them required tedious reaction routes and harsh
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reaction conditions such as high temperatures. An alternative and more environmentally

friendly approach is photopolymerization technology, offering precise spatial and temporal

control. 34 For instance, zirconium-based UiO-66 MOF was modified with vinyl functional

groups and was subsequently photopolymerized with thiols using 2,2-dimethoxy-2-

phenylacetophenone (DMPA) as a photoinitiator under the irradiation of 365 nm UV light.11

This process produced a mixed matrix membrane with improved mechanical properties and

gas permeability. Similarly, UiO-66 with methacrylate groups was synthesized and

photopolymerized with butyl methacrylate under UV irradiation. This polymerized composite

membrane demonstrated an outstanding ability to separate Cr(VI) ions from water.35

Nevertheless, these approaches involve UV irradiation, and there was a high tendency for

the photoinitiators to be released as they were not immobilized on the fillers, which raised

health and environmental concerns.36, 37 Apart from cross-linkable MOFs, chromophores

was utilized as the organic linkers to produce MOFs, which can successfully achieve

controlled/living radical polymerization under the 520 nm irradiation.38 Despite this, the low

polymerization conversions under prolonged irradiation limited its potential industrial

applications.

To address the relevant issues, the present study focused on the fabrication of two types of

visible-light-sensitive photoinitiator functionalized UiO-66 MOFs as shown in Scheme 4.1

and subsequently using thiol-ene photopolymerization to yield the corresponding functional

phtopolymer/MOF composites. Specifically, two blue light-sensitive photoinitiators we have

studied previously, i.e., N-(1-pyrenyl)glycine (NPYG) and 2-(4-methoxystyryl)-4,6-

bis(trichloromethyl)-1,3,5-triazine (triazine), were chosen as promising candidates for MOF

modification as they exhibited excellent photoinitiation abilities for various

photopolymerizations.39, 40 Subsequently, the roles of the two modified UiO-66 MOFs were

explored as photoinitiators to initiate photopolymerization reactions under LED irradiation at
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410 nm, while also serving as fillers to impart diverse properties to the resulting

photopolymer nanocomposite materials. Particularly, the photoinitiation abilities of UiO-66,

UiO-66-NH2, and the two modified UiO-66 for the thiol-ene photopolymerization of

pentaerythritol tetrakis(3-mercaptopropionate) (tetrathiol) and Triethylenglycoldivinyl ether

(DVE-3) were investigated and compared using real-time Fourier-transform infrared

spectroscopy (RT-FTIR). Both UiO-66-NPYG and UiO-66-Tz demonstrated superior

photoinitiation capabilities and a robust potential for thick curing, accelerating the synthesis

of the respective composite materials. Additionally, UiO-66-NPYG managed to stabilize the

reactive thiol-ene system, paving the way for applications in direct laser writing where high-

resolution 3D printing was realized. Conversely, the polymer composite based on UiO-66-

Tz showcased a remarkable selectivity in absorbing cationic dyes over anionic ones,

shedding light on the potential application of the investigated modified MOFs in water

treatment processes.

Scheme 4.1. Synthetic procedure to obtain photoinitiator-modified MOFs (UiO-66-Tz and

UiO-66-NPYG).



130

4.5. Experimental

4.5.1. Materials

Unless specified, all chemicals were used as received. Zirconium tetrachloride, terephthalic

acid (TA), 2-aminoterephthalic acid (ATA), acetic acid, 2-(4-methoxystyryl)-4,6-

bis(trichloromethyl)-1,3,5-triazine (triazine), boron tribromide (BBr3, 1 M in heptane),

dichloromethane (DCM; Anhydrous), triethylamine (TEA), isophorone diisocyanate,

dibutyltindilaurate (DBTL), diazabicyclo[2.2.2]octane (DABCO), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), diphenyliodonium

hexafluorophosphate (Iod), tri(ethylene glycol) divinyl ether (DVE-3), pentaerythritol

tetrakis(3-mercaptopropionate) (tetrathiol), poly(ethylene glycol) diacrylate (PEGDA, Mn =

700), 3,4-epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (EPOX), methyl

orange, methylene blue, and 2-hydroxyethyl acrylate were all purchased from Sigma-

Aldrich. Deuterated NMR solvents (d6-DMSO) were obtained from Cambridge Isotope

Laboratories.

4.5.2. Synthesis and methods

N-(1-pyrenyl)glycine (NPYG). The synthesis of NPYG was reported in our previous

publication.39 To summarize, pyrene-1-amine (0.90 g, 4.15 mmol) was dissolved in 20 mL

of ethanol, concurrently bromoacetic acid (0.86 g, 6.19 mmol) was dissolved in a separate 5

mL ethanol solution. Following this, an aqueous solution of NaOH (0.25 g dissolved in 1 mL

of water) was incrementally added to the bromoacetic acid solution. Subsequently, these

solutions were combined and subjected to a 24-hour reflux process. After this period, the

solvent was evaporated, leaving behind a residue. This residue was then purified through

column chromatography, utilizing a DCM/methanol mixture (10/1, v/v) as the eluent, which

resulted in a brown powder. (330 mg, 29% yield). 1H NMR (300 MHz, d6-DMSO): δ = 8.33

https://en.wikipedia.org/wiki/Isophorone_diisocyanate
https://en.wikipedia.org/wiki/Isophorone_diisocyanate
https://en.wikipedia.org/wiki/Isophorone_diisocyanate
https://en.wikipedia.org/wiki/Isophorone_diisocyanate
https://en.wikipedia.org/wiki/Isophorone_diisocyanate
https://en.wikipedia.org/wiki/Isophorone_diisocyanate
https://en.wikipedia.org/wiki/Isophorone_diisocyanate
https://en.wikipedia.org/wiki/Isophorone_diisocyanate
https://en.wikipedia.org/wiki/Isophorone_diisocyanate
https://en.wikipedia.org/wiki/Isophorone_diisocyanate
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(d, 1H), 8.06 (m, 4H), 7.83 (m, 2H), 7.75 (d, 1H), 7.16 (d, 1H), 4.16 (s, 2H). 1H NMR can be

found in Figure S4.1.

4-(2-(4,6-Bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenol (Demethylated Triazine).

The preparation of demethylated triazine was reported in our previous publication.40 Briefly,

2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine (triazine, 0.2 g, 0.45 mmol)

dissolved in DCM (20 mL) was stirred at -78°C (immersed in dry ice and acetone mixture)

with the protection of a CaCl2-filled drying tube. After dropwise addition of BBr3 (6 mL, 6

mmol) into the solution, the mixture was slowly warmed up to room temperature and stirred

overnight. The solution was stirred under room temperature for another 24 h. Finally, the

mixture was quenched with ice water (100 mL), extracted with DCM and subsequently dried

with anhydrous sodium sulfate. Demethylated triazine was collected as yellow solid in a

yield of 67%. 1H NMR (400 MHz, DMSO-d6): δ 10.37 (s, 1H), 8.36 (d, J = 15.6 Hz, 1H),

7.83 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 15.7 Hz, 1H), 6.88 (d, J = 8.2 Hz, 2H). 1H NMR can be

found in Figure S4.2.

4-(2-(4,6-Bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenyl (3-(isocyanatomethyl)-

3,5,5-trimethylcyclohexyl)carbamate (Tz-IPDI). Demethylated triazine (1 g, 2.3 mmol)

dissolved in toluene (30 mL) was added with IPDI (0.51 g, 2.3 mmol) and DBTL (10 uL).

The mixture was heated at 60°C for 5h. The solvent was evaporated and yielded the Tz-

IPDI as a yellowish paste. 1H NMR (400 MHz, DMSO) δ 7.38 – 7.10 (m, 6H), 1.89 (d, J =

11.6 Hz, 2H), 1.71 – 0.60 (m, 18H). 1H NMR can be found in Figure S4.3.

UiO-66. UiO-66 was prepared according to the previously reported procedure with minor

modification.41 In brief, ZrCl4 (0.106 g, 0.454 mmol) and terephthalic acid (0.068 g,

0.454 mmol) were dissolved in 50 mL of DMF. Subsequently, acetic acid (0.8 g) and water

(33 uL) were added to the mixture. The reaction mixture was then heated at 120°C for 21 h.

The obtained white precipitate was centrifuged at 4000 r.p.m. for 30 min and washed three
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times with DMF and then one time with DCM. UiO-66 was then dried in a vacuum oven at

140°C overnight.

UiO-66-NH2. UiO-66-NH2 was prepared according to the previously reported procedure with

some modifications.42 In brief, ZrCl4 (1 g, 5.5 mmol) and 2-aminoterephthalic acid (1.29 g,

5.5 mmol) were dissolved in 100 mL of DMF with the addition of 10 g of acetic acid and 0.4

mL of water. The reaction mixture was then heated at 120°C for 21 h. The obtained pale-

yellow precipitate was centrifuged at 4000 r.p.m. for 30 min and washed three times with

ethanol. UiO-66-NH2 was then dried in a vacuum oven at 140°C overnight.

UiO-66-OH. UiO-66-OH was prepared according to the previously reported procedure with

some modifications.43 In brief, UiO-66-NH2 (1.5 g, ~5.2 mmol NH2) and 2-hydroxyethyl

acrylate (2.4 g, 0.021 mol) were dissolved in 30 mL of water. The mixture was refluxed for

20 h. The white precipitate was centrifuged at 4000 r.p.m. for 30 min and washed three

times with ethanol. UiO-66-OH was then dried in a vacuum oven at 140°C overnight.

UiO-66-NPYG. UiO-66-NH2 (270 mg, ~0.092 mmol NH2) and NPYG (100 mg, 0.37 mmol)

were dissolve in 5 mL of DMF. EDC (50 mg), NHS (40 mg) and TEA (150 uL) were added

to the mixture and stirred at room temperature overnight. The yellow precipitate was

centrifuged at 4000 r.p.m. for 30 min and washed three times with ethanol. UiO-66-NPYG

was then dried in a vacuum oven at 100°C overnight.

UiO-66-Tz. UiO-66-OH (1 g, ~3.4 mmol OH) and Tz-IPDI (2.24 g, 3.4 mmol) were dissolved

in 50 mL of toluene. A catalytic amount (10 mg) of DABCO was added to the mixture. It was

heated at 60°C for 10h. The yellow precipitate was centrifuged at 4000 r.p.m. for 30 min

and washed three times with DMF. UiO-66-Tz was then dried in a vacuum oven at 100°C

overnight.
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4.5.3. Photopolymerization Experiments.

Photopolymerization processes were analyzed using real-time Fourier transform infrared

spectroscopy (RT-FTIR) with a Bruker instrument. Each photopolymerization reaction was

set up in a laminate configuration, wherein a droplet of the specific formulation was

positioned between two sheets of polyethylene membranes. These membranes were then

compressed between two slabs of BaF2 salt plates. The subsequent reactions were

facilitated under the irradiation of a 410 nm LED light source, emitting at a light intensity of

110 mW cm⁻², obtained from Thorlabs. The laminates harbored samples with an estimated

thickness of 25 μm. Throughout the process, the variations in bond conversions were

tracked. Specifically, the thiol bond transformation within tetrathiol and the alteration in the

double bond of DVE-3 were monitored within the wavenumber ranges of 2595–2535 cm⁻¹

and 1660–1570 cm⁻¹, respectively. Similarly, the changes in the epoxy bond within EPOX

were monitored at a wavenumber of 790 cm⁻¹. Furthermore, the double bond changes in

PEGDA were observed at a distinct wavenumber of 1630 cm⁻¹. The conversions of thiol,

ene, or epoxy were calculating with the following equation (1):

� =
�0 − ��

�0
× 100% (1)

where A0 is the initial peak area before irradiation and At is the peak area of the functional

groups at time t.

4.5.4. Fourier-Transform Infrared Spectroscopy (FTIR)

Infrared spectra of UiO-66, UiO-66-NH2, UiO-66-OH, UiO-66-NPYG, UiO-66-Tz, and Tz-

IPDI were acquired using a Spectrum Two Fourier transform infrared (FTIR) spectrometer

(Perkin Elmer) fitted with an attenuated total reflectance (ATR) accessory, which scanned

with an average over a range of 500–4000 cm–1 at a resolution of 4 cm–1.
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4.5.5. Powder X-ray diffraction Analysis (PXRD)

The X-ray diffraction (XRD) patterns of all the synthesized Metal-Organic Frameworks

(MOFs) were documented using an Empyrean diffractometer. This equipment was operated

with CuKα radiation (λ = 1.5406 Å), employing a voltage parameter of 40 kV, coupled with a

current setting of 30 mA.

4.5.6. Thermogravimetric Analysis (TGA)

Thermal analyzer TGA Q500 from TA Instruments was utilized to perform

thermogravimetric analysis on the samples. Starting at room temperature, the samples

were gradually heated up to 900 °C at a consistent rate of 4 °C/min, all within an air

atmosphere. The measurement of mass loss during this process was used to assess the

quantity of NPYG or Tz that had adhered to the surface of the UiO-66-NH2.

4.5.7. Photorheology Test

The process of photorheology characterization was facilitated using an Anton Paar MCR

702 multidrive rheometer. These experiments were performed at a temperature of 25 °C,

utilizing a plate geometry characterized as PP25 and having a diameter of 25 mm. In a

precise manner, a volume of 100 μL of the liquid formulation was dispensed onto a glass

plate. A plate sensor was then applied from above, pressing down until the separation

between the sensor and the glass plate narrowed to a range of 0.2 to 0.4 mm. The

irradiation source was positioned at the lower section of the sample holder, illuminating

from the bottom upwards, passing through the sample. Concurrently, measurements were

taken at the top section of the sample. This experimental setup operated at a fixed angular

frequency of 1 Hz, within a shear spectrum of 0.1%. Notably, the normal force parameter

was maintained at a null value (0 N) throughout the experiment, implying a potential

alteration in the gap during the course of measurements due to potential shrinking of the
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formulation. Throughout this procedure, changes in both the storage and loss modulus of

the formulations were carefully documented, along with any variations in the gap distance

between the sensor and the glass plate.

4.5.8. Direct Laser Writing

UiO-66-NH2/PEGDA/tetrathiol and UiO-66-NPYG/PEGDA/tetrathiol were used as resins for

direct laser writing using a high-resolution direct laser lithography system Dilase 650. UiO-

66-NH2/PEGDA/tetrathiol (ene: thiol = 1:1 in functionality) or UiO-66-

NPYG/PEGDA/tetrathiol formulation were well mixed and a thin layer was spread on a

glass slide. A laser (spot size: 10 μm) at 375 nm was used to irradiate the resins under air

at a speed of 10 mm/s to allow photocuring. The detailed morphology was observed using

the VEECO WYKO NT9100 optical profilometer

4.5.9. Absorption measurements

The absorption capacities of the MOFs/polymer composites produced from the photocuring

of UiO-66/PEGDA/tetrathiol, UiO-66-NH2/PEGDA/tetrathiol, and UiO-66-

NPYG/PEGDA/tetrathiol for methyl orange (MO) or methylene blue (MB) under different

time and initial concentrations were evaluated. Three MOFs/polymer composites prepared

by photopolymerization under the irradiation of LED@410 nm were cut into small pieces

with the same mass of 0.02 g. They were then added to MO or MB and remained stirring.

To investigate the effect of absorption time, the MO or MB solution was measured with a

UV-Vis spectrophotometer (Varian Cary 50 Bio UV–vis spectrometer from Agilent

Technologies) to determine the remaining concentrations after treatment. Specifically, the

UV–vis light absorptions with different known concentrations of MO or MB in water and the

corresponding calibration curves were plotted in Figure S4.4-S4.6 to determine the

remaining dye concentrations after absorption. In this study, the remaining concentrations
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of MO or MB were determined after absorption of 30, 60, 120, 180, 1200, and 1500 min. To

investigate the effect of initial concentrations, three MOFs/polymer composites with 0.02 g

were added into MO or MB solution with initial concentrations of 4, 8, 50, and 120 mg/L,

respectively, and remained stirring. The remaining concentrations of MO or MB were

determined after 24 h of absorption. The absorption capacity was calculated with the

following equation (2) 44:

���������� �������� =
(�0 − ��) × �

� (2)

where Co and Ct (mg/L) are the initial and final concentrations of the adsorbate at

equilibrium, respectively; V (L) is the volume of the adsorbate (MO or MB solution);

andW (g) is the amount of adsorbent used (investigated photopolymer/MOFs composites).

Moreover, the absorption isotherms were fitted and analyzed with Langmuir and Freundlich

models with the following equations (3)45 and (4)46, respectively:

���������� �������� =
������

1 + ����
(3)

���������� �������� = ����

1
� (4)

where Qm (mg/L) was the largest monolayer adsorption capacity; Ce (mg/ L) was the

equilibrium concentration of MB; KL (L/mg) and KF ((mg/g)/(mg)1/n) were the constants from

the adsorption isotherm model, respectively.

4.5.10. Selective absorption measurements

To evaluate the degree of selectivity, 0.02 g of MOFs/polymer composites produced from

UiO-66/PEGDA/tetrathiol, UiO-66-NH2/PEGDA/tetrathiol, or UiO-66-

NPYG/PEGDA/tetrathiol were added into a 3 mL MO/MB mixed solution with a

concentration of 4 mg/L for each dye. The mixture was stirred, and the remaining

concentrations were determined. The competitive adsorption of anionic and cationic dyes
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was discernible through the selectivity values derived from individual adsorption isotherms.

The selectivity is calculated with the following equation (3) 47, 48:

�������������������/������� =
(���������)
(��������)

×
(��������)
(���������)

(3)

where Qi and Ci (i: MO or MB) represent the adsorption capacity at equilibrium and the

concentrations at equilibrium in the supernatant, respectively.

4.6. Results and discussion

4.6.1. Synthesis and characterization of modified UiO-66 MOFs

Four zirconium-based MOFs (UiO-66) were synthesized in this work. The two unmodified

MOFs (UiO-66 and UiO-66-NH2) were synthesized according to the previously reported

studies, and then UiO-66-NH2 was further modified to synthesize UiO-66-Tz and UiO-66-

NPYG. 41-43, 49, 50 Specifically, UiO-66-NPYG was simply achieved by one one-step

amidation reaction between UiO-66-NH2 and NPYG, while the synthesis of UiO-66-Tz was

more complicated. In detail, the UiO-66-NH2 was first reacted with 2-hydroxyethyl acrylate

via an aza-Michael addition to yield UiO-66-OH that contains a flexible OH group on the

MOFs. Simultaneously, 2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine was

demethylated first to reveal its OH reactive site, followed by a reaction with isophorone

diisocyanate (IPDI) in the presence of a catalyst, dibutyltin dilaurate (DBTL). This specific

catalyst ensures the selective reaction between -OH groups in Tz and secondary

cycloaliphatic isocyanate group in IPDI 51, thereby yielding 4-(2-(4,6-bis(trichloromethyl)-

1,3,5-triazin-2-yl)vinyl)phenyl (3-(isocyanatomethyl)-3,5,5-trimethylcyclohexyl)carbamate

(Tz-IPDI). In the final stage, UiO-66-OH reacted with Tz-IPDI in the presence of

diazabicyclo[2.2.2]octane (DABCO) to yield UiO-66-Tz. Again, this catalyst ensures the

selective reaction between UiO-66-OH and the primary isocyanate groups in Tz-IPDI. 51
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The successful synthesis of various UiO-66-based MOFs was evidenced by ATR-IR

spectroscopy. (Figure 4.1 and Figure S4.7). For instance, the presence of double peaks at

3473 cm-1 and 3359 cm-1 in Figure 4.1a corresponded to symmetric and asymmetric N-H

stretching 52 confirming the formation of UiO-66-NH2. The transition from double peaks (NH2)

to a single peak at ~3200-3500 cm-1 (corresponded to secondary amide) and

transformation of C=O in NPYG (carboxylic group,1720 cm-1) to C=O and C-N in UiO-66-

NPYG (amide group, 1655 cm-1 and 1516 cm-1 respectively)53 signified the formation of

UiO-66-NPYG. As for Tz-IPDI, the appearance of peaks at 2258 cm-1 and 1724 cm-1 in

Figure S4.7a, corresponding to N=C=O stretching and C=O stretching, confirmed the

successful formation of the compound. 52 In Figure S4.7b, the vanishing of the peak at 1626

cm-1 (C=C stretching) and the emergence of a broad peak at 3300 cm-1 (OH group)

provided the clear evidence of the formation of UiO-66-OH. Finally, the complete

disappearance of N=C=O peak (~1720 cm-1) in Figure 4.1b confirmed the formation of UiO-

66-Tz.52

Figure 4. 1. FTIR spectra of (a) UiO-66-NH2, NPYG, and UiO-66-NPYG and (b) UiO-66-Tz,
Tz-IPDI, and UiO-66-OH.

In addition to FTIR spectroscopy analysis, the crystallographic structures of the as-

synthesized MOFs were assessed using the powder X-ray diffraction (PXRD) pattern.
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Interestingly, the PXRD patterns (Figure 4.2) for all the synthesized MOFs exhibited a

strong correlation with the UiO-66, as evidenced by the characteristic peaks appearing at

7.4°, 8.6°, and 25.9°. These peaks indicated that they were isostructural to UiO-66 and

underwent no alterations in their crystal structures.54 This not only confirmed the porous

structures of all the synthesized MOFs,55 but also proved the high stability of these UiO-66

MOFs. This stability is particularly noteworthy, as certain MOFs may undergo

decomposition under complex reaction conditions, limiting their potential applications.56

Thermogravimetric analysis (TGA) was then carried out to determine the amount of the

photoinitiators (NPYG or Tz) that were functionalized onto the corresponding MOFs. In both

of the cases (UiO-66-NPYG and UiO-66-Tz in Figure S4.8a and Figure S4.8b respectively),

the weight loss below 200°C was due to the solvent vaporization while the drastic weight

loss above 300°C was attributed to the decomposition of organic moieties. 57 By simply

comparing the weight loss between UiO-66-NH2 and UiO-66-NPYG or UiO-66-OH and UiO-

66-Tz, the amount of NPYG or Tz grafted was calculated as 4 wt% and 3 wt% respectively.

Figure 4. 2. PXRD spectra of the as-synthesized MOFs.
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4.6.2. Photoinitiation ability of modified UiO-66 MOFs

To establish a control, the photoinitiation abilities of UiO-66 and UiO-66-NH2 for the thiol-

ene photopolymerization were first assessed, as illustrated in Figure 4.3. Thiol-ene

photopolymerization was chosen for its superior efficiency and precision compared to other

polymerization techniques. This system provides rapid polymerization under mild conditions,

with excellent control over the material properties and minimal side reactions. Additionally,

thiol-ene polymerization is highly tolerant to oxygen inhibition, which is often a limiting factor

in other photopolymerization systems. As expected, UiO-66 was unable to initiate thiol-ene

photopolymerization. Conversely, UiO-66-NH2 effectively initiated thiol-ene

photopolymerization, achieving a commendable final double conversion and thiol bond

conversion of 68% and 74% respectively in laminate. This successful initiation can be

attributed to the presence of amine groups in UiO-66-NH2 compared to UiO-66, facilitating

a base-catalyzed thiol-ene polymerization process.58 To further confirm the pivotal role of

the organic linker in photopolymerization, the photoinitiation abilities of the organic linker

itself were also evaluated. Not surprisingly, terephthalic acid (TA, organic linker for UiO-66)

was unable to initiate thiol-ene photopolymerization. Conversely, when employing 2-

aminoterephthalic acid (ATA) at 0.6 wt%, equivalent to the molar amount of linker as in 1

wt% UiO-66-NH2, we achieved double conversion and thiol bond conversions of 89% and

100% respectively in laminate. Interestingly, the utilization of ATA led to a greater

photopolymerization rate compared to UiO-66-NH2 (8.8 s-1 /10.2 s-1 and 2.7 s-1 /3 s-1 for ATA

and UiO-66-NH2, respectively; in terms of ene/thiol polymerization rate). However, it

suffered from more severe oxygen inhibition. The systems initiated by ATA showed a

substantial decrease in ene/thiol conversions, dropping from 89%/100% to 19%/31% when

photopolymerized under air. In contrast, the systems initiated by UiO-66-NH2 exhibited a

lesser impact under similar conditions.
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Figure 4. 3. Photopolymerization profiles of DVE-3/tetrathiol obtained in laminate/under air
upon exposure to LED@410 in the presence of UiO-66-NH2 or ATA [UiO-66-NH2: 1 wt %;
ATA: 0.6 wt %; ene/thiol = 1:1 in functionality]. The diagram labelled (a) represents double
bond conversions vs. time and the diagram labelled (b) represents thiol bond conversions
vs. time.

Furthermore, the photoinitiation abilities of UiO-66-NPYG and UiO-66-Tz for thiol-ene

photopolymerization were then investigated, as detailed in Figure 4.4 and 4.5. As previously

mentioned, the photoinitiator grafting amounts onto the MOFs are 4 wt% and 3 wt% for

UiO-66-NPYG and UiO-66-Tz respectively. As shown in Figure 4.4 and Figure S4.9, with

the same wt% of NPYG (0.04 wt%), UiO-66-NPYG/DVE-3/tetrathiol showed similar final

conversions (90%/100% in laminate and 72%/97% under air, for ene and thiol bond

conversions respectively) as the pristine NPYG/DVE-3/tetrathiol system (92%/100% in

laminate and 77%/95% under air, for ene and thiol bond conversions respectively). It

indicated the photoinitiation abilities of NPYG remained intact even after being grafted onto

the MOFs. Notably, elevating the concentration of UiO-66-NPYG (from 1 wt% to 5 wt%)

further increased the double bond conversion to 100%. This is promising, as the high filler

loading typically hinders the photopolymerization process due to poor light penetration. On

the other hand, in Figure 4.5, with the same wt% of Tz (0.15 wt%), UiO-66-Tz/DVE-

3/tetrathiol showed a higher final conversion (98%/99% compared to 89%/94%) but slower
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photopolymerization rate (5.9 s-1 /4.3 s-1 compared to 26 s-1 /33 s-1) as compared to the

pristine Tz/DVE-3/tetrathiol system. The slower photopolymerization rate may be attributed

to the decreased mobility of Tz moiety in UiO-66-Tz. Nevertheless, this allowed better

diffusion of UiO-66-Tz throughout the monomer system instead of being trapped in a rapidly

polymerized system (the pristine Tz/DVE-3/tetrathiol system), therefore contributing to a

greater final conversion. To expand the application scope of modified UiO-66 MOFs in

photopolymerization, the photopolymerization abilities of UiO-66-NPYG and UiO-66-Tz

were also evaluated in PEGDA (free radical photopolymerization, FRP) and EPOX systems

(cationic photopolymerization, CP). As shown in Figure S4.10, both UiO-66-NPYG and UiO-

66-Tz were capable of initiating FRP of PEGDA in laminate. However, the final conversions

remained relatively low (< 25%). Alternatively, UiO-66-NPYG, when combined with an

additive (Iod), exhibited the ability to initiate cationic photopolymerization of EPOX. These

results collectively confirmed the versatility of UiO-66-NPYG and UiO-66-Tz across various

types of photopolymerization reactions.

Figure 4. 4. Photopolymerization profiles of DVE-3/tetrathiol obtained in laminate/under air
upon exposure to LED@410 in the presence of UiO-66-NPYG [UiO-66-NPYG: 1 wt % or 5
wt%; ene/thiol = 1:1 in functionality]. The diagram labelled (a) represents double bond
conversions vs. time and the diagram labelled (b) represents thiol bond conversions vs.
time.
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Figure 4. 5. Photopolymerization profiles of DVE-3/tetrathiol obtained in laminate upon
exposure to LED@410 in the presence of UiO-66-Tz or pristine Tz [UiO-66-Tz: 5 wt%;
pristine Tz: 0.15 wt%, ene/thiol = 1:1 in functionality]. The diagram labelled (a) represents
double bond conversions vs. time and the diagram labelled (b) represents thiol bond
conversions vs. time.

4.6.3. The potential of thick curing of modified UiO-66 MOFs

While photopolymerization offers advantages such as rapid curing and precise control, it

encounters limitations when applied to thick composite structures.59, 60 The primary

impediment lies in the attenuation of light as it penetrates deeper into materials. The issue

becomes even more pronounced when fillers are added, as they can reflect light, further

impeding the light penetration. In the current research, the possibility of thick curing with the

use of UiO-66-NPYG and UiO-66-Tz was evaluated with a photorheometer. The

photorheometer setup is shown in Figure S4.11. The sensor can record the change of

modulus of the pre-polymer during light irradiation. As the sensor was positioned above the

sample, with irradiation emanating from the bottom, a delay of change of modulus would

typically be expected when a greater gap distance (indicating a greater sample thickness)

was applied. This delay occurs because the light penetration was affected and the pre-

polymer that was close to the sensor was more likely to remain in liquid state instead of

solid state (indicated by an increase in modulus). However, this phenomenon was not

observed during the irradiation of UiO-66-NPYG/DVE-3/tetrathiol or UiO-66-Tz/DVE-

3/tetrathiol. As demonstrated in Figure 4.6, even though the sample thickness increased by
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a factor of 10 (UiO-66-NPYG/DVE-3/tetrathiol) or 5 (UiO-66-Tz/DVE-3/tetrathiol), the delay

period remained (5-10 s) nearly constant. The only difference was the photopolymerization

rate which was referred to the slope of the resultant curve. Note that the increased initial

modulus in thinner samples arises from the greater confinement of the sample between the

sensor and glass plate. This finding underscored the significant potential for achieving thick

curing when using UiO-66-NPYG and UiO-66-Tz in photopolymerization.

Figure 4. 6. Modulus change of (a) UiO-66-NPYG/DVE-3/tetrathiol and (b) UiO-66-Tz/DVE-
3/tetrathiol during light irradiation with LED@410 nm with different gap distances (indicated
to the thickness of samples).

4.6.4. Storage stability of UiO-66-NPYG/DVE-3/tetrathiol pre-polymer system and
application in 3D LASER writing

Despite demonstrating favourable kinetic characteristics, thiol-ene systems often suffer

from insufficient storage stability. Depending on the reactivity profiles of the utilized ene

monomers and thiols, these systems may undergo gelation rapidly, sometimes within as

little as 2 days or even as quickly as 12 hours. This phenomenon was observed in the case

of DVE-3/tetrathiol in the presence of 1 wt% concentration of 2,2-dimethoxy-2-

phenylacetophenone (DMPA), even in the absence of light irradiation.58 A similar behavior

was observed for the 0.04 wt% NPYG/DVE-3/tetrathiol system, which underwent self-

polymerization within three days without any irradiation. The poor storage stability of the
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thiol-ene system significantly limits their potential applications. However, the introduction of

UiO-66-NPYG was found to extend the storage life of the thiol-ene system. As depicted in

Figure 4.7, the photopolymerization profile of UiO-66-NPYG/DVE-3/tetrathiol following a

one week of storage (black curves) closely resembled that of the freshly prepared one.

Therefore, the incorporation of UiO-66-NPYG not only stabilized the otherwise unstable

thiol-ene system but also maintained the excellent photoinitiation capabilities throughout the

photopolymerization process.

Figure 4. 7. Photopolymerization profiles of DVE-3/tetrathiol obtained in laminate upon
exposure to LED@410 nm in the presence of UiO-66-NPYG [UiO-66-NPYG: 1 wt%;
ene/thiol = 1:1 in functionality]. Specifically, red curves refer to samples measured as
prepared, and black curves refer to samples measured after one week of storage. The
diagram labelled (a) represents double bond conversions vs. time and the diagram labelled
(b) represents thiol bond conversions vs. time.

The unique properties of UiO-66-NPYG therefore prompted us to explore its application in

direct laser writing (DLW) application. For comparison, both UiO-66-NH2 and UiO-66-NPYG

were investigated in DLW for the photopolymerization of DVE-3/tetrathiol using a laser

diode at 375 nm (spot size: 10 µm). Specifically, a repeated square block pattern was

chosen as the printed model. Given the excellent photoinitiation ability and stability of UiO-

66-NPYG, the corresponding 3D patterns were achieved with high spatial resolution as

anticipated. Notably, the curing thickness of the printed blocks reached up to 74 µm (Figure
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4.8a) and the edge of each square block were distinct and well-defined (Figure 4.8b). On

the contrary, the 3D patterns of the UiO-66-NH2/DVE-3/tetrathiol system generated by DLW

exhibited poor resolution (Figure 4.8c). Specifically, it was challenging to print a block with a

square shape of a certain thickness and the edge of the printed part appeared blunt (Figure

4.8d). This is due to the slow photopolymerization rate of the pre-polymer system, where

the irradiated region cannot fully polymerize within a very short irradiation time. Based on

these findings, UiO-66-NPYG emerges as a promising candidate for 3D printing

applications, especially when dealing with unstable pre-polymer systems.

Figure 4. 8. (a) 3D surface topography of UiO-66-NPYG/DVE-3/tetrathiol based polymer
composite fabricated using direct laser writing; (b) Optical microscopy image of UiO-66-
NPYG/DVE-3/tetrathiol based polymer composite; (c) Surface topography of UiO-66-
NH2/DVE-3/tetrathiol based polymer composite fabricated by direct laser writing; (d) Optical
microscopy image of UiO-66-NH2/DVE-3/tetrathiol based polymer composite.
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4.6.5. Absorption performance of modified UiO-66/PEGDA/tetrathiol based polymer
composites

MOF polymer composites are highly valued in dye absorption applications due to their

extensive surface area and adaptable adsorption properties.61-64 By customizing the

composition and structure of the composites, they can efficiently eliminate organic dyes

from wastewater, presenting an eco-friendly and effective solution for water purification and

environmental remediation. Here, the absorption properties of three MOF/polymer

composites, i.e., UiO-66/Tz/PEGDA/tetrathiol (UiO-66: 4.85 wt%, Tz: 0.15 wt%). Pristine Tz

was used since UiO-66 cannot initiate thiol-ene photopolymerization, specifically, the wt%

of Tz used is the same as UiO-66-Tz/PEGDA/tetrathiol system), UiO-66-

NH2/PEGDA/tetrathiol (UiO-66-NH2: 5 wt%), and UiO-66-Tz/PEGDA/tetrathiol (UiO-66-Tz: 5

wt%) were evaluated and compared for their abilities to absorb a cationic dye, methylene

blue (MB), and an anionic dye, methyl orange (MO) in water. Specifically, three investigated

MOF/polymer composites were first photopolymerized in a rectangular Teflon mold (40 x 10

x 2 mm) under irradiation of LED@410 nm for 15 min followed by cutting into a small piece

with the same mass of 0.02 g for the subsequent absorption measurements. In practical

adsorption applications, the contact time between adsorbents and adsorbates plays a

pivotal role. Thus, the effect of contact time on dye absorption was first examined. In brief,

0.02 g of the three investigated MOF/polymer composites were immersed in 3 mL of MO (4

mg/L) or MB (4 mg/L) dye solutions (in water) and the change of absorption peaks (MO:

λmax = 464 nm; MB: λmax = 664 nm) were monitored over varying time intervals. For the

absorption capacities in MO solution as shown in Figure S4.12a, three MOFs/polymer

composites showed improved absorption capacities for the first 200 min. This can be

attributed to the abundance of available absorption sites initially, leading to an accelerated

absorption rate and enhanced absorption capacities. However, the absorption capacities of

UiO-66/Tz/PEGDA/tetrathiol and UiO-66-NH2/PEGDA/tetrathiol exhibited a slower rate of
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increase from 300 min to 1200 min compared to the first 200 min, while the absorption

capacity of UiO-66-Tz/PEGDA/tetrathiol barely increased. The slowdown was due to the

decrease in absorption sites and, therefore a decrease in absorption rate and capacity. The

barely increased absorption capacity indicated an equilibrium or saturation condition. At

1600 min, all three MOFs/polymer composites reached the equilibrium conditions, and the

absorption capacities were 0.4 mg/g, 0.25 mg/g, and 0.1 mg/g for UiO-

66/Tz/PEGDA/tetrathiol, UiO-66-NH2/PEGDA/tetrathiol, and UiO-66-Tz/PEGDA/tetrathiol,

respectively. Figure S4.12b shows the absorption capacities in the MB solution. In this

scenario, UiO-66/Tz/PEGDA/tetrathiol exhibited a similar absorption capacity (0.5 mg/g) on

MB, while UiO-66-NH2/PEGDA/tetrathiol and UiO-66-Tz/PEGDA/tetrathiol demonstrated

greater absorption capacities on MB (0.55 mg/g and 0.55 mg/g respectively). Interestingly,

the absorption capacities for MB quickly reached equilibrium/saturation for all three

MOFs/polymer composites (within 200 min). This was likely due to the larger size and

molecular weight of MB compared to MO, which slowed down the diffusion from the

saturated exterior absorption site to the interior absorption sites.65

In addition to examining various contact times, capacity measurements were also

performed with different initial dye concentrations under equilibrium conditions. Specifically,

the impact of varying initial concentrations of MO and MB, ranging from 4 mg/L to 120 mg/L,

on the absorption abilities of the MOFs/polymer composites (Figure S4.13). For all three

MOFs/polymer composites, the absorption capacities for both MO and MB increased as the

initial concentrations became higher. This was ascribed to the larger concentration

difference between the exterior environment and interior environment, serving as a driving

force that enabled greater absorption.48, 66 Once again, the absorption capacities eventually

reached saturation even with a further increase in the concentration of MB solution. To

evaluate the interaction between MB and three MOFs/polymer composites, two isotherm
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models were selected to fit the absorption data as shown in Figure S4.14 and Table S4.1.

All three samples exhibited a closer fit with the Langmuir model, indicated by a higher R2

values (0.99 for all three samples) compared to those of the Freundlich model (0.91 for

UiO-66/Tz/PEGDA/tetrathiol and UiO-66-Tz/PEGDA/tetrathiol while 0.78 for UiO-66-

NH2/PEGDA/tetrathiol).67 The strong fit with Langmuir models suggested that all three

MOFs/polymer composites followed a monolayer absorption mechanism, where only one

dye molecule can be absorbed at a single site, and no further absorption occurred once the

absorption site was occupied.68-70

Finally, the selective absorption of three MOFs/polymer composites was evaluated using a

mixture of MO and MB solution. As shown in Figure 4.9, the selectivity of MB over MO was

5, 5, and 18 for UiO-66/Tz/PEGDA/tetrathiol, UiO-66-NH2/PEGDA/tetrathiol, and UiO-66-

Tz/PEGDA/tetrathiol-based MOFs/polymer composites, respectively. The exceptional

selectivity of MB over MO for UiO-66-Tz/PEGDA/tetrathiol-based MOFs/polymer composite

was likely due to the presence of a larger amount of N-donor sites (triazine moiety), which

enhanced the interaction with cationic dye (MB).71

Figure 4. 9. The adsorption selectivity of MB over MO by UiO-66/Tz/PEGDA/tetrathiol, UiO-
66-NH2/PEGDA/tetrathiol, and UiO-66-Tz/PEGDA/tetrathiol based MOFs/polymer
composites in a mixed MB/MO solution.
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4.6.6. Recyclability of modified UiO-66/PEGDA/tetrathiol based polymer composites

In general, the regeneration and reuse of adsorbents are crucial for industrial applications.

To assess the potential for reuse of UiO-66/Tz/PEGDA/tetrathiol, UiO-66-

NH2/PEGDA/tetrathiol, and UiO-66-Tz/PEGDA/tetrathiol for the MO dye over multiple cycles,

the adsorbate desorption process using a 0.01 M HCl solution as eluent was examined. In

brief, the dye-absorbed samples were soaked in HCl solution for 90 min, washed a few

times with ethanol, and dried at 60°C for 24h then reused for the next absorption

measurement.72, 73 Generally, the absorption capacities of MOFs may slightly decrease

after regeneration since there could be some trapped dyes that are not fully washed out,

potentially blocking the absorption sites.74, 75 However, when the UiO-66, UiO-66-NH2, or

UiO-66-Tz were embedded in the PEGDA/tetrathiol matrix, the resulting MOFs/polymer

composites demonstrated even greater absorption capacities after three cycles (Figure

4.10). This could be attributed to the inevitable degradation of PEGDA after each round of

washing, as the samples need to be washed under acidic solution with a long immersion

time.76 The degradation of polymer matrix unveiled more absorption sites and thereby

resulted in the increased dye absorption capacities.
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Figure 4. 10. Effect of recycle times on the adsorption capacities of MO on UiO-
66/Tz/PEGDA/tetrathiol, UiO-66-NH2/PEGDA/tetrathiol, and UiO-66-Tz/PEGDA/tetrathiol
based MOFs/polymer composites.

4.7. Conclusion

In this study, two blue-light-sensitive photoinitiator-modified zirconium-based metal-organic

frameworks (UiO-66 MOFs), namely UiO-66-NPYG and UiO-66-Tz, were synthesized by

functionalizing N-(1-pyrenyl)glycine (NPYG) or 4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-

yl)vinyl)phenyl (3-(isocyanatomethyl)-3,5,5-trimethylcyclohexyl)carbamate (Tz-IPDI) onto

UiO-66 MOFs. PXRD analysis confirmed the consistent crystalline structures of both UiO-

66-NPYG and UiO-66-Tz, while TGA measurements revealed that the amounts of NPYG or

Tz functionalized were 4 wt% and 3 wt%, respectively. These frameworks were then utilized

to induce thiol-ene photopolymerization of DVE-3/tetrathiol under irradiation of LED@410

nm, and the polymerization kinetics were compared to those induced by free triazine or

NPYG. Specifically, UiO-66-NPYG exhibited similar final conversions and

photopolymerization rates compared to pristine NPYG, while UiO-66-Tz showed increased

final conversions but a slower photopolymerization rate than pristine Tz when equal

amounts of photoinitiator moieties were present in the formulations. More interestingly,

photorheometer measurements highlighted the high potential of both UiO-66-NPYG and

UiO-66-Tz for thick-curing. Notably, UiO-66-NPYG demonstrated its ability to stabilize the

reactive thiol-ene system, with the pre-polymer system containing UiO-66-NPYG exhibiting

similar photopolymerization kinetics (final conversions and photopolymerization rates) as

the freshly prepared pre-polymer, even after a week of storage. Taking advantage of its

promising photoinitiation ability and stabilization properties in the reactive thiol-ene system,

UiO-66-NPYG was subsequently employed in direct laser writing applications, resulting in a

3D printed UiO-66-NPYG/DVE-3/tetrathiol polymer composite with high spatial resolution.

Furthermore, the photopolymerized UiO-66-Tz/PEGDA/tetrathiol polymer composite
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demonstrated the ability to absorb both anionic (methyl orange) and cationic (methylene

blue) dyes, exhibiting approximately 3 times greater selectivity for the cationic dye

compared to other MOF/polymer composites like UiO-66/Tz/PEGDA/tetrathiol and UiO-66-

NH2/DVE-3/tetrathiol-based ones. Overall, the developed UiO-66-NPYG and UiO-66-Tz can

serve a dual purpose: as photoinitiators that trigger photopolymerization reactions under

visible light and as fillers that enhance the various properties of the resulting polymer

composite materials. This study paves the way for the further advancement of MOF-based

photoinitiators and their integration into photopolymerization methodologies, showcasing

their potential utility across a spectrum of industrial and environmental contexts.
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4.9. Supporting information

Figure S4. 1. 1H NMR of N-(1-pyrenyl)glycine (NPYG) in d6-DMSO (400 MHz).
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Figure S4. 2. 1H NMR of 4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenol
(demethylated triazine) in d6-DMSO (400 MHz).

Figure S4. 3. 1H NMR of 4-(2-(4,6-bis(trichloromethyl)-1,3,5-triazin-2-yl)vinyl)phenyl (3-
(isocyanatomethyl)-3,5,5-trimethylcyclohexyl)carbamate (Tz-IPDI) in d6-DMSO (400 MHz).



159

Figure S4. 4. (a) UV-vis spectra of different concentrations of methyl orange (MO) in water;
(b) Calibration curve of methyl orange concentration vs absorbance in water.

Figure S4. 5. (a) UV-vis spectra of different concentrations of methylene blue (MB) in water;
(b) Calibration curve of methylene blue concentration vs absorbance in water.

Figure S4. 6. (a) UV-vis spectra of different concentrations of mixed methyl orange and
methylene in water; (b) Calibration curve of methyl orange/methylene blue concentration vs
absorbance in water.
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Figure S4. 7. FTIR spectra of (a) IPDI, Tz-IPDI, and demethylated triazine and (b) 2-
hydroxyethyl acrylate, UiO-66-NH2, and UiO-66-OH.

Figure S4. 8. TGA curves of (a) UiO-66-NH2 and UiO-66-NPYG and (b) UiO-66-OH and
UiO-66-Tz.

Figure S4. 9. Photopolymerization profiles of DVE-3/tetrathiol obtained in laminate/under air
upon exposure to LED@410 in the presence of NPYG [NPYG: 0.04 wt %; ene/thiol = 1:1 in
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functionality]. The diagram labelled (a) represents double bond conversions vs time and the
diagram labelled (b) represents thiol bond conversions vs time.

Figure S4. 10. Photopolymerization profiles of (a) PEGDA obtained in laminate upon
exposure to LED@410 in the presence of UiO-66-NPYG or UiO-66-Tz [UiO-66-NPYG: 5
wt %; UiO-66-Tz: 5 wt %]; (b) EPOX obtained under air upon exposure to LED@410 in the
presence of UiO-66-NPYG and Iod [UiO-66-NPYG: 5 wt %; Iod: 5 wt %]

Figure S4. 11. Indication of photorheometer setup.
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Figure S4. 12. Effect of (a) MO and (b) MB adsorption time on the absorption capacities of
UiO-66/Tz/PEGDA/tetrathiol, UiO-66-NH2/PEGDA/tetrathiol, and UiO-66-
Tz/PEGDA/tetrathiol.

,

Figure S4. 13. Effect of initial concentrations of (a) MO and (b) MB on the absorption
capacities of UiO-66/Tz/PEGDA/tetrathiol, UiO-66-NH2/PEGDA/tetrathiol, and UiO-66-
Tz/PEGDA/tetrathiol.
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Figure S4. 14. Absorption isotherms of MB on (a) UiO-66/Tz/PEGDA/tetrathiol, (b) UiO-66-
NH2/PEGDA/tetrathiol, and (c) UiO-66-Tz/PEGDA/tetrathiol, fitted with Langmuir and
Freundlich models.

Table S4. 1. MB adsorption isotherm model parameters of UiO-66/Tz/PEGDA/tetrathiol,
UiO-66-NH2/PEGDA/tetrathiol, and UiO-66-Tz/PEGDA/tetrathiol.

Langmuir Freundlich
MOFs/polymer
composites

Qm (mg/g) KL (L/mg) R2 KF (mg/g) n R2

UiO-
66/Tz/PEGDA/tetrathiol

0.7 1.63 0.99 0.58 0.039 0.91

UiO-66-
NH2/PEGDA/tetrathiol

1.11 0.3 0.99 0.55 0.15 0.78

UiO-66-
Tz/PEGDA/tetrathiol

1.64 0.13 0.99 0.46 0.26 0.91
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Chapter 5 Synergistic Nanodiamond/ TiO₂
Photopolymerization for Advanced Zwitterionic
Nanocomposite Hydrogels

5.1. Preface

Whereas the previous chapters focused on incorporating individual modified nanomaterials

to enhance polymer composite properties, this chapter explores a synergistic system

combining TiO₂ and carboxylated nanodiamonds (NDs) to improve the mechanical and

functional properties of zwitterionic hydrogels. Zwitterionic hydrogels, particularly those

derived from 2-(N-3-Sulfopropyl-N,N-dimethyl ammonium)ethyl methacrylate (SBMA), are

notable for their anti-fouling properties due to the formation of a robust hydration layer,

making them ideal for biomedical applications such as biosensors.1-3 However, their weak

mechanical properties limit broader applications.

This chapter addresses these limitations by introducing a TiO₂/ carboxylated ND hybrid

system into the SBMA hydrogel matrix, serving as both a photoinitiator and a reinforcing

agent. This dual functionality enables rapid, precise, and solvent-free photopolymerization

under visible-light LED (410 nm) irradiation. The chapter utilizes photorheometry to

evaluate photoinitiation performance across different aqueous environments and employs

electron paramagnetic resonance spin trapping (EPR-ST) to investigate the radical

generation mechanisms within the hybrid system. Additionally, the swelling, mechanical,

and electrical properties of the hydrogels are analyzed, demonstrating the composite's

potential as a moisture sensor.

This chapter presents a sustainable and scalable approach for producing reinforced SBMA

hydrogels, highlighting their versatility for applications in both industrial and biomedical

fields and expanding the utility of photopolymerized nanocomposite systems.

5.2. Statement of contribution

I declare that the research findings presented in this chapter are the original work I

conducted as part of my Ph.D. program at the Australian National University. As the primary

author, I was responsible for developing the research concept, designing the experiments,
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analyzing the data, creating the figures, and drafting the initial manuscript, under the

guidance of my primary supervisor, Prof. Pu Xiao.

5.3. Abstract

This study explores a TiO2/carboxylated nanodiamonds (NDs) hybrid system as a

photoinitiating system and reinforcing agent in zwitterionic 2-(N-3-Sulfopropyl-N,N-dimethyl

ammonium)ethyl methacrylate (SBMA) hydrogels, aiming to enhance the mechanical

properties and functional versatility of photopolymerized hydrogels. Zwitterionic hydrogels,

such as those derived from SBMA, possess unique structures that provide promising

hydration properties and exhibit excellent responsiveness to external environmental

conditions, making them suitable in biosensors. However, weak mechanical properties

remain a limitation. In this work, the TiO2/carboxylated NDs hybrid system addresses these

issues by promoting strong interfacial bonding within the hydrogel matrix, minimizing

electron-hole recombination, and improving the dispersion of nanomaterials.

Photorheometry is used to evaluate the photoinitiation efficiency of the TiO2/carboxylated

NDs system in various aqueous environments, and EPR-ST analysis elucidates radical

generation mechanisms. Mechanical and swelling properties are assessed for hydrogels

with varying crosslinker concentrations. Additionally, electrical properties demonstrate the

potential of hybrid system for moisture-sensing applications. Findings highlight the

TiO2/carboxylated NDs hybrid system as an effective photoinitiating and reinforcing agent,

expanding the functional potential of SBMA hydrogels for biomedical and sensing

applications.
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5.4. Introduction

Photopolymerization is a process in which liquid monomers are irreversibly converted into

stable solids through exposure to light, allowing for rapid and solvent-free curing with

precise spatial and temporal control[1-3]. This method offers notable advantages for various

industrial applications such as decorative and protective coatings[4, 5], printing[6], and

biomedical fields[7]. In the biomedical domain, photopolymerization has expanded to enable

applications such as photopolymerizable dental fillings and 3D printing of functional

hydrogels and artificial organs, making it a valuable tool across disciplines[8, 9].Hydrogels

have garnered considerable attention due to their unique properties, such as flexibility,

softness, stretchability, transparency, and biocompatibility[10, 11]. These properties make

hydrogels suitable for biomedical applications; however, their inherent low strength and

weak adhesion limit their practical use in many fields[12]. Zwitterionic hydrogels derived from

2-(N-3-Sulfopropyl-N,N-dimethyl ammonium)ethyl methacrylate (SBMA) hold promise for

overcoming some of these limitations. SBMA is a zwitterionic monomer featuring both

cationic and anionic functional groups, which maintain an overall neutral charge[13]. The

presence of opposite charges within the same repeating unit generates strong electrostatic

interactions with water molecules, leading to the formation of a hydration layer on the

surface of corresponding hydrogels.[14, 15] This robust hydration layer enhances the stability

and biocompatibility of zwitterionic materials, making them highly suitable for biosensor

development..[16] Specifically, SBMA can be efficiently photopolymerized with the

commercially available water-soluble photoinitiator lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) under near-UV irradiation. However, the resulting

photopolymerized hydrogel shares the common drawback of conventional ones, displaying

weak mechanical properties.[17] To address this issue, strategies such as adjusting the

crosslinker density, introducing polymers with rigid backbones, or adding nanomaterials to
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create nanocomposites have been developed.[18] It is important to note, however, that

introducing other polymers may alter the overall performance of the hydrogels, as the

compatibility and interaction between different polymers can vary significantly..[17]

Consequently, the incorporation of nanomaterials emerges as a promising alternative for

enhancing the mechanical and functional properties of SBMA hydrogels while maintaining

their desired characteristics. While nanocomposite hydrogels offer unique properties, their

synthesis presents several significant challenges. One of the main issues is achieving a

uniform distribution of nanoparticles within the continuous phase, as poor dispersion can

lead to reduced mechanical strength.[19, 20] Therefore, the careful selection and surface

modification of nanomaterials are crucial for enhancing both dispersion and interfacial

interactions within the hydrogel matrix.[21, 22]

Among the nanomaterials, TiO₂ is the most extensively investigated candidate for

membrane development, valued for its affordability, high stability, non-toxicity, hydrophilicity,

and photocatalytic capabilities..[23] However, TiO₂ has a wide bandgap (3.2 eV) and thus

requires UV light for activation, limiting its applicability in visible-light induced

photopolymerization. To address this limitation, TiO₂ is often combined with noble metals

like gold or silver, which enhance photocatalytic efficiency under visible light.[24, 25] However,

the high cost of noble metals restricts large-scale applications. An alternative approach

involves combining TiO₂ with low-cost carbon-based nanomaterials, which provide electron-

hole separation and enhance photocatalytic performance. Nanodiamonds (NDs) are an

attractive option among carbon-based nanomaterials due to their scalable synthesis, simple

surface modification, and excellent biocompatibility.[26] Nevertheless, unmodified NDs tend

to aggregate in aqueous solutions due to their high surface energy and small particle size,

necessitating surface functionalization to improve dispersion.
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In general, the use of a hybrid system combining TiO₂ and modified nanodiamonds (NDs)

serves two main purposes: first, to minimize photo-generated electron−hole

recombination,[27] and second, to enhance photodegradation properties.[28] Despite these

promising photocatalytic features, hybrid systems have rarely been applied in

photopolymerization. Building on pioneering work that explored photopolymerizing

hydrogels with hybrid semiconductor-metal systems as photoinitiators,[29] this research

investigates the potential of a TiO₂/modified ND hybrid system to function as both a

photoinitiator and reinforcing filler in SBMA hydrogels. This study evaluates the

photoinitiation ability of the TiO₂/modified ND hybrid system in SBMA hydrogel formulations

under various aqueous conditions using photorheometry. Furthermore, the effects of

different crosslinker concentrations on swelling behavior and mechanical properties are

investigated. To clarify the photoinitiation mechanism, electron paramagnetic resonance

spin trapping (EPR-ST) analysis is performed to detect radical formation within the hybrid

system. Lastly, the photopolymerized TiO₂/modified ND/SBMA hydrogel composite is

evaluated for its potential application as a moisture sensor, demonstrating the versatile

functionalities enabled by this hybrid nanocomposite system.

5.5. Experimental

5.5.1. Materials

Titanium dioxide (21 nm), sodium hydroxide, 2-(N-3-Sulfopropyl-N,N-dimethyl

ammonium)ethyl methacrylate (SBMA), poly(ethylene glycol) dimethacrylate (PEGDMA,

Mn750), 2-(dimethylamino)ethyl methacrylate (DAEMA), bis(trifluoromethane)sulfonimide

lithium salt (LiTFSI) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were

purchased from Sigma-Aldrich and used as received without further purification. Raw

nanodiamonds (10 nm) and carboxylated nanodiamonds (60 nm and 190 nm) were
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purchased from Adamas Nanotechnologies and used as received. The chemical structures

of mentioned monomers, photoinitiator, and additive are summarized in Schemes 5.1.

Scheme 5. 1. Chemical structures of investigated monomers (SBMA, PEGDMA, and
DAEMA), photoinitiator (LAP), and additive (LiTFSI).

5.5.2. Irradiation Source

LED with emission wavelength centered at 410 nm (110 mWˑcm-2) was used as irradiation

sources.

5.5.3. Electron Paramagnetic Resonance Spin Trapping (EPR-ST) Experiments

EPR-ST experiments were performed using a Bruker E500 spectrometer equipped with a

Bruker ER4122 SHQ resonator. Samples were loaded into standard X-band EPR tubes

with an inner diameter of 2.8 mm. Radical generation was induced at room temperature

under 410 nm LED irradiation in a nitrogen atmosphere, and radicals were trapped using

phenyl-N-tert-butylnitrone (PBN), following the established procedure[30].

5.5.4. Photorheology Testing

Photorheology characterization was conducted using an Anton Paar MCR 702 multidrive

rheometer at room temperature with a plate geometry of 25 mm diameter (PP25). Prepared

samples were placed on a glass holder, and the plate sensor was lowered from above until
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a 0.3 mm gap was achieved between the sensor and the holder. Irradiation was applied

from the bottom of the sample holder, allowing light to pass through the sample from bottom

to top. Measurements were taken at a constant angular frequency of 10 Hz with a shear

strain of 0.1%. Changes in the storage and loss moduli of the formulations were recorded

throughout the test.

5.5.5. Preparation of hydrogel nanocomposites

SBMA, DAEMA, and PEGDMA were dissolved in NaOH solutions, DI water, or HCl

solutions at varying concentrations. TiO₂ and NDs (0.5 wt% each) were subsequently

added, and the mixtures were sonicated for 5 minutes to achieve well-dispersed hydrogel

precursor solutions. The monomer feeding ratios are provided in Table 5.1. The precursor

solutions were then polymerized by exposure to 410 nm LED light for 10 minutes in

dumbbell-shaped Teflon molds, prepared for swelling and mechanical property

measurements.

5.5.6. Water content and swelling ratio

The water content of the hydrogels was measured gravimetrically by drying. The wet weight

(W(w)) was recorded after gently removing surface moisture using lens cleaning paper. The

hydrogels were subsequently dehydrated in a 45 °C oven for 24 hours, and the dehydrated

weight (W(d)) was obtained. Water content was then calculated using the following formula

(1):

����� ������� % = � � −� �
� �

∗ 100% (1)

Measurements were performed 5 times for each hydrogel, and the results of water content

were expressed as the mean ± standard deviation, which are shown in Table S5.1.
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The swelling ratio was determined gravimetrically. Dehydrated hydrogels (S(d)) were

immersed in DI water. At predetermined intervals, samples were removed, blotted gently

with filter paper to eliminate surface moisture, and weighed (S(w)). Swelling was monitored

until equilibrium was reached and calculated using the following formula (2):

�������� ����� % = � � −� �
� �

∗ 100% (2)

5.5.7. Mechanical Properties of the Hydrogels

The mechanical properties of different hydrogels were tested using a motorized test stand

(EMX series, IMADA, Japan) with a 50 N force sensor at 25 °C. In the tensile tests,

hydrogel specimens with a height, length, and width of 20 mm, 3.5 mm, and 1.3 mm,

respectively were tightened on the metal clips. An initial stress corresponding to 5% of the

initial length was applied to both sides of the sample to extend the hydrogel. The tensile

speed was set at 10 mm/min for all tests. Each test was repeated at least three times to

ensure reproducibility.

5.5.8. Electrical properties of the Hydrogels

The hydrogels were employed to fabricate moisture sensors. They were tested through the

resistance measurements using AstroAI WH5000A multimeter. The investigated hydrogels

with different water content were connected to electrical wires and the corresponding

signals were recorded.
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5.6. Result and discussion

5.6.1. The selection of nanodiamonds

In this work, three types of nanodiamonds (NDs), differing in size and surface functionality,

were selected for incorporation with TiO2: raw nanodiamonds (10 nm), carboxylated

nanodiamonds (60 nm), and carboxylated nanodiamonds (190 nm). Raw nanodiamonds,

with a zeta potential ranging from +20 mV to -20 mV, contain non-combustible impurities

(primarily iron) and exhibit poor dispersion in aqueous solutions.[31] In contrast, surface

modification with carboxylic acid groups and additional purification steps improved the

dispersibility of the 190 nm carboxylated NDs in aqueous media, as indicated by their stable

zeta potential of -45 mV.[31] Interestingly, the particle size of carboxylated NDs influenced

the photoinitiation efficiency of the SBMA system. As shown in Figure S5.1, when precursor

formulations (TiO2/carboxylated NDs/SBMA/gelMA, with gelMA used as a crosslinker) were

irradiated with 410 nm LED light, formulations containing 190 nm carboxylated NDs

reached the gel point in a significantly shorter time (93 s) compared to those containing 60

nm carboxylated NDs (170 s). Based on these findings, the 190 nm carboxylated

nanodiamonds were selected for incorporation with TiO2 in this study.

5.6.2. Effect of various aqueous environment on the photopolymerization profile of

the TiO2/carboxylated NDs system

After identifying suitable NDs for the hybrid system, we evaluated the dispersibility of

carboxylated NDs in various aqueous solutions. Dispersibility was significantly influenced

by the aqueous environment (acidic, neutral, or alkaline) and the medium concentration.

Notably, carboxylated NDs alone were capable of initiating the photopolymerization of

SBMA under 410 nm LED irradiation, even in the absence of additional additives or

crosslinkers. Figure 5.1(a) shows the photopolymerization profile of carboxylated NDs in
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SBMA under different aqueous conditions. In alkaline conditions (1 mM NaOH),

carboxylated NDs photopolymerized SBMA with a gel point of 104 s, which was significantly

shorter than the time required in neutral (DI water, 166 s) and acidic conditions (1 mM HCl,

841 s). This difference was likely due to variations in carboxylated ND dispersibility in these

environments. As illustrated in Figure S5.2, carboxylated ND agglomeration was observed

in the as-photopolymerized SBMA hydrogel prepared in DI water and 1 mM HCl, while a

clear hydrogel film was obtained under 1 mM NaOH conditions. In aqueous solution, the

carboxylic groups on the NDs are dissociated[32], resulting in a negative zeta potential.

Under acidic conditions, the increased presence of H+ ions neutralized the negative surface

charge of the carboxylated NDs, raising the zeta potential and disrupting colloidal stability,

which led to agglomeration.[32, 33] We further examined the impact of NaOH concentration

on the photopolymerization profile. As shown in Figure 5.1(b), while there was no significant

difference in gel point between photopolymerizations conducted in 10 mM and 100 mM

NaOH, a slight difference in the final modulus was observed. Additionally, Figure S5.2

indicates minor agglomeration in the hydrogel film prepared with 100 mM NaOH. Based on

these findings, the optimal dispersibility of NDs in the SBMA solution was achieved under

alkaline conditions, specifically with NaOH concentrations ranging from 1 mM to 10 mM.

Figure 5. 1. Storage (G’) and loss (G’’) moduli of (a) carboxylated NDs/SBMA (carboxylated
NDs: 0.5 wt%) system prepared in various aqueous solutions and (b) carboxylated
NDs/SBMA (carboxylated NDs: 0.5 wt%) system prepared in NaOH solution with various
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concentrations as a function of irradiation time. The samples were irradiated with
LED@410 nm.

In addition to carboxylated NDs, the dispersibility of TiO2 in various aqueous environments

was also evaluated (Figure S5.3). Similar to NDs, TiO2 alone can initiate the

photopolymerization of SBMA under 410 nm LED irradiation without the addition of

additives or crosslinkers. Overall, the photoinitiation ability of TiO2 was relatively unaffected

by the aqueous environment, as the gel points were nearly the same in neutral, acidic, and

alkaline conditions (~120 s). However, the hydrogel films prepared in DI water and 10 mM

HCl exhibited a higher final modulus compared to those prepared in 10 mM NaOH,

indicating that TiO2 achieved optimal dispersibility under neutral and acidic conditions.

Given that carboxylated NDs were optimally dispersed in alkaline environments, the hybrid

TiO2/carboxylated ND system should therefore be prepared in a neutral or slightly alkaline

environment.

5.6.3. Effect of the TiO2/carboxylated NDs hybrid system on the photopolymerization

of SBMA hydrogel

As previously mentioned, both TiO₂ and carboxylated nanodiamonds (NDs) can

independently initiate the photopolymerization of SBMA hydrogels under 410 nm LED

irradiation. As shown in Figure 5.3, when 4 wt% of GelMA is used as a crosslinker, TiO₂

and carboxylated NDs at 0.5 wt% each can induce gelation in SBMA hydrogels, with gel

points of 163 s and 180 s, respectively. Upon irradiation, TiO₂ can facilitate the generation

of hydroxyl radicals via electron excitation, as electrons can be promoted from the valence

band (VB) to the conduction band (CB), resulting in radical formation.[34] However, rapid

electron-hole recombination in TiO₂ [35, 36] limited radical availability, thereby reducing

photoinitiation efficiency for SBMA hydrogels. In contrast, the TiO₂/carboxylated ND hybrid
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system exhibited significantly enhanced photoinitiation efficiency, achieving a gel point of

93 s (Figure 5.2), nearly half the time required by TiO₂ or carboxylated NDs alone. This

improvement can be attributed to the role of carboxylated NDs in mitigating electron-hole

recombination.[27] Specifically, upon excitation, electrons in TiO₂ can transfer from the VB to

the CB, creating holes in the VB. These photoexcited electrons subsequently migrated to

the carboxylated NDs, effectively separating the electron-hole pairs. This separation

markedly reduced recombination and enhanced radical generation, facilitating more

efficient photopolymerization of SBMA hydrogels. [37, 38]

Figure 5. 2. Storage (G’) and loss (G’’) moduli of TiO2/GelMA/SBMA, carboxylated
NDs/GelMA/SBMA, and TiO2-carboxylated NDs/GelMA/SBMA systems prepared in 1 mM
NaOH (carboxylated NDs: 0.5 wt%, TiO2: 0.5 wt% and GelMA: 4 wt%) as a function of
irradiation time. The samples were irradiated with LED@410 nm.

5.6.4. EPR-ST analysis

To investigate hydroxyl radical generation in the TiO2/carboxylated ND hybrid system under

410 nm light irradiation, the electron paramagnetic resonance (EPR-ST) technique was

employed (Figure 5.3). Radicals generated upon irradiation were trapped using phenyl-N-

tert-butylnitrone (PBN) and subsequently characterized. As shown in Figure 5.3(a), a weak
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PBN/radical adduct signal with hyperfine splitting (HFS) constants αN = 15.5 G and αH =

2.7 G, indicative of hydroxyl radicals,[39] was observed after 20 minutes of irradiation. In

contrast, the hybrid system in Figure 5.3(b) displayed a broad peak even in the absence of

light irradiation, attributed to uncoupled spins localized on dangling bonds associated with

structural defects in the ND core or metallic impurities (primarily iron).[40-42] Upon exposure

to 410 nm LED light for just 2 minutes, a PBN/hydroxyl radical adduct signal emerged

(Figure 5.3b). These findings aligned with the photorheology results, where TiO2 alone

underwent rapid electron-hole recombination after photoexcitation, leading to a delayed

formation of the PBN/radical adduct. In contrast, the hybrid system benefited from improved

electron-hole pair separation, resulting in the rapid formation of the PBN/radical adduct.

Figure 5. 3. EPR-ST spectra of the radicals generated in (a) TiO2 and (b) TiO2/carboxylated
NDs hybrid system upon exposure to LED@410 nm and trapped by PBN in 1 mM NaOH
solution.

5.6.5. Determination of prepolymer compositions for functional hydrogels

To broaden the potential applications of these hydrogels, careful optimization of the

prepolymer composition is essential. Specifically, PEGDMA was used as a crosslinker to

regulate the crosslinking density of the hydrogels, while DAEMA was incorporated to

regulate their mechanical properties. The compositions of the hydrogels studied are

detailed in Table 5.1. In each hydrogel formulation, the weight percentages of TiO2 and
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carboxylated NDs were kept constant at 0.5 wt%, while varying molar ratios of PEGDMA

were evaluated. The photopolymerization profiles of the hydrogels were assessed using

photorheometry. As shown in Figure S5.4(a), hydrogels 1, 2, 3, and 5 exhibited gel points of

52 s, 55 s, 19 s, and 76 s, respectively. A comparison between hydrogels 1 and 2, which

shared the same molar ratio of PEGDMA, revealed that the addition of DAEMA in hydrogel

1 did not significantly alter the photopolymerization profile. This finding suggested excellent

compatibility between DAEMA and the SBMA aqueous solution, which was critical for

achieving hydrogels with enhanced properties. In hydrogels 2, 3, and 5, the PEGDMA:

SBMA molar ratios are 1/60, 1/20, and 1/5, respectively. Interestingly, a PEGDMA: SBMA

molar ratio of 1/20 yielded the fastest gelation time (19 s, Figure S5.4a), while increasing

the ratio to 1/5 resulted in a marked delay in gelation (76 s, Figure S5.4a). At higher

PEGDMA concentrations, the compatibility with the SBMA aqueous solution decreased,

leading to phase separation after a few minutes without agitation. As the addition of

PEGDMA may influence the photopolymerization system, further comparisons were made

among hydrogels 3, 6, and 7 (Figure S5.5), which were prepared in different aqueous

environments (NaOH, DI water, and HCl, respectively). The results confirmed that the

TiO₂/carboxylated ND hybrid photoinitiating system exhibited superior photoinitiation

efficiency under alkaline conditions compared to acidic conditions To further investigate the

benefits of this hybrid photoinitiating system, we compared the photopolymerization profile

of SBMA initiated by the commercially available water-soluble photoinitiator LAP (hydrogel

8). As shown in Figure S5.4(b), LAP-initiated polymerization achieved a gel point in 8 s;

however, the resulting hydrogel film was extremely fragile. Additionally, to evaluate the

multifunctional potential of these hydrogels, we examined the photopolymerization profile of

a hydrogel containing LiTFSI (hydrogel 9), which can impart electrical properties. As
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expected, the inclusion of LiTFSI significantly slowed photopolymerization, resulting in a gel

point of 91 s.

Table 5. 1. Feeding ratio of the investigated hydrogels

Numbers DAEMA
(g)

SBMA
(g)

TiO2
(mg)

Carboxylated
NDs
(mg)

PEGDMA
(g)

aq
(ml)

LAP
(mg)

1 0.148 0.804 10 10 0.0475 1(1mM
NaOH) 0

2 0 0.804 8.4 8.4 0.036
0.84
(1mM
NaOH)

0

3 0 0.804 9.1 9.1 0.108
0.912
(1mM
NaOH)

0

4 0 0.804 6 6 0.036
0.36
(1mM
NaOH)

0

5 0 0.804 12.4 12.4 0.432
1.236
(1mM
NaOH)

0

6 0 0.804 9.1 9.1 0.108 0.912 (DI
water) 0

7 0 0.804 9.1 9.1 0.108 0.912 (1
mM HCl) 0

8 0 0.804 0 0 0.108
0.912 (1
mM

NaOH)
8.6

9
(Contain
9.1 mg
LiTFSI)

0 0.804 9.1 9.1 0.108
0.912 (1
mM

NaOH)
0

5.6.6. Swelling behaviour of the investigated hydrogels

The swelling behavior of hydrogels with varying additions of DAEMA, LiTFSI, and different

molar ratios of PEGDMA was evaluated in DI water (Figure 5.4). Comparing hydrogels 2

and 3, with hydrogel 2 containing a lower molar ratio of PEGDMA, hydrogel 2 displayed a

faster swelling rate and reached a higher swelling ratio than hydrogel 3. This outcome was

consistent with expectations, as the reduced crosslinking density in hydrogel 2 resulted in

larger mesh sizes in the polymer network, facilitating greater water absorption.[43] The

addition of DAEMA in hydrogel 1 also led to a notable increase in both the swelling rate and

final swelling ratio (250%). DAEMA interacted with SBMA, modifying the crosslinking
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network and creating larger mesh sizes within the hydrogel, thereby enhancing its water

uptake capacity.[44] In hydrogel 9, the swelling ratio exceeded that of hydrogel 3, likely due

to the inclusion of LiTFSI, a hygroscopic salt that provided additional water absorption

properties.[45]

Figure 5. 4. Swelling ratio for photocured hydrogels prepared and swollen in DI water.

5.6.7. Mechanical properties of the investigated hydrogels

The mechanical properties of the photopolymerized hydrogels were assessed using tensile

testing, with representative stress-strain curves shown in Figure 5.5 and Figure S5.6. Each

sample displayed an initial linear region, from which Young’s modulus, a measure of the

material’s elastic stiffness, was calculated. After reaching the maximum stress point, a

sudden drop in stress signified material failure.
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Hydrogels were tested in two states: 1. as-prepared state, where the hydrogels retained

their natural water content (summarized in Table S5.1), and 2. dehydrated state, where

samples were oven-dried for 24 hours, standardizing the water content at 30%.

As seen in Figure S5.6 and Table S5.1, the as-photopolymerized hydrogels showed varying

mechanical properties influenced by their composition and preparation conditions. Hydrogel

1, containing DAEMA, exhibited the lowest tensile strength (0.06 MPa) due to its high-water

content (42.7% ± 3.4%), which reduced crosslinking density. Despite this, it showed high

elongation at break (120%), reflecting enhanced stretchability. In contrast, Hydrogel 2,

which lacked DAEMA, had a higher crosslinking density, leading to a reduced water content

(38.8% ± 6.3%) and an increased tensile strength of 0.14 MPa. Further analysis revealed

that hydrogels prepared in different aqueous environments followed trends observed in

photorheology investigation. Notably, Hydrogel 3, synthesized in an alkaline NaOH

environment with the absence of DAEMA and an increased molar ratio of PEGDMA

compared to Hydrogel 1 and 2, demonstrated the highest tensile strength (0.17 MPa)

among the hydrogels. This improvement is likely due to the well-dispersed

TiO₂/carboxylated NDs, which enhanced the mechanical properties. Conversely, Hydrogel

8, photopolymerized with the commercial photoinitiator LAP, was too fragile to be removed

from the mold for tensile testing.

Upon dehydrating all hydrogels to a standardized 30% water content, their mechanical

properties improved, and differences between samples became more pronounced (Figure

5.5 and Table 5.2). Among them, Hydrogel 1 retained the highest stretchability, with

elongation at break reaching 160% and an increased tensile strength of 0.8 MPa.

Comparing Hydrogels 2 and 3, the higher PEGDMA content in Hydrogel 3 resulted in

increased crosslinking density, producing a stiffer structure with a Young’s modulus of 17

MPa and a tensile strength of 2.6 MPa, whereas Hydrogel 2 had a tensile strength of 0.8
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MPa and Young’s modulus of 2.2 MPa. Consequently, Hydrogel 3 exhibited reduced

stretchability due to its increased rigidity.

Hydrogels 6 and 7, prepared in DI water and HCl, respectively, displayed lower tensile

strengths (1.9 MPa and 1.8 MPa) and Young’s moduli (8.1 MPa and 13 MPa) compared to

Hydrogel 3. This can be attributed to protonation of the carboxylated NDs under neutral and

acidic conditions, which resulted in reduced surface charge, leading to filler agglomeration

and a more inhomogeneous hydrogel structure​ .

A significant finding was the stark contrast in mechanical performance between Hydrogels 3

and 8. Hydrogel 3, photopolymerized with the TiO₂/carboxylated ND hybrid system,

exhibited mechanical properties that were five-fold higher in tensile strength and 24-fold

higher in Young’s modulus than Hydrogel 8, which was polymerized using LAP (tensile

strength of 0.5 MPa and Young’s modulus of 0.7 MPa). The superior mechanical

performance of Hydrogel 3 was likely due to the charged surface of carboxylated NDs,

which enhanced interfacial bonding between the nanofillers and polymer matrix, facilitating

efficient load transfer within the hydrogel network.

Finally, Hydrogel 9, incorporating LiTFSI, exhibited mechanical properties comparable to

Hydrogel 3 (tensile strength of 2.7 MPa, Young’s modulus of 13 MPa), despite undergoing

a delayed photopolymerization process. This suggested that the addition of LiTFSI did not

compromise structural integrity, further emphasizing the versatility and robustness of the

developed TiO₂-carboxylated ND hybrid system.
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Figure 5. 5. Stress-strain curves in tensile test of the dehydrated photocured hydrogels with
water content of 30%.

Table 5. 2. Mechanical properties of the investigated dehydrated photopolymerized
hydrogels with water content of 30%.

Numbers Tensile strength (MPa) Elongation at break Young’s modulus (MPa)
1 0.8 160% 12
2 0.8 136% 2.2
3 2.6 53% 17
6 1.9 106% 8.1
7 1.8 45% 13
8 0.5 108% 0.7
9 2.7 45% 13

5.6.8. Electrical properties of hydrogels and their potential application

Generally, hydrogels exhibit low electrical conductivity due to the insulating nature of the

commonly used hydrophilic polymer chains.[46] Conductivity can be achieved by

incorporating conductive polymers into the hydrogel or by adding conductive materials.[47, 48]

DAEMA, a cationic monomer, provides ionic conductivity,[49] while LiTFSI is a conductive

salt. Therefore, we focused on evaluating the electrical properties of hydrogel 1 and

hydrogel 9, which contained DAEMA and LiTFSI, respectively. To observe conductive
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properties, a simple circuit was constructed by connecting a small LED and a 9V battery

with copper wire. We confirmed that other hydrogels, even in their precursor stage,

exhibited no electrical conductivity. Only hydrogels containing DAEMA or LiTFSI formed a

closed circuit in both the precursor and photopolymerized states. Notably, electrical

conductivity was found to vary with the water content of the hydrogels. In their dry state,

both hydrogels 1 and 9 exhibited open circuits. However, upon rehydration, a closed circuit

was re-established. Table 5.3 summarizes the relationship between water content and

hydrogel resistance. For hydrogel 1, an 8% increase in water content led to approximately a

50% reduction in resistance. Similarly, in hydrogel 9, a 14% increase in water content

resulted in a five-fold decrease in resistance compared to its dehydrated state. Overall, the

electrical property analysis demonstrated that the resistance of the hydrogel was highly

dependent on water content, making it a promising candidate for moisture and humidity

sensors. Due to its zwitterionic nature, SBMA-based hydrogels can effectively retain and

release moisture in response to environmental humidity fluctuations. This property is

particularly beneficial in wearable electronics, environmental monitoring, and medical

diagnostics, where real-time humidity detection is required.

Table 5. 3. Water content and electrical properties of photocured hydrogels.
Hydrogels Initial water

content (%)
Initial resistance
(MΩ)

Final water
content (%)

Final resistance
(MΩ)

1 15% 26 24% 10
9 21% 9 35% 2

5.7. Conclusion

Based on the findings of this study, the TiO2/carboxylated nanodiamond (ND) hybrid system

emerges as an effective and versatile photoinitiating agent for zwitterionic SBMA-based

hydrogels, demonstrating enhanced mechanical and conductive properties. The study
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demonstrated the potential of the TiO2/carboxylated NDs system to address limitations

associated with conventional photopolymerization methods and single-component initiators.

The TiO2/carboxylated NDs hybrid system offered distinct advantages for photoinitiation,

particularly in the formation of SBMA hydrogels. Under 410 nm LED light irradiation, both

TiO2 and carboxylated NDs independently initiated the photopolymerization of SBMA, with

TiO2 contributing photocatalytic capability and carboxylated NDs promoting electron-hole

separation to mitigate recombination. The hybrid system outperformed individual

components, achieving gelation of SBMA hydrogels in approximately half the time required

by TiO2 alone. This improvement was attributed to the enhanced electron-hole separation

facilitated by carboxylated NDs, which promoted radical generation and thereby increased

photopolymerization efficiency. Additionally, the findings emphasized the role of the

aqueous environment on the dispersibility of both TiO2 and carboxylated NDs, which

directly affected photopolymerization efficiency. Carboxylated NDs exhibited optimal

dispersibility in alkaline conditions (1 mM NaOH), enhancing photoinitiation performance,

while TiO2 displayed optimal dispersibility in neutral and acidic conditions. Consequently, a

neutral or slightly alkaline environment was identified as the ideal condition to maximize the

performance of TiO2/carboxylated NDs hybrid system. EPR-ST analysis further verified the

generation of hydroxyl radicals in the hybrid system, supporting the enhanced

photoinitiation efficiency observed in photorheological data. Mechanical analysis reinforced

the effectiveness of the TiO2/carboxylated NDs system as reinforcing filler. The as-prepared

hydrogels exhibited increased tensile strength and modulus in an alkaline environment

compared to an acidic environment, which can be attributed to the stable dispersion and

strong interfacial bonding between TiO₂-carboxylated ND fillers and the polymer matrix.

Dehydrated hydrogels demonstrated even greater mechanical properties, highlighting the

influence of water content on material performance. Notably, the TiO2/carboxylated NDs
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system imparted a five-fold increase in tensile strength and a 24-fold increase in Young’s

modulus compared to hydrogels photopolymerized with the conventional photoinitiator LAP.

The inclusion of DAEMA and LiTFSI in the hydrogel formulations added further functional

properties, such as ionic conductivity and potential for the moisture sensing application.

Specifically, electrical properties of the hydrogels varied with water content, with a

significant decrease in resistance upon rehydration, indicating potential for these hydrogels

in moisture-sensing applications and expanding their utility beyond structural and

mechanical enhancements. In summary, the TiO2/carboxylated NDs hybrid system

demonstrated substantial promise for the development of high-performance, multifunctional

zwitterionic hydrogels. These findings can contribute to understanding the design and

application of advanced photopolymerized hydrogels, highlighting the role of hybrid

nanomaterials in overcoming traditional synthesis limitations. The versatility and efficiency

of this system highlighted its potential across diverse applications, from biomedical devices

to environmental sensors.
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5.9. Supporting information

Figure S5. 1. Storage (G’) and loss (G’’) moduli of carboxylated NDs with various
size/SBMA system prepared in 1 mM NaOH (carboxylated NDs: 0.5 wt%) as a function of
irradiation time. The samples were irradiated with LED@410 nm.
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Figure S5. 2. Photopolymerized carboxylated NDs/SBMA hydrogel prepared in different
aqueous environments irradiated with LED @410 nm.

Figure S5. 3. Storage (G’) and loss (G’’) moduli of TiO2/SBMA (TiO2: 0.5 wt%) system
prepared in various aqueous environments as a function of irradiation time. The sample
was irradiated with LED@410 nm.
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Figure S5. 4. Storage (G’) and loss (G’’) moduli of the investigated hydrogel precursors as a
function of irradiation time. The investigated hydrogel precursors were irradiated with
LED@410 nm.

Figure S5. 5. Storage (G’) and loss (G’’) moduli of the investigated hydrogel precursors as a
function of irradiation time. The investigated hydrogel precursors were irradiated with
LED@410 nm.

Table S5. 1. Water content of investigated as-photopolymerized hydrogels.

Hydrogels Water content (%)
1 42.7%± 3.4%
2 38.8%± 6.3%
3 35.7%± 6.9%
6 38.1%± 2.9%
7 34.8%±3.8%
11 35.1%±2.8%
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Figure S5. 6. Stress-strain curves in tensile test of the as photopolymerized hydrogels

Chapter 6. Conclusion

This thesis presents significant advancements in developing polymer nanocomposites

through photopolymerization, demonstrating the potential of integrating functionalized

nanomaterials as both photoinitiators and reinforcing agents. It comprises five chapters,

beginning with a literature review in Chapter 1, followed by four chapters that each focus on

the development of functional polymer nanocomposites using photopolymerization

techniques with four different modified nanomaterials.

Chapter 1 provides a comprehensive review of recent advancements in functional polymer

composites created using photopolymerization with nanofillers. It emphasizes the

importance of nanofiller surface modification to improve compatibility and interfacial

interaction with the polymer matrix, a factor crucial for achieving the desired mechanical,

optical, and thermal properties. The chapter also discusses challenges, such as achieving
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uniform dispersion and optimizing light penetration, suggesting potential solutions for

expanding the practical applications of these materials.

In Chapter 2, a novel approach is introduced using triazine-coated silica nanoparticles (Si-

triazine NPs) as visible light-sensitive photoinitiators and fillers. These modified

nanoparticles successfully initiate free radical polymerization under LED light at 410 nm,

achieving enhanced mechanical properties, reduced shrinkage, and improved migration

stability of the nanocomposite. The study highlights the advantages of visible-light

photopolymerization for applications in areas where UV exposure is restricted.

Chapter 3 investigates the use of cesium lead halide quantum dots (CsPbBr₃ QDs) as dual-

role agents in nanocomposite materials, serving as both photoinitiators and emitters. The

incorporation of additives, such as iodonium salt (Iod) and ethyl 4-(dimethylamino)

benzoate (EDB), enhances the photoinitiation efficiency of these QDs. The resulting

nanocomposites display exceptional photoluminescence and stability, indicating their

suitability for applications in luminescent displays and lighting.

Chapter 4 explores the potential of visible-light-sensitive metal-organic frameworks (MOFs),

specifically UiO-66 modified with N-(1-pyrenyl)glycine (NPYG) and 2-(4-methoxystyryl)-4,6-

bis(trichloromethyl)-1,3,5-triazine (triazine), to serve as photoinitiators and fillers in

photopolymerized nanocomposites. The modified UiO-66 MOFs exhibit strong

photoinitiation capabilities, allowing for high-resolution 3D printing and selective dye

absorption. These composites demonstrate the versatility of MOF-based photoinitiators,

paving the way for their application in advanced manufacturing and environmental

remediation.
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Finally, Chapter 5 focuses on a hybrid system combining TiO₂ and carboxylated

nanodiamonds (NDs) as a photoinitiator and reinforcing agent for zwitterionic SBMA

hydrogels. This hybrid system enhances mechanical properties and provides conductivity,

enabling the hydrogels to function as moisture sensors. The TiO₂-carboxylated NDs hybrid

system demonstrates improved photoinitiation efficiency, enhanced radical generation, and

optimal dispersibility, resulting in significant gains in tensile strength and Young’s modulus

compared to conventional photoinitiators.

Despite the promising advancements presented in this work, several challenges remain in

the development of photopolymerized nanocomposites. One key limitation is achieving

precise control over nanofiller dispersion and interfacial interactions within polymer matrices,

as agglomeration or phase separation can compromise mechanical and optical properties.

Further research is required to develop more efficient surface modification techniques and

in situ polymerization strategies to enhance compatibility and uniform distribution of

nanofillers.

Another critical challenge lies in optimizing photopolymerization efficiency under visible light.

While this thesis demonstrates several successful strategies for utilizing visible-light-

sensitive photoinitiators, many systems still require high-intensity light sources or co-

initiators to achieve rapid curing and sufficient polymerization depth. Future studies could

explore the development of highly efficient photoinitiators with broader absorption spectra,

enabling faster polymerization under ambient or low-energy light sources.

Additionally, while this research highlights the potential functional applications of

photopolymerized nanocomposites, further investigations are needed to evaluate their long-

term stability, environmental durability, and biocompatibility. Stability concerns, such as

photo-induced degradation, leaching of nanofillers, or mechanical fatigue, must be
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addressed to ensure the practical viability of these materials in biomedical devices, coatings,

and structural applications.

Furthermore, the expansion of 3D printing techniques for nanocomposite fabrication

presents exciting opportunities but also demands improved control over print resolution,

mechanical robustness, and post-processing methodologies. Exploring new photo-

responsive materials and multi-material printing strategies could unlock new functionalities

for applications in smart materials, tissue engineering, and flexible electronics.

Finally, integrating sustainable and environmentally friendly approaches into

photopolymerization remains an important future direction. Developing biodegradable

nanocomposites, solvent-free processing methods, and green photoinitiators could further

expand the impact of these materials in eco-friendly packaging, water purification, and

bioelectronics.

By addressing these challenges, future research can continue to push the boundaries of

functional photopolymerized nanocomposites, enhancing their performance, scalability, and

applicability across a wide range of fields.
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