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Abstract 
 

Additive manufacturing or 3D printing is a process for fabricating 3D objects by adding 

successive layers of materials on top of each other. Among various 3D printing approaches, 

the photo-assisted additive manufacturing, which is commonly known as vat 

photopolymerisation, is extremely attractive. During this process, the objects are produced via 

photopolymerisation reactions of monomers, and novel physicochemical properties are gained. 

This technique has environmental, economic, and production benefits. The high resolution 

achieved using vat photopolymerisation, together with the new properties, have resulted in new 

implementations such as biomedical devices or electrically conductive devices. However, 

harmful printing conditions such as UV light, the plastic pollution caused by the wasted 

products, or finite functionalities of the products may limit the further application of the final 

manufactured products. In light of the current challenges, this thesis is directed at the design 

and preparation of novel sustainable and eco-friendly photopolymers with specific functions, 

which are rapidly printable in mild conditions.  

In Chapter 1, a general introduction of photo-assisted additive manufacturing 

techniques and photopolymers is discussed. Chapter 2 and Chapter 3 outline the review on 

thiol-ene/yne systems and the electrically conductive polyaniline in photo-assisted additive 

manufacturing, respectively. In Chapter 4, synthesised aliphatic polycarbonate is used as the 

“yne” component in the thiol-yne photoresin, introducing outstanding degradability to the 

fabricated 3D structures. This research presents a possible solution to the plastic pollution 

problem, allowing responsible, sustainable acceleration of the polymer-based 3D printing 

industry. In Chapter 5, a thiol-yne photoresin that is 3D printable in visible light is reported. 

This work illustrates the possibility of replacing traditional photoinitiators with photoredox 

catalysts, particularly in the visible light range. Thus, enriching the photoresin formulations for 

the polymer-based 3D printing industry. Chapter 6 details an electrically conductive 

polyaniline hydrogel fabricated via a photopolymerisation process, which was used to prepare 

optical memory devices. This work broadens the application of polyaniline in photo-assisted 

additive manufacturing. Chapter 7 focuses on a hydrogel photoresin filled with hydrophilic 

oligoanilines that was used in fabricating degradable electrically conductive 3D structures. This 

research provides the inspiration for fabricating eco-friendly functional 3D hydrogel products 
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in an easy and economical way. Chapter 8 describes a broad summary of the work presented 

and the overall conclusion in this thesis. Future work is also discussed. 
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1 Introduction 
 

1.1 Photo-assisted additive manufacturing techniques 

Additive manufacturing (AM), which is also commonly known as three-dimensional 

(3D) printing, rapid prototyping, or layered manufacturing, is the technique that transforms 

computer-activated design into rapid prototyping, tooling, and manufacturing. Employing AM 

technologies, customised objects can be designed and produced from metals, ceramics, and 

polymers without moulding or machining, which are typically needed for conventional 

formative and subtractive fabrication.1 Therefore, customised objects can be manufactured to 

meet various demands of individuals and specific applications. Among the techniques in AM, 

photo-assisted 3D printing attracts attention from chemists owing to its outstanding printing 

accuracy and building speed.2-8 The easiest photo-assisted 3D printing technique is post-

fabrication, such as direct ink writing (DIW) and direct bubble writing (DBW), which is a 

combination of Material Extrusion technology and the photopolymerisation process. In post-

fabrication, the material is selectively dispensed through a nozzle on a platform. Once a layer 

is formed, it is then irradiated with light for post-curing. The post-fabrication 3D printing 

technique has been widely employed in making hydrogels for biological applications.2,9-12 

However, there are significant drawbacks with post-fabrication, such as low printing precision, 

slow fabrication speed, and limited choice of monomers. Therefore, advanced photo-assisted 

3D printing technologies, such as vat photopolymerisation (VP)4,8 and volumetric additive 

manufacturing (VAM)6 were developed.  

Due to the versatile photochemistry related innovations since the beginning of the 20th 

century,13 VP-based 3D printing technologies have attracted huge attention from polymer 

chemists, material scientists, and engineers, and it has hence been widely employed in the 3D 

printing industry.14 VP is an additive manufacturing technique that enables liquid 

photopolymer to be selectively cured via a photopolymerisation process in a vat. Compared 

with the post-fabrication technique, the VP-based technologies allow for a high fabrication 

speed and much higher printing accuracy for fabricating 3D complex structures with excellent 

surface quality and tuneable mechanical properties.1 Many of the lithography-based AM 
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approaches, including stereolithography (SLA),15,16 digital light processing (DLP),17 

continuous liquid interface production (CLIP),18 and direct laser writing (DLW),19 can be 

grouped into VP-based 3D printing technologies. Although studies on SLA or DLP have been 

reported, there are still limitations of these layer-based fabrication techniques, such as the 

limited fabrication speed, which depends on the photopolymerisation rate, or geometric 

constraints, which generally result in poor surface quality.  

Recently, a new 3D printing technology, VAM, pioneered by Shusteff et al. has 

attracted attention from academics.6,20,21 VAM allows the formation of complex aperiodic 3D 

volumes as a unit operation on a time scale of seconds, with no substrate or support structures 

required. Therefore, complex 3D structures can be produced in a single step rather than through 

the layer-by-layer manufacturing process. In a VAM manufacturing system, the photosensitive 

liquid resin is selectively solidified within a contained volume. Light energy is delivered to the 

material in two-dimensional (2D) image format. Each image projection moves through the 

material from a specific angle. The superposition of exposures from multiple angles produces 

a 3D energy dose sufficient to cure the liquid resin in the desired geometry. VAM overcomes 

many drawbacks of VP-based technologies, such as the long fabrication time and high surface 

roughness of the fabricated products. Moreover, VAM broadens the range of materials for 

photopolymer 3D printing, providing photoresins with fewer limitations on viscosity and 

reactivity compared to the traditional VP-based 3D printing.20 Table 1.1 lists the reported 

photo-assisted 3D printing techniques with their schematic diagram, printing precision, 

pertinent features, and limitations.  

 

Table 1.1. Categorised photo-assisted 3D printing techniques along with advantages and 

limitations. 

Categorised 

Techniques 
Schematic Diagram 

Typical 

Printing 

Precision1 

Advantages Limitations 
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VP 

SLA 

 

50─100 μm 

excellent 

surface 

quality 

and precision 

limited 

mechanical 

properties 

DLP 

 

50─100 μm 

excellent 

surface 

quality 

and precision 

limited 

mechanical 

properties 

DLW 

 

0.1─5 μm 
very high 

precision 

low building 

speed; 

limited 

materials 

VAM 

 

300 μm22 

multi-

material 

fabrication; 

high building 

speed 

low precision 

Material 

Extrusion 

DIW 

 

100 μm─ 

1 cm 

broad range 

of 

materials 

rough 

surfaces; 

narrow 

viscosity 

process 

window 

DBW 

 

80─190 

μm11 

tunable 

chemical or 

mechanical 

properties 

low precision 
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1.2 Photopolymers for photo-assisted additive manufacturing 

Photopolymers employed in photo-assisted 3D printing are light-sensitive polymer 

materials, which change their structures and modify their chemical or mechanical properties 

when exposed to light (UV laser, lamp, or sunlight). During the photopolymerisation process, 

the photopolymers exposed to light change from water-like liquid substance to plastic-like solid 

substance, whereas unexposed parts remain in the liquid state.1,23  

The photopolymers used in photo-assisted 3D printing technologies mainly comprise 

(meth)acrylic-derived resins (or resins modified with acrylates) and epoxy or vinyl ether-

derived resins. The (meth)acrylic-based resins, which rely on free-radical photopolymerisation, 

are the most commonly used resins owing to their combined qualities of favourable fabrication 

speed, printing accuracy, range of tuneable mechanical properties, and acceptable cost. The 

epoxy or vinyl ethers-derived resins are characterised by a cationic chain-growth 

polymerisation, while epoxy systems are more investigated than vinyl ether ones. This is due 

to the less shrinkage (2─3% volumetric) of epoxides than acrylates in the photopolymerisation 

process, which is related to the ring-opening reaction.24 In addition, the fabricated objects using 

epoxides as monomers usually show good mechanical properties. It is possible to mix the 

radical and cationic polymers to develop a formulation that combines the advantages of both 

resin systems. However, shrinkage stress; oxygen inhibition, which leads to the generation of 

prints with tacky surfaces; early gelation that results in incomplete curing; or high cost can all 

hinder the performance of the final manufactured component.1 Therefore, novel photopolymers 

with optimised physical properties or various functionalities need to be investigated to broaden 

the field of photo-assisted additive manufacturing.  

 

1.3 Thesis Objective and Structure 

1.3.1  Thesis objective 

In light of the current challenges mentioned in Section 1.2, this thesis is directed at the 

design and preparation of novel photopolymers, which are sustainable, rapidly 3D printable 

under mild conditions, or even have specific functions. In order to investigate these novel 

photopolymers, thiol-yne derived resin systems, and resins with polyaniline or oligoanilines 

were studied. Consequently, the following research was undertaken: 
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1. An aliphatic polycarbonate was synthesised and used as “yne” component in a 

thiol-yne (AT) resin, which was successfully employed in a DLP 3D printer.  

2. The degradability of the 3D fabricated AT-based objects was demonstrated under 

mild conditions and recorded in a video.   

3. A thiol-yne resin that can be 3D printed in mild conditions via a dual-catalytic 

photoredox process was demonstrated.  

4. Chemical method for preparing PANI-contained hydrogel via a 

photopolymerisation process was demonstrated. 

5. Using the PANI-contained hydrogel, the fabrication of a dynamic information 

device was investigated. 

6. Electrically conductive oligoanilines were synthesised. 

7. The 3D printability of the hydrogel resin, which was added the synthesised 

electrically conductive oligoanilines, was investigated in a DLP 3D printer. 

8. Various properties and of the degradability 3D fabricated oligoaniline/hydrogel-

based objects were studied, respectively. 

 

1.3.2  Thesis structure 

Chapter 1 – A brief introduction of photo-assisted additive manufacturing and the structure of 

this thesis. 

Chapter 2 – The literature review on the application of thiol-ene/yne “click” chemistry in 

photo-assisted additive manufacturing. 

Chapter 3 – The  literature review on electrically conductive polyaniline in photo-assisted 

additive manufacturing. 

Chapter 4 – The synthesis of aliphatic polycarbonate, the application of the polycarbonate in a 

DLP 3D printer, and the degradability of the fabricated objects. 

Chapter 5 – The design of a thiol-yne derived photopolymer formulation that can be conducted 

in a modified DLP 3D printer via a catalytic photoredox process in blue light. 

Chapter 6 – An easy and economical technique to record electrically conducting patterns in 

hydrogel films. 
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Chapter 7 – The design of an electrically conductive hydrogel formulation that can be used for 

DLP 3D printing. 

Chapter 8 – Conclusions and future work. 
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2 A Literature Review on the 

Application of Thiol-

Ene/Yne “Click” 

Chemistry in Photo-

Assisted Additive 

Manufacturing 
 

In the field of photo-assisted 3D printing, thiol-ene/yne chemistry holds significant 

position owing to its outstanding fabrication speed and desirable properties of the cross-linked 

network for 3D printing.25-28 Current applications of thiol-ene/yne in photo-assisted 3D printing 

can be classified as manufacturing engineering, biofabrication, environmental engineering, 

microfabrication, and electrical engineering. Among these areas, manufacturing engineering 

and biofabrication have been investigated in depth. For example, soft active devices whose 

topology arrangements can be either thermo-11 or light-controllable29 have been reported 

recently. Because the shape change of the soft active devices is dynamic, they can “work” in a 

smart way, such as picking up or dropping items at a specified time. This advantage makes soft 

active devices attractive for fabricating drug delivery robots. Another breakthrough in the field 

of soft robotics is the self-healing elastomer, which can repair itself from damage.3,30-33 This 

property allows the self-healing elastomers not only mend themselves but also give greater 

flexibility and adaptability in a range of situations. Self-healing elastomers may be able to be 

used as robot prosthetics that provide a natural feeling to users or as human assistants efficiently 

with lower maintenance expenses.  

An overview of the evolutions in the field of thiol-ene/yne derived photo-assisted 3D 

printing is provided herein. This review includes the research of thiol-ene/yne chemistry in the 
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photo-assisted 3D printing from 2016 to early 2022. The advantages of thiol-ene/yne derived 

photopolymers and challenges associated with these photopolymers are elaborated in detail. 

Importantly, this review highlights recent progress and future trends of the thiol-ene/yne 

photopolymerisation suitable for photo-assisted additive manufacturing.   

 

2.1 Thiol-ene/yne polymerisation 

2.1.1  Mechanism of thiol-ene/yne “click” reactions   

It was reported that thiol-ene/yne polymerisations can be initiated using different 

methods, including under traditional thermal conditions with 2,2’-azo-bis(isobutyronitrile) 

(AIBN),34 or via a photochemical reaction with 2,2-dimethoxy-2-phenylacetophenone 

(DMPA) as the photoinitiator.27,35 The thiol-ene/yne polymerisations are based on the 

mechanism of free radical addition reaction. Earlier research on the hydrothiolation of an 

alkene or alkyne bond was presented at the beginning of the twentieth century.36-38 Thiol-ene 

addition reaction proceeds via the addition reaction of a thiol radical to a vinyl functional group. 

The adduct subsequently abstracts a hydrogen from a thiol, generating a thioether moiety and 

regenerating a thiol radical back into the cycle (Scheme 2.1).39 In the thiol-ene addition 

reaction, one equivalent sulfhydryl group (-SH) is added onto one equivalent alkenyl group. 

The conversion of a vinyl to a single thioether makes the vinyl group monofunctional in the 

thiol-ene polymerisation while restricts the ultimate cross-link densities of the thiol-ene 

networks.  

 

 

Scheme 2.1. Mechanism of thiol-ene addition reaction.39
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A strategy to achieve higher cross-link density of the thiol-ene networks is to increase 

the monomer functionality by substituting the alkene (“ene”) with an alkyne (“yne”) moiety. 

Similar to the thiol-ene addition, the thiol-yne addition proceeds by adding a thiol radical to an 

alkyne, resulting in an unstable carbon-centred radical. This active radical subsequently 

abstracts a hydrogen atom from another thiol, generating the intermediate vinyl sulfide and 

regenerating a thiol radical back into the cycle. The intermediate vinyl sulfide has two 

stereoisomers, Z and E.40 However, different from the thioether generated in the thiol-ene 

additions, the vinyl sulfide is capable of undergoing further reaction through the addition of a 

second thiol radical to the vinyl sulfide, forming a secondary carbon radical. This active carbon 

radical subsequently abstracts a hydrogen atom from another thiol, generating the final product 

dithioether and regenerating a thiol radical back to the cycle (Scheme 2.2).27 Consequently, in 

the thiol-yne addition reaction, two equivalents of sulfhydryl groups (-SH) are added on one 

equivalent alkynyl group.  

 

 

Scheme 2.2. Sequential addition and hydrogen abstraction steps of (I) primary alkyne and the 

(II) subsequent vinyl sulfide during a thiol-yne addition reaction.27  
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2.1.2  The reactivity of the monomers 

The early kinetic studies of the thiol-ene free-radical chain reactions established two 

basic rules.35 First, the overall conversion rate of the thiol-ene reaction is directly related to the 

electron density on the “ene”. The electron-rich alkenes exhibit higher reactivity than the 

electron-poor alkenes. The highly conjugated double bonds slowly copolymerise with thiols 

owing to the stable carbon-centred allylic radical formed upon the addition of the thiol radical 

to the carbon-carbon double bond. Another rule is that mercaptopropionate esters-based thiols 

copolymerise with an alkene faster than the mercaptoacetate esters-based ones, which in turn 

react faster than simple alkyl thiols. 

Hoyle et al. further investigated the relationship between the chemical structures of the 

alkene, the thiol, and the reactivity.26 The reported order for the rate of the thiol-ene reaction 

for a wide variety of alkenes with three thiol types (alkyl 3-mercaptopropionates, alkyl 

thiogylcolates, and alkyl thiols) is as follows:  

norbornene > vinyl ether > propenyl > alkene ≈ vinyl ester > N-vinyl amides > allyl ether ~ 

allyl triazine ~ allyl isocyanurate > acrylate > unsaturated ester > N-substituted maleimide > 

acrylonitrile ~ methacrylate > styrene > conjugated dienes. 

With the exception of norbornene, methacrylate, styrene, and conjugated dienes, the 

alkene reactivity decreases with decreasing electron density of the carbon-carbon double bond. 

The rates of free-radical addition of thiols to norbornene are exceptionally fast. Possible 

reasons include the relief of ring strain resulting from the addition of the thiol radical across 

the double bond and the rapid hydrogen-abstraction rate of thiol hydrogen by the carbon-

centred radical. When the thiol radical is added to a methacrylate, styrene, or conjugated diene 

carbon-carbon bond, the carbon-centred radicals that are formed are very stable. Therefore, the 

resulting (methacrylic, benzylic, or allylic) radicals exhibit inherently low hydrogen-

abstraction rate constants.26 In contrast to the conjugated dienes, non-conjugated dienes 

undergo thiol-ene reactions rapidly. 

The reactivity of the multifunctional thiols used in thiol-ene photopolymerisation were 

also compared.26 Alkyl 3-mercaptopropionate has one more carbon atom between the thiol 

group and ester group than alkyl thioglycolate. It was found that thiols based on propionate 

esters and glycolate esters exhibit higher reactivity than alkyl thiols. This is due to the 

weakening of the sulphur-hydrogen bond by the hydrogen bonding of the thiol hydrogen groups 

with the ester carbonyl.41 
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2.1.3  Comparison between thiol-ene/yne photopolymers and the 

conventional photopolymers 

The comparison of the thiol-ene/yne, the (meth)acrylate, and the epoxy or vinyl ethers-

derived photopolymers is concluded in Table 2.1. In the VP-based 3D printing, because the 

curing surface is open to ambient air, oxygen can react with the surface layer of the resin during 

the printing process. The oxygen inhibition brings tacky surfaces, causing poor surface 

qualities in the fabricated objects, such as the shrinkage. In (meth)acrylate-derived systems, the 

propagation of carbon radicals can be inhibited by oxygen, which decreases the polymerisation 

rate and the fabrication speed. Good oxygen tolerance of thiol-ene/yne derived photopolymers 

can alleviate the problem of oxygen inhibition.42 Thiols can reduce oxygen inhibition by 

donating a hydrogen atom to a formed peroxyl radical. During this process, a reactive thiol 

radical is produced.43 The high refractive index of sulphur atoms makes the thiol-ene/yne 

derived photopolymers easy for light to penetrate, which is beneficial for photo-assisted 3D 

printing.44,45 Because the high light transmittance is directly related to the sulphur atom in the 

material, (meth)acrylate, epoxy, or vinyl ethers-derived photopolymers do not have this 

property. 

 

Table 2.1. The comparison between the thiol-ene/yne derived photopolymers and other 

photopolymer systems. 

 Thiol-Ene/Yne Systems Other Photopolymer Systems 

Oxygen Tolerance good oxygen tolerance 

free radical systems: inhibited by 

oxygen 

cationic systems: oxygen tolerance 

Refractive Index 

thiol-ene/yne systems > free radical systems or cationic systems Polymerisation 

Rate & Building 

Speed 
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Physical Properties 

of the Network 

efficient in dissipating stress 

and decreasing the 

propagation of cracks 

free radical systems: large 

polymerisation shrinkage stress 

cationic systems: less shrinkage than 

free radical system 

Network 

Uniformity 
highly uniform network 

free radical systems: highly 

heterogeneous networks  

Printed part low brittleness 
free radical systems: curling and 

volume relaxation  

Biocompatibility thiol-ene/yne systems cationic systems > free radical systems 

 

Step-growth addition thiol-ene/yne photopolymerisation has a high monomer 

conversion, which allows it to present a highly uniform cross-linked network and thus 

overcome the common problem of insufficient curing.44-46 This is illustrated in Figure 2.1, in 

which thiol-ene networks contain different multifunctional thiols. In the thiol-ene addition 

reaction, one equivalent thiol group (-SH) is added on one equivalent alkenyl group.  Depend 

on the number of thiol groups, thiols exhibit linear or hyperbranched structures. Therefore, 

thiol-ene networks with different extents of regular units can be formed, showing uniform 

networks. It was reported that the crosslink density of thiol-yne derived networks is 

significantly increased relative to an equivalent thiol-ene network.47 In the step-growth 

polymerisation, due to chain growth throughout the matrix, the reactive sites on the monomers 

can be easily reached and thus high monomer conversion can be obtained.48 In addition, the 

thiol-ene/yne networks are efficient in dissipating shrinkage stress and decreasing the 

propagation of cracks, attributed in part to their delayed gelation, which are desirable for 

fabricating objects with low brittleness.27,49 Comparatively, in (meth)acrylate-derived free-

radical photopolymer systems, the early gelation and limited number of active sites in the 

polymerisation generate heterogeneous networks with low cross-linked density, causing 

insufficient functionality conversion.50 All of these properties make the (meth)acrylate-derived 

cross-linked networks exhibit heterogeneous physicomechanical properties (Figure 2.2).26,49 

Furthermore, the rapid rate of (meth)acrylate photopolymerisation also leads to a high 

polymerisation shrinkage stress during the layer-by-layer manufacturing process, resulting in 

curling and other deformations that reduce the printing accuracy.51 Compared with 

(meth)acrylate-derived photopolymers, the epoxide or vinyl ether-derived photopolymers 
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exhibit better photopolymerisation properties, such as the oxygen tolerance, lower shrinkage, 

lower volatility, and lower toxicity of reagents. In addition, the thiol-ene/yne derived 

photopolymers also show higher biocompatibility, especially compared to (meth)acrylate-

derived photopolymers that show high irritancy levels or even cytotoxicity in the uncured 

state.8 Griesser et al. compared the cytotoxicity of alkyne carbonate and (meth)acrylate 

monomers bearing the same spacer.8 It was found that compared to the (meth)acrylates, cells 

show much higher tolerance towards alkyne carbonates. The high biocompatibility introduced 

by the alkynes makes the thiol-ene/yne derived photopolymers attractive for fabricating 

biocompatible 3D objects.12,52 The high compatibility of fabricated objects to living cells makes 

the photopolymers favourable for manufacturing medical devices, such as hard tissue 

replacements, which have to be compatible with the human bone.8,53  

 

 

Figure 2.1. (A) The monomers of alkene resveratrol allyl ether (RAE), thiols ethylene glycol 

bis(3-mercaptopropionate) (2SH), trimethylolpropane tris(3-mercaptopropionate) (3SH), and 

pentaerythritol tetrakis(3-mercaptopropionate) (4SH). (B) Three types of thiol-ene networks.48  
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Figure 2.2. The network formation via radical chain growth of acrylates.49  

 

According to the comparisons, thiol-ene/yne systems show much better properties 

among the photopolymer systems mentioned above, including good oxygen tolerance, higher 

monomer conversion, higher crosslinking density, more regular network, higher fabrication 

speed, stable mechanical properties, and better biocompatibility. The main drawbacks of epoxy 

resins are their relatively high cost, long fabricating time, and handling difficulties. Although 

vinyl ethers can be used as an alternative to epoxies, the commercial availability of these ethers 

is relatively limited. Therefore, according to the comparison discussed above, thiol-ene/yne 

derived resins are ideal replacements for the conventional (meth)acrylate-based resins. 

 

2.2 Thiol-ene/yne resin formulations 

Since the earliest reported research on thiol-ene54 and thiol-yne8 in photo-assisted 3D 

printing, thiol-ene/yne derived photopolymers have opened new directions in various fields, 

including biofabrication,2,8-10,12,31,53-65 microfabrication,66-68 environmental engineering,7,32,62,69 

electrical engineering,31,68,70 manufacturing engineering,3-5,11,29-32,63,65,71-81 and thermal 

engineering.33,82 Typical thiol-ene/yne derived photopolymers with corresponding 3D printing 

parameters are summarised in Table 2.2. In general, photopolymers contain three main 

components, including monomers, binders or cross-linkers and photoinitiators, and other 

components, such as additives, chemical agents, plasticisers, and colorants. According to the 

research on thiol-ene/yne derived photopolymers reported from 2016 to early 2022, the 

reported “Ene”, “Yne”, and “SH” components, photoinitators, and additives are summarised 

and discussed in this section, respectively. 
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Table 2.2. The typical thiol-ene/yne derived photopolymers and the corresponding 3D printing 

parameters. 

Thiol-ene/yne photopolymers 

Exposure 

time per 

layer (s) 

Layer 

thickness 

(μm) 

Ref. 

 

          
 

20 100 81 

       

                        
 

4─5 50 62 

 

        
 

8 35 70 

  

               
 

11─12 200 5 

 

                
 

 
 

70 100 83 

 

           
 

5─11 50 84 
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50 25─50 8 

    

               
 

5~15 10─100 64 

 

 
 

  

 

 

 

 

 

 

 

 

 

 

30 

 

 

 

 

 

 

 

 

 

 

100 

 

 

 

 

 

 

 

 

 

 

53 

 

2.2.1  “Ene” components 

The “Ene” components can be either single or multi-functionalised (Figure 2.3). The 

“Ene” components that are spiro or polysiloxane compounds or contain the aromatic or 

alicyclic groups, triazole or 1,3,5-triazine-2,4,6-trione structures have obvious rigidity, which 

is beneficial for forming networks with desirable toughness or strength. Sangermano and 

Wiesbrock et al. reported high anti-shrinkage thiol-ene photopolymers that contain spiro-

orthoesters (SOEs).70 This thiol-ene derived formulation is based on commercially available 

tetra-functional thiol pentaerytrithol tetrakis(3-mecaptopropianate) and bifunctional alkene 

tri(ethylene glycol) divinyl ether, while SOEs were added as volume-controlling additives. 

With the help of SOEs, shrinkage during 3D fabrication can be reduced by 39%. Wallin and 
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Mengüç et al. created SLA-printable thiol-ene derived silicone double networks (SilDNs) that 

contain vinyl-terminated poly(dimethylsiloxane) (VPS) and (mercaptopropyl)methylsiloxane]-

dimethylsiloxane. The SilDNs were proved to simultaneously possess superior mechanical 

properties, including larger ultimate strains, toughness, and strength, than other printable 

elastomers with a similar elastic modulus.4 Bowman et al. discovered the first instance of 

mechanically robust linear thiol-ene derived polymeric materials, containing 1,6-hexane dithiol 

(HDT) and diallyl terephthalate (DAT), for SLA 3D printing. Unlike conventional 

photopolymerisations that form cross-linked networks, the non-cross-linked HDT-DAT 

polymers possess a unique combination of stretchability, tensile strength, and toughness. Both 

the aromatic ring and the ester groups in DAT have effect on the strength and toughness of the 

final linear polymers.69 When aromatic rings are positioned in the polymer backbone, the rigid 

backbone structure generates materials with significantly stronger mechanical strength. In ester 

groups, the permanent dipole-dipole forces between molecules are much stronger than van der 

Waal forces, requiring more energy to overcome. Thus, the ester groups in DAT make the 

polymer backbone stronger. Recently, a thiol-nonbornene derived poly(triazole) network for 

high-precision SLA 3D printing was investigated, providing evidence for the value of triazole 

moieties (tNBE) in forming networks with high tensile toughness.71 Similarly, the rigid 

nitrogen heterocyclic structure of the alkene TTT balances the mechanical defects of the system 

caused by the formed thioether structure after polymerisation, and confers ideal hardness to the 

final cross-linked network.11,61,66,75,80  

 

Figure 2.3. Examples of the “Ene” components utilised in the thiol-ene derived photopolymers 

in photo-assisted 3D printing. 
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The “Ene” with ether groups are favourable for making flexible networks, introducing 

weaker mechanical properties to the printed objects.61 Therefore, these types of “Ene” are 

usually used as reactive diluents for reducing the viscosity of the resin formulations. For 

example, the modified liquid isoprene rubber in Schlögl et al.’s research.83 Nevertheless, the 

presence of the linear “Ene” may lead to flexible networks, introducing poor toughness or 

strength and thus negatively affecting the mechanical properties of the final cured objects, 

which are not usually desirable for 3D printing.   

The “Ene” with ester or carbonate groups introduce either rigidity or flexibility to the 

networks, which depends on the length of the main chain and the number of the branched-

chain.61 Durstock, Konkolewicz, and Thrasher et al. demonstrated a self-healing acrylic 

elastomer system for DLP 3D printing. It was found that the bifunctional acrylate 2-((3-(2-

(acryloyloxy)ethoxy)-3-oxopropyl)thio)ethyl acrylate (TMADA) has a positive effect on 

increasing the tensile properties of the elastomers strained to failure. Therefore, TMADA was 

used in fabricating the mechanically supportive structures for the 3D printed subcomponents.3 

Another example was presented in Li’s research. Acrylate monomer ethoxy trimethylolpropane 

triacrylate (TMPTA3EO) was employed in the resin formulation as its ethoxylated flexible 

chain can introduce stretchability to the network during the polymerisation process and thus 

reduce the shrinkage of the polymer system.61  

 

2.2.2 “Yne” components 

Similar to the “Ene” components, “Yne” components are usually bi- or multi-

functionalised, containing ester or carbonate groups (Figure 2.4). In Jin’s group’s research, the 

linear bi-functional alkyne 1,7-octadiyne (OD) was used as a diluent to decrease the viscosity 

of the resin and adjust the crosslinking densities for the DLP 3D printing.7 In Chiappone et al.’s 

research, the ester-contained alkyne bis(propargyl) fumarate introduces rigidity to the thiol-yne 

system, which can be used to tune the desired properties of the final object.64 Although it was 

reported that adding thiols to (meth)acrylate-contained resins could increase the toughness,61 

this (meth)acrylate-thiol network still led to undesirable thermo-mechanical properties. 

Comparatively, the thiol-yne network provides significantly high toughness while maintaining 

proper glass-transition temperature, which is helpful for obtaining desirable thermo-

mechanical properties. Hence, the ester-containing alkyne 1,1,1’,1’-tetra(but-3-yn-1-yl) 

O’3,O3-(butane-1,4-diyl) bis(propane-1,1,3-tricarboxylate) (TBT) was used in Griesser et al.’s 
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thiol-yne resin to introduce proper toughness into the 3D fabricated object while maintaining 

other ideal properties such as excellent photo-reactivity and high modulus.53  

For other alkynes with rigid groups, such as carbonates, it was reported that the CH2 

group between the alkyne and carbonate group can reduce the influence of the carbonate group 

on the electronic density of the C≡C bond. For instance, aliphatic terminal alkynes significantly 

react faster than other alkyne derivatives in thiol-yne addition reactions.85 Griesser et al. 

investigated different synthesised multi-functional alkyne carbonates, reporting the structure-

property relationship of these alkynes. It was found that alkyne carbonates bearing a C4 spacer, 

for example, 1,4-butandiol dibut-3-yn-1-yl carbonate (4BC), show outstandingly higher 

monomer conversion than their corresponding (meth)acrylates. In addition, alkynes bearing 

multiple carbonate groups or rigid backbones, such as tricyclo[5.2.1.02,6]decane-4,8-

dimethanol dibut-3-yn-1-yl carbonate (TCBC), show slightly lower conversions and curing 

rates than the analogues with a four-carbon-atom spacer owing to their higher viscosities.8 Jin 

et al. reported that the carbonate groups introduce proper viscosity to the alkyne monomer 

aliphatic oligomeric polycarbonate (A4) , making the thiol-yne derived resin desirable for 3D 

printing. Moreover, the carbonate groups introduce degradability to the thiol-yne networks, 

fabricating eco-friendly 3D objects.7  

 

Figure 2.4. The “Yne” components used in the thiol-ene derived photopolymers in photo-

assisted 3D printing. 

 

According to the research of the thiol-ene/yne derived photopolymers reported from 

2016 to early 2022, around 92% of them are based on the thiol-ene derived formulations (Figure 

2.5). There are several explanations for this result. First of all, many works use acrylates that 
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contain C=C double bonds as the “Ene” components, which makes thiol-ene derived resins 

more easily obtainable than the thiol-yne ones. In the research that employed siloxane-

contained chemicals, vinyl-terminated poly(dimethylsiloxane) (VPS) was identified as easily 

available in the market, making it become a popular component in the thiol-ene derived resins. 

In addition, it is easier to synthesise C=C double bond contained compounds rather than C≡C 

triple bond contained alicyclic compounds owing to the ring strain, explaining why C=C double 

bond contained alicyclic was used in the thiol-ene derived resins. Besides, the terminal 

functionalised dialkene is more suitable than its corresponding dialkyne to synthesise linear 

polymers with dithiols. This is because each C≡C group reacts with two –SH groups and thus 

alkynes tend to form a cross-linked network rather than a linear polymer. For preparing 

thermoplastics, which are made up of linear molecular chains, thiol-ene derived resins are more 

favourable than the thiol-yne resins. Additionally, for the spiro compounds or compounds 

containing 1,3,5-triazine-2,4,6-trione structures, the presence of a C≡C triple bond increases 

the network density dramatically, which may increase the resin viscosity and thus is 

undesirable for 3D printing. Therefore, 1,3,5-triazine-2,4,6-trione structures with C=C are 

more commonly employed in resins. 

 

  

 



21 
 

Figure 2.5. The comparison of the numbers of the resin formulations in the thiol-ene/yne 

derived 3D printing works. 

 

2.2.3  “SH” components 

The “SH” components can be either bi or multi-functionalised (Figure 2.6). Similar to 

the structure-activity relationship in “Ene” or “Yne”, “SH” components that are polysiloxanes 

(MPS), or contain 1,3,5-triazine-2,4,6-trione (TME-ICN), or ester groups (PETMP or 

DiPETMP) have obvious rigidity, while the linear “SH” (HDT or EDT) are desirable for 

making flexible thiol-yne cross-linked networks.  

 

Figure 2.6. Examples of the “SH” components used in the thiol-ene derived photopolymers in 

photo-assisted 3D printing. 

 

2.2.4  Photoinitiators 

The most popular photoinitiators of the thiol-ene/yne derived photopolymers include 

phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819), diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (TPO), 2,4,6-trimethylbenzoyldi-phenylphosphinate (TPO-

L), and Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP). All of these initiators are 

derivatives of phosphine oxides. The structures and the light absorption wavelength of the 

reported photoinitiators are presented in Table 2.3.  
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Table 2.3. Chemical structures of the popular photoinitiators used in the thiol-ene/yne derived 

resins. 

Name Chemical Structure 

Light 

absorption 

(λmax, nm) 

Ref. 

 

2,2’-azobis[2-methyl-N-(2-

hydroxyethyl)propionamid]) 

(VA-086) 

 
375 9 

 

bis-(4-

methoxybenzoyl)diethylgerm

anium (Ivocerin) 

 

 
410, 430 8 

 

diphenyl(2,4,6-

trimethylbenzoyl) phosphine 

oxide (TPO) 

 

 

295, 368, 380, 

393 

30,60,66,69,79, 

84,86,87 

 

2,4,6-trimethylbenzoyldi-

phenylphosphinate (TPO-L) 

  

275, 379 4,53,67,77,83 

 

2-hydroxy-4’-(2-

hydroxyethoxy)-2-

methylpropiophenone 

(Irgacure 2959) 

 

274 54 

 

2-hydroxy-1-(4-[4-(2-

hydroxy-2-methyl-

propionyl)-benzyl]-phenyl)-
 

260, 365 68 
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2-methyl-propan-1-one 

(Irgacure 127) 

 

2-hydroxy-2-methyl 

propiophenone (Irgacure 

1173) 

 
240 4,11 

 

Lithium phenyl-2,4,6-

trimethylbenzoylphosphinate 

(LAP) 
 

375 2,10,29,55,57,58 

 

2-methyl-4’-(methylthio)-2-

morpholinopropiophenone 

(Irgacure 907) 

 

 
300 nm 6 

 

phenylbis(2,4,6-

trimethylbenzoyl)phosphine 

oxide (BAPO or Irgacure 

819) 

 

295, 370 

3-5,7,31-33,61-

64,70-76,78,80-

83,88 

tri-allylated purpurin (PA) 

 

400 56 

 

Thiol-ene/yne photopolymerisation proceeds via a radical system. Under light 

irradiation, a photoinitiator is used to transfer the photolytic energy to the reactive species, 

generating radicals that initiate the photopolymerisation. The commonly used radical 

photoinitiators in thiol-ene/yne systems belong to Norrish Type I. These initiators are single 

molecules that undergo an α-cleavage reaction under light irradiation to generate radical 

fragments.1,85,89 Depending on the chemical structures of the photoinitiators, the light that 

induces the cleavage differs in wavelength and intensity. Acyl phosphine oxides contained type 

I photoinitiators, such as Irgacure 819, TPO, TPO-L, or LAP, present lower energy levels of 
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the π* state and shift the peak of the n → π* transition toward higher wavelengths. This 

property is favourable for the DLP 3D printers that have light sources with a high wavelength. 

The novel long wavelength Germanium initiator Ivocerin has superb photofading behaviour, 

allow curing under higher wavelength such as 465 nm.8,90 By contrast, benzyl ketals, such as 

Irgacure 127, 907, 1173, or 2959, with relatively low energy n → π* transitions, absorb UV 

light, which is desirable for SLA 3D printing.1  

 

2.2.5  Various functional additives 

According to the reported research, rapid gelation of the resin during the printing 

process may limit the 3D printing accuracy.7 To avoid this problem, additives, including light 

absorbers, radical inhibitors, or reactive diluents, are used to optimise the printing outcomes. 

The light absorber, which has proper absorption in the region (such as 405 nm) of the light 

source in the 3D printer and has no catalytic reactivity for the thiol-ene/yne 

photopolymerisation, can be added to the resin for obtaining higher printing precision. The 

commonly employed light absorbers are 1-phenylazo-2-naphthol (Sudan I) and 1-(2,4-

xylylazo)-2-naphthol (Sudan II). The radical inhibitor is used for stabilising the radical species 

involved in the resin, which can prevent the rapid gelation of the resin during the printing 

process.91 The conventional radical inhibitor is pyrogallol (PYG). The addition of reactive 

diluents, most of which have linear structures, aims to optimise the viscosity to obtain the 

desired physical properties of the photoresin. The reported reactive diluents are tri(ethylene 

glycol) divinylether (TEG), (Z)-3,7-dimethylocta-2,6-dien-1-ol (nerol), (E)-3,7-dimethylocta-

2,6-dien-1-ol (geraniol), 1,7-octadiyne (OD), 2,2’-(ethylenedioxy) diethanethiol (EDT), and 

trimethylolpropane triacrylate (TMPTA) (Figure 2.7).  
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Figure 2.7. The typical additives of the thiol-ene/yne derived resin formulations. 

 

2.3 Light sources 

As stated above in Table 2.3, the light absorption (λmax = 275─393 nm) of the widely 

used photoinitiators (Irgacure 819, TPO, TPO-L, or LAP) is in the UV region. Therefore, as 

shown in Figure 2.8, 365 nm or 405 nm light is widely employed in most of the reported thiol-

ene/yne-derived 3D printing research. Reliance on UV or near-UV light for 3D printing 

research has significantly limited its further application owing to the expensive equipment, 

serious heat generation, harmful side effects, or even significant occupational health and safety 

issues from UV light exposure.92,93 Additionally, these drawbacks prevent the widespread 

usage of UV or near UV-light assisted 3D printing in private environments, such as the home 

or the office. Therefore, if we are to see photo-assisted 3D printing become commonplace in 

both industry and everyday life, the adoption of clean photochemical methods and low energy 

visible light irradiated photopolymerisation is a crucial step.  
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Figure 2.8. The comparison of the light sources in the thiol-ene/yne derived 3D printing 

research. 

 

2.4 3D printing techniques in photo-assisted additive 

manufacturing 

In the thiol-ene/yne derived photo-assisted 3D printing, the techniques that have been 

used include DLP, SLA, DIW, DLW, VAM, and DBW (Table 1.1, Figure 2.9). Among them, 

SLA, DLP, DLW, and VAM belong to vat photopolymerisation (VP), as all of them use laser 

beam or projected light to polymerise the liquid resin in a vat via either point by point or layer 

by layer processes. By contrast, DIW and DBW are based on similar material extrusion 

processes. In both processes, resin is extruded on a board to form 3D structures, which are 

cured by light to solidify the resins.  
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Figure 2.9. The comparison of the 3D printing technologies in the thiol-ene/yne derived 3D 

printing works. 

 

2.4.1  Comparison of SLA, DLP and DIW 

In the area of thiol-ene/yne derived photo-assisted additive manufacturing, the most 

popular techniques are SLA, DLP, and DIW. Although SLA/DLP show obvious advantages 

over DIW in the printing precision and mechanical properties of the fabricated objects, until 

now, DIW has not been totally replaced by SLA or DLP. Possible explanations include the 

unbridgeable differences between technologies and resin materials. The outstanding advantage 

of DIW is its versatility, where a variety of different combinations of formulations can be 

employed by using multiple extrusion nozzles, enabling the fabrication of a multi-material-

containing object in one-step.94 By contrast, for multi-material 3D printing, as the resins used 

in SLA/DLP 3D printing are liquid, it is necessary to frequently switch the resin containers 

during the printing process. Thus, SLA/DLP 3D printers require more complex modifications 

or self-built configurations (Figure 2.10).95 Moreover, the attempts to perform multi-material 

SLA/DLP printing usually involve slow, repeated cleaning steps and run the risk of cross-

contamination between wash liquid or from one material to another, adding another level of 

complexity for industrial 3D printing. 
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Figure 2.10. Multi-material 3D printing hydrogel with other polymers in a self-built DLP 3D 

printer.95  

 

Although both DLP and DIW have been employed in bioprinting, the potential 

applications of the built objects in these reports are quite different and thus the fabricated 

structures using these techniques have diverse properties. For instance, the DLP technique has 

been employed for fabricating objects with a high level of hardness and good wear resistance 

that can be used as bone scaffolds, cranial or sternum implants,8,53 dental materials,61 or other 

antibacterial materials.56 Monomers in these resins are usually (meth)acrylates or ester-derived 

monomers. When these monomers are used for fabricating thiol-ene/yne cross-linked networks, 

the produced structures exhibit desirable toughness and glass transition temperatures, both of 

which are compatible with organisms. Furthermore, monomers such as the antibacterial 

quaternary ammonium salt with (meth)acrylate61 or purpurin derivatives56 can be added as 

bioactive agents in the resins for introducing biocompatibility to the 3D printed objects. For 

example, quaternary ammonium salts with long alkyl chains can possess good antibacterial 
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properties.61 By contrast, in DIW printing, cell-laden bio-inks or the bio-inks that mimic the 

extracellular matrix environment are usually used. The bioactive components in bio-inks are 

non-toxic and able to be modified by the cells after the printing. Although thiol or 

(meth)acrylate-functionalised gelatin hydrogels have been widely employed in the thiol-

ene/yne based DIW 3D printing,2,9,10,12,54,55,57-59 they are not suitable for SLA/DLP 3D printing 

owing to the large volume of resins required for VP-based 3D printing, which may dramatically 

increase the printing cost. In addition, the screen or the liquid resin between the light source 

and the platform may hinder the penetration of light and thus extend the theoretical exposure 

time, which may lead to a decrease in cell viability. Moreover, the heat generated by laser-

based SLA 3D printing can decrease the viability of cells. Both of these influences can make 

the 3D fabricated bio-objects inactivate, which is undesirable for bioprinting.  

 

2.4.2  Novel 3D printing techniques in photo-assisted additive 

manufacturing 

VAM is one of the newest invented 3D printing techniques, allows printing a 3D object 

by illuminating a rotating volume of photocurable resin with a dynamically evolving light 

pattern (Figure 2.11A).6,21 Thus, VAM overcomes many limitations of layer-based fabrication 

techniques, such as long fabrication time or rough surface of the fabricated objects. Although 

it was demonstrated that extremely soft hydrogels could be used in VAM,21,96 the majority of 

the reported VAM resins are acrylate-based systems.97 Moreover, the poor mechanical 

properties such as brittleness of the fabricated parts generally limited the application of the 

acrylate-based photopolymers in VAM. Recently, Shusteff et al. introduced a new class of 

VAM-compatible thiol-ene photopolymers, expanding the versatility of VAM.6 In this work, 

the authors demonstrated a thiol-ene based photoresin that exhibited nonlinear threshold-type 

and bulk-equivalent performance in the resulting 3D printed objects. This work proved the 

advantages of the layer-less whole-part 3D fabricating technique. Moreover, Shusteff et al. 

compared the difference between the thiol-ene and acrylate-derived resin formulations (Figure 

2.11B). Four resins that contain either rigid (isocyanurate (ICN) ring) or flexible (tri(ethylene 

glycol) divinylether (TEG) chain) units were designed. In thiol-ene resins, a rigid thiol T3 was 

paired with two types of alkenes (T1 and T2) that have opposite mechanical properties. The 

acrylate-derived resins were either the rigid acrylate (A2) on its own or A2 mixed with a 

flexible acrylate (A1). The thiol-ene system with varied ratios of isocyanurate and triethylene 
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glycol monomers made accessible polymers with a versatile tunable mechanical response 

compared to identical acrylate-derived photopolymers. This comparison demonstrated the 

greater application potential of thiol-ene systems compared to conventional (meth)acrylate-

derived formulations in VAM 3D printing. Employing the optimised resin formulation, 3D 

structures with acceptable fidelity and printing precision were successfully printed (Figure 

2.11C), illustrating the applicability of the thiol-ene derived resin in VAM. This research 

broadens the range of materials and properties available for VAM. Although the printing 

accuracy of the built object in VAM is currently limited to around 300 µm, VAM technique 

does provide the possibility of multi-material fabrication with high fabrication speed compared 

to the conventional layer-by-layer additive manufacturing. With the assistance of VAM, it is 

easier to print different materials outside the original built object, which is probably 

comparable with the currently popular “post-modified 3D printing”.98,99 Therefore, VAM 

makes the post-modified thiol-ene/yne 3D printing possible, which may become the future 

trend in the field of VP-3D printing.  

 

 

Figure 2.11. (A) Schematic of VAM hardware configuration. The insets on the left present 

example projections from different angles, resulting in the structure shown in the right inset. 

Scale bar: 2 mm. (B) Schematics of four formulations Ac-a, Ac-b, Th-a, and Th-f, with varying 
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molecular network structure composed of five constituent monomers, with acrylate (green) and 

thiol-ene (red/blue) functionality. Compositions are indicated by molar ratios of functional 

groups. A1—Triethylene glycol diacrylate (TEGDA), A2—Tris[2-(acryloyloxy)ethyl] 

isocyanurate (TAE-ICN), T1—Triethylene glycol diallyl ether (TEGDAE), T2—Tri-allyl 

isocyanurate (TA-ICN), and T3—Tris[2-(3-mercaptopropionyloxy)ethyl] isocyanurate (TME-

ICN). (C) A complex cube and ring structure printed in Th-a resin using VAM. Scale bars: 5 

mm.6  

 

DBW is another recently invented photo-assisted additive manufacturing technique, 

which is based on the similar material extrusion printing process of traditional DIW. DBW is 

a 3D printing technique that combines the manufacturing process of rapid generation and 

patterning. Using a core-shell nozzle, liquid shell-gas core droplets are produced. The material 

is ejected onto a substrate and polymerised in situ by UV light.100 It was explained that the low-

viscosity monomer in the outer shell of the bubble droplets can be rapidly polymerised during 

the printing process.101 Therefore, these polymer foams are able to retain their overall shape. 

By controlling the size, density, or macroscopic shape of the cell, 3D objects with tunable 

chemical or mechanical properties can be obtained. However, there are some drawbacks of 

DBW, including substantial shrinkage, use of surfactants to stabilise the bubble droplets, 

limited choice of monomers, and prolonged process to remove the solvent. Patton, Visser, et 

al. employed a solvent-free thiol-ene derived photocurable platform in DBW for rapidly 

fabricating functional materials (Figure 2.12A, B).11 The thiol-ene resin exhibits good oxygen 

tolerance, negligible shrinkage, and requires minimal post-curing processing. In addition, the 

high viscosity of the thiol-ene resin has made it possible for a surfactant-free fabrication of 

porous solids. Moreover, this thiol-ene system allows for faster post polymerisation 

modification than the conventional acrylate-based resins in DBW owing to the “click” 

chemistry. The optimised thiol-ene derived resin was successfully employed in fabricating 3D 

shape-memory objects (Figure 2.12C). However, the printing precision (80─190 µm) in DBW 

is mainly controlled by the physical properties of the bubble droplets, which requires 

optimisation in future research. 
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Figure 2.12. (A) Chemicals used in the ink formulation. (B) Schematic illustration of the 

printing process in which air co-flows with the ink to produce a stream of bubbles, which is 

cured on-the-fly and after impacting the surface. (C) Shape memory cycle for a 3D printed 

flower. The diameter of the flower is 10 cm.11  

 

Until now, thiol-ene/yne derived photocurable resins have been used in several 3D 

printing techniques; the usage of CLIP, the fastest photo-assisted 3D printing technique, has 

not been reported in the literature. CLIP exhibits a rapid printing that ranges between 25 to 100 

times faster than a DLP 3D printer and has a theoretical printing rate of up to 1000 times that 

of the DLP technique.102 In CLIP,  the oxygen-permeable membrane inhibits the radical 

polymerisation between the window and the bottom of the resin, preventing the resin from 

attaching the window, which helps the consecutive printing.103 However, because thiol-ene/yne 

systems have excellent oxygen tolerance,42 the oxygen-permeable membrane in CLIP does not 

have an obvious effect on the thiol-ene/yne derived resins. Hence, for the thiol-ene/yne resins, 

the fabrication speed of CLIP has no obvious difference from that of the DLP technique. 
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Additionally, resins with low viscosity are required to achieve rapid CLIP printing. However, 

the multi-functional monomers or oligomers in most of the thiol-ene/yne derived resins ‒ 

especially the very popular tetra-thiol PETMP ‒ have high viscosities and are thus unsuitable 

for CLIP printing.  

 

2.5 Application of the thiol-ene/yne derived resins in photo-

assisted 3D printing 

Over the past several years, tremendous efforts have been made to use thiol-ene 

photocurable systems for preparing highly cross-linked and uniform polymeric networks with 

desirable mechanical or thermal properties, such as low stress shrinkage and narrow thermal 

transitions.104 These thiol-ene derived photoresins have been widely employed to fabricate 

various high-precision 3D objects. However, the thiol-ene polymerisations usually produce 

polymers with relatively low crosslink density, resulting materials with lower modulus and 

glass transition temperatures than equivalent (meth)acrylate systems.27 An exception to the 

single reaction paradigm of the “Ene” functional groups is the C≡C bond in “Yne”. Resultant 

from the dual reactivity of the “Yne” functional group, the crosslink density of thiol-yne 

derived polymer networks are dramatically increased relative to an equivalent thiol-ene 

polymer network.105 As a consequence, thiol-yne polymerisations exhibit the potential to 

optimise the mechanical properties of the fabricated objects while remaining other 

advantageous characteristics of thiol-ene derived materials. In contrast with thiol-ene, the 

implementation of thiol-yne photopolymerisation for photo-assisted 3D printing is still in its 

infancy. Here we will summarise the typical and outstanding examples of thiol-ene/yne 

chemistry that have been employed in the photo-assisted 3D printing. The classification of 

these works is based on the (potential) application purposes of the fabricated objects and mainly 

includes manufacturing engineering, biofabrication, environmental engineering, 

microfabrication, and electrical engineering (Figure 2.13). Among all the reports, most of the 

applications of thiol-ene/yne derived 3D printing are within manufacturing engineering and 

biofabrication fields. 
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Figure 2.13. The comparison of the (potential) applications in the thiol-ene/yne derived 3D 

printing works. 

 

2.5.1  Manufacturing Engineering 

In the area of manufacturing engineering, most of the thiol-ene derived resins were 

reported as ideal candidates for producing soft active devices, such as robotics, which have low 

elastic moduli and high deformation capability.106 Based on their properties, these reported 

thiol-ene derived 3D printed objects can be divided into self-healing, flexible, and shape-

memory polymers.  

Self-healing polymers are able to repair fractures or damage at the microscale, and 

restore mechanical strengths at the macroscale.107-109 In the thiol-ene chemistry, the healing 

capability usually relies on intrinsic dynamic covalent disulfide bonds, or dynamic exchange 

of thioether moieties, that autonomously reform after fracture-induced dissociations. For 

instance, in Wang’s research, the photocurable elastomer ink contains both thiol and disulfide 

functional groups. The thiol groups facilitate a thiol-ene photopolymerisation for DLP 3D 

printing, while the disulfides bonds enable a disulfide metathesis reaction during the self-

healing process (Figure 2.14A).31 Because of these advantages, the resulting 3D objects can 

rapidly heal fractures and restore initial structural integrity and mechanical strengths to 100%. 
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By contrast, Durstock, Knokolewicz, Thrasher, et al. claimed the 3D printing application of a 

thiol-acrylate self-healing elastomer system, where the thiol and acrylate facilitated both a 

thiol-ene photopolymerisation and a dynamic exchange reaction.3 The full self-healing 

capacity over multiple damage/healing cycles was achieved via dynamic-bond exchange in 

thioethers (Figure 2.14B). It was demonstrated that this elastomer system can withstand 

extreme elongations of up to 1000%. Moreover, the 3D fabricated elastomers show the 

capability to heal together for forming super complex and functional modular soft robotics. 

These elastomers also exhibit reprogrammable resting shapes and compatibility with self-

healing liquid metal electronics. This investigation illustrate the wider applicability of 

thioether-containing photoelastomers than the ones within disulfide bonds. 

 

 

Figure 2.14. (A) The molecular design of the self-healing elastomers in Wang’s research (top), 

the self-healing mechanism (middle), and the self-healing of a shoe pad sample (bottom).31 (B) 

The self-healing dynamic bonding mechanism in Durstock et al.’s research (top), the 

demonstration of sequential grafting and reconfiguration of 2-hydroxyethyl acrylate (HEA)-

based elastomer pieces (left bottom), and the modular soft robotic demonstrations (right 

bottom).3  

 

For flexible elastomers, their remarkable performance derives from the super flexible 

siloxane backbone (Si-O-Si), which brings a high degree of molecular mobility and glass 

transition temperatures to the network. For thiol-ene derived flexible elastomers, mercaptan-
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functionalised polysiloxane (MPS) or vinyl-terminated poly(dimethylsiloxane) (VPS) are ideal 

building blocks owing to their outstanding mechanical properties, thermal resistance, and 

chemical inertness of the polysiloxanes.110 Using MPS-VPS resins, silicone elastomeric objects 

with different mechanical properties were fabricated using DLP or SLA 3D printing techniques. 

The framework of these approaches usually contains a thiol-ene network for 

photopolymerisation that enables shape fixity during the 3D printing process. In Yu, Dou, 

Huang, et al.’s research, the break elongation of the silicone elastomers can reach up to 1400%. 

This property can be controlled by  the thiol content of MPS, the molecular weight of VPS, and 

the content of silica filler (Figure 2.15A).63 This mechanical property is superior to the reported 

UV-cured elastomers and even the most stretchable thermo-cured silicone elastomers. Using 

the same silicone elastomers, Wallin, Mengüç, et al. claimed an SLA printable silicone double 

network (SilDN) possesses superior mechanical properties (higher ultimate strains, toughness, 

and strengths) than other 3D fabricable elastomers with a similar elastic modulus (Figure 

2.15B).4 In this approach, a condensation-based network, formed after thiol-ene network, was 

designed to govern the mechanical behaviour. Additionally, it was found that cohesive bonds 

can be formed between the SilDNs and disparate substrates, which is comparable with the ones 

in organisms, illustrating the applicability of the SilDNs in wearable devices and soft robotics. 

 

 

Figure 2.15. (A) The silicone monomers in Yu et al.’s research (top), and (a) the comparison 

of elongation at break between thermocuring silicone elastomers, commercial and reported UV 

curable elastomers, and the superstretchable silicone elastomer (SSSE), (b, c) the extension test 
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of SSSE (bottom).63 (B) The precursors to a photocured thiol-ene silicone (green species) and 

a condensation silicone (blue species) combine to create the 3D printing resin (top), and the 

integration of SilDNs for wearable and soft robotic applications (bottom).4  

 

Recently, shape-memory polymers have attracted increasing attention in the field of 

soft robotics.111 These smart materials can respond to external stimuli to change shape and 

properties accordingly. According to the trigger mechanism during the morphing process, the 

thiol-ene-containing morphing materials can be activated by light or heat. Gresil, Blaker, et al. 

demonstrated multi-responsive bilayered morphing composites for DLP 3D printing, 

composed of reduced graphene oxide-filled chitosan-methacrylamide and thiolated 

polydimethylsiloxane substrates via a thiol-ene photopolymerisation (Figure 2.16A).29 The 

multi-response to heat and photo-thermal stimuli is based on the water desorption and the 

internal differential coefficient of thermal expansion across the bilayered structure. These 

gradient bilayered structures enable photo-thermal triggered gradient bending and morphing, 

exemplified by a “walking worm” and an “opening flower”. The moving of the “worm” was 

decided by the bending and unbending of the thin strip, while the close/open of the petals in 

the “flower” was related to the temperature difference between the outside and the central parts 

during the infra-red irradiation process. Furthermore, the difference between simulation and 

measurement was controlled within a low range, illustrating the applicability of the patterned 

and gradient bilayered composites in bioinspired areas. By contrast, Bowman’s group reported 

a photocurable dynamic thiol-acrylate derived resin for fabricating thermo-dynamical materials 

(Figure 2.16B).5 The dynamic chemistry of this thiol-ene resin relies on the thermal 

reversibility of the in situ generated thioester-anhydride links. Using the optimised resin 

formulation, the 3D fabricated structures were shown to be reconfigurable and depolymerisable 

at different temperatures. Importantly, the authors found that the stimuli responsiveness was 

erasable by deactivating the exchange catalyst. This unique property allows significant tuning 

of the actuation threshold. These dynamic thiol-acrylate networks open up novel opportunities 

in 4D material investigation with shape memory effects, especially in hybrid or composite 

systems with programmable anisotropy of properties. 
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Figure 2.16. (A) The printed flower with gradient thickness in Gresil and Blaker et al.’s 

research, and the illustration of the morphing process triggered by light.29 (B) Monomers used 

in the thiol-ene derived photopolymers for fabricating thermo-dynamical objects in Bowman’s 

research (left), the shape change and restoration of the 3D printed geometries (right).5   

 

Besides the soft active structures discussed above, the thiol-ene derived resins were also 

used for fabricating rigid 3D structures with outstanding mechanical properties, such as 

robustness,71 toughness,81,86 or load rating in harsh environments.78 

 

2.5.2  Biofabrication 

Thiols exhibit a comparably low cytotoxic behaviour; therefore, they are desirable for 

the fabrication of biomaterials. In the area of bioprinting, most of the cell-laden bioactive resins 

are thiol-ene rather than thiol-yne derived formulations ‒ especially the thiol-norbornene (Nb) 

based systems. The wide application of thiol-Nb chemistry in 3D biofabrication is related to its 

rapid polymerisation of thiol-ene conjugation of Nb groups, which has an outstanding 

advantage over conventional alkenes, such as vinyl ether, vinyl ester, allyl ether, or 

(meth)acrylate. This unique property makes the thiol-Nb based systems become the ideal resin 

formulation for rapid 3D printing.112 In addition, compared to chain-growth 

photopolymerisation, the photo-mediated thiol-Nb derived resins are more favourable for 

fabricating cell-laden hydrogels. Hydrogels can be covalently cross-linked at a lower radical 
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concentration in complex aqueous media at physiologically relevant pH and temperature 

ranges.113 This special property enables hydrogels to preserve the bioactivity of encapsulated 

cells and proteins.114,115 For example, Schepers’ group investigated a new water-based 

synthetic method for rapidly curing Nb or thiol-functionalised norbornene-functionalized 

gelatin (GelNB)/thiolated gelatin (GelS) hydrogels for DIW bioprinting (Figure 2.17A).57 This 

bio-ink shows well defined crosslinking rates that ensure reproducible production for 3D 

industrial applications. Besides, the thiol-ene based hydrogels maintain superior 

biocompatibility in both hydrogel precursors and degradation products while decreasing side 

reactions with cell components. Recently, Bai’s group reported their thiol-ene derived gelatin-

Nb hydrogels, whose mechanical stability and moduli can be easily manipulated by modulating 

the concentration and/or degree of thiol substitution (Figure 2.17B).2 Using this bioink, 

complex-structured bioscaffolds and cell-laden structures with desirable printability and high 

post-crosslinking cell viability were obtained. Due to the controllable properties of the 

fabricated objects, the authors also suggested the potential application of the gelatin-Nb based 

bioprinting in regenerative medicine. 
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Figure 2.17. (A) The photoactive GelNB and GelS for bioprinting of hydrogels in Schepers’ 

research (left), and 3D bioprinting of a hydrogel grid structure (1 cm × 1 cm) consisting of four 

layers on a glass slide (right).57 (B) The photoactive GelNB and thiolated heparin (HepSH) in 

Bai’s research (left), and 3D-printed canine peripheral-nerve-like constructs using the 

GelNB/HepSH bioink (right).2  

 

For fabricating hard tissue replacements, such as bone scaffolds, cranial or sternum 

implants, or even prosthetics, multifunctional (meth)acrylates and carbonates are attracting 

significant attention owing to their rigidity and toughness. Compared with the cell-laden thiol-

Nb resins, the thiol-ene/yne derived resins for making hard tissue replacements cannot 

accommodate as many cells as thiol-Nb resins. However, these resins usually show some 

unique advantages, such as antibacterial properties, which are desirable for fabricating medical 

devices. For example, Liu and co-workers highlighted the biological application of a 3D 

printable thiol-ene-acrylate (PETMP/TTT/TMPTA3EO) matrix resin.61 In their research, with 

a combination of a quaternary ammonium salt, the thiol-ene-acrylate ternary resin showed 

desirable antibacterial properties. A 3D printed complete tooth model with high printing 

precision was successfully obtained (Figure 2.18A), illustrating the great development 

prospects of the thiol-ene-acrylate ternary photopolymers in the field of biomedicine.  

Although (meth)acrylates show obvious advantages in fabricating hard tissue 

replacements, such as excellent rigidity and toughness, there are several drawbacks of these 

monomers, including low biocompatibility, hydrolytic degradation in the human body that may 

cause tissue necrosis, and insufficient polymer toughness that leads to undesirable brittleness. 

Additionally, as thiol-yne networks show higher crosslinking densities, they facilitate the 

manufacture of medical devices with a high degree of rigidity and toughness. Griesser’s group 

used alternative multifunctional alkyne carbonates as building blocks in their fabrication of 

biomedical devices (Figure 2.18B).53 Through oxa Michael addition reaction, the synthesised 

alkynes show much higher reactivity than the initial acrylates in photo-induced reactions. 

Moreover, the selected thiol-yne (PETMP/TBT) formulations can be processed by 

stereolithography, significantly outperforming the corresponding acrylate in terms of modulus 

and toughness, and providing a glass transition temperature (61 oC) well above the body 

temperature. Importantly, the excellent biocompatibility of such cured materials to 

osteosarcoma cells makes these photoresins favourable for fabricating medical devices in hard 

tissue applications. 
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Figure 2.18. (A) Monomers and quaternary ammonium salts in Li’s research (left), and digital 

pictures of dental models made by DLP printing with different antibacterial photosensitive 

photopolymers: 4 wt.% quaternary ammonium salt with methacrylate (QAC) (up); 10 wt.% 

SH-QAC (top).61 (B) Conversion of 1,4-butandiolediacrylate (BDA) to TBT using the oxa and 

carbon Michael addition reaction in Griesser’s research (left), and 3D printed test patterns from 

a TBT/PETMP formulation (right).53  

 

Apart from the resin systems discussed above, thiol-ene-silicone elastomers have also 

been widely employed in fabricating biomedical implants due to their excellent 
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biocompatibility and low or nearly non-existent cytotoxicity.116-119 Moreover, using 

elastomeric silicone rubbers in bioinks is beneficial for introducing various properties to the 

3D printed products, including chemical inertness, tunable mechanical properties, abrasion 

resistance, and thermal stability of maintaining useful properties over a wide range of service 

temperature (─50 оC to over 250 оC).120,121 

In the area of 3D bioprinting, cell-laden resins are usually fabricated using the DIW 

technique, while other non-cell laden resins are mostly printed through the DLP printing 

process. Although the 3D fabricated cell-laden objects show obvious tissue activity and thus 

may be used as real “tissue” in human bodies, the low printing accuracy is the big challenge 

that requires solving. This drawback is mainly caused by the scale of the nozzle in the DIW 

printer. However, only few studies on DLP or SLA 3D printing of thiol-ene/yne gelatin were 

reported. The possible reasons include that the viscosity of the gelatin is not suitable for VP 

3D printing, and the near-UV light in the VP 3D printers is harmful to the cells in the gelatin, 

which may dramatically decrease the bioactivity of the fabricated product.  

Fabrication of 3D objects with a controllable structure has been reported and opens up 

a new direction in overcoming the issue of fabricating cell-laden thiol-ene/yne resins. In 2019, 

Chiappone et al. employed a thiol-yne off-stoichiometric resin (OSTY) for fabricating 3D 

objects.64 By controlling the relative ratio of the co-monomers in the formulations during the 

printing process, the 3D fabricated structures were controllable. In the final off-stoichiometric 

thiol-yne resin for the DLP printing, the alkyne bis(propargyl)fumarate was mixed with a 

commercially-available thiol in different ratios for obtaining formulations with stoichiometric 

and OSTY compositions (Figure 2.19A). The excess of “SH” or “Yne” functionalities that are 

not involved in the cross-linked network, become available for a variety of post-

functionalisation processes. The studied formulations were successfully printed with good 

precision in a DLP 3D printer (Figure 2.19B). In the 3D printing process, structures with 

different functional groups exposed along the z-axis were fabricated. This property was 

controlled by modifying the resin formulation. Importantly, good adhesion of the different 

layers in the fabricated structure was maintained even after the post-curing process. This result 

illustrates the easy handling of the hybrid materials. This strategy gives a new perspective to 

the manufacturing of functional 3D objects, in particular for fabricating multiple functionalised 

biomedical materials.  
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Figure 2.19. (A) Composition of the thiol-yne derived photopolymers in Chiappone’s research. 

(B) Images of the 3D printed objects: (B-A) result of the post functionalisation step with the 

squaraine dye for the three formulations (off-stoichiometric TH, off-stoichiometric YNE and 

stoichiometric EQ), (B-B) structure built with the stoichiometric formulation (EQ), (B-C) 

hybrid structure with the two off stoichiometric formulations (YNE at the bottom and TH at 

the top), and (B-D) result of the post functionalisation process on the same structure.64  

 

2.5.3  Other applications 

Until now, the research hotspots of thiol-ene/yne derived eco-friendly resins have 

focused on recyclable and degradable materials, which are composed of thermoplastics or 

contain degradable functional groups, respectively. Bowman’s group highlighted the first 

instance of thiol-ene derived thermoplastics for VP-based 3D printing (Figure 2.20A).69 

Inspired by the structure of the thermoplastic poly(ethylene terephthalate), the 

photopolymerisable thermoplastic systems originated from a linear thiol-ene system (HDT-

DAT), forming meltable and intrinsically reprocessable non-cross-linked polymers. Hence, the 

HDT-DAT polymers combine the key characteristics of both thermoplastics and 

photopolymers. Moreover, according to the mechanical property measurements of the 3D 

fabricated objects, the HDT-DAT thermoplastics possess an exceptional combination of tensile 

strength, elongation, and toughness, illustrating the various applicability of this thiol-ene 
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system. Recently, Jin’s group reported a fast hydrolytically degradable thiol-yne derived resin 

(AT) for DLP 3D printing (Figure 2.20B).7 This resin is mainly composed of a synthesised 

aliphatic oligomeric polycarbonate (A4) with a pendant alkyne functional group, in 

combination with a commercially-available tetrafunctional thiol (T4). The ester linkages in the 

monomers effectively impart fast hydrolytic degradation functionality in alkaline solutions to 

the 3D printed objects. Both of these works combine 3D printing technology and eco-friendly 

thiol-ene derived resins, providing possible solutions to the plastics pollution problem.  

 

 

Figure 2.20. (A) Monomers in the thiol-ene derived photopolymers for fabricating 

thermoplastics in Bowman’s research (top), and photopatterning via DLP, 3D printed objects 

and melting of 3D printed HDT-DAT photopolymerisable thermoplastics (bottom).69 (B) The 

monomers of alkyne A4 and thiols (T2, T3, and T4) employed in Jin’s group’s research (top), 

the optical images of 3D printed objects (left down), and the hydrolytic degradation of 3D 

printed hollow cubes from AT derived photopolymer (orange) and commercial resin as control 

(green) in 1 M NaOH solution (right bottom).7  

 

In the area of microfabrication, laser direct writing 3D micro/nano-lithography is 

usually used for fabricating precise 3D structures. As one of the most accurate 3D printing 

technologies, two-photon photolithography (2PP), which relies on localised curing of liquid 

ink materials upon non-linear two-photon photoinitiation, triggered by an ultrafast near-

infrared laser beam,122,123 has been employed in the thiol-ene 3D printing. Qin et al. presented 
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a strategy to produce visible light-responsive 3D micro-objects by using the 2PP technique 

(Figure 2.21A).66 UV photocuring allows facile preparation of thin films; meanwhile, two-

photon based writing with near-infrared laser pulses enables ultrafast custom microfabrication 

of nano-3D structures with complex geometry.  

In the area of fabricating conductive 3D objects, Furukawa’s group reported that an 

ionic liquid (IL) incorporated with thiol-acrylate network can form functional conductive thiol-

ionic gels (Figure 2.21B).68 The conductivity of the 3D printed objects is largely governed by 

the IL content in the resin. The conductivity of the gels can be increased by adding more IL 

into the resin, which leads to a significant decline in stiffness. Using the property-switchable 

ionic gels, 3D microstructures with tunable conductivity, mechanical flexibility, and high 

thermal stability were fabricated via the SLA printing process.  

 

 

Figure 2.21. (A) Chemical structures of network components in Qin et al.’s research (top), and 

complex C60 microstructures at varying line number and laser power (bottom).66 (B) Chemical 

structure of solvent, end-crosslinkers, and monomers in Furukawa et al.’s research (top), and 

3D printed thiol-ionic gels (bottom).68  
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2.6 Conclusion and outlook 

Photo-assisted 3D printing technologies have opened new directions in industrial 

manufacturing. Recent research has inspired investigation of these technologies in the fields of 

biology, medicine, and engineering. In the field of photo-assisted 3D printing, thiol-ene/yne 

derived photocurable systems have shown great potential owing to their outstanding oxygen 

tolerance, homogeneous cross-linked networks, high network density, and good 

biocompatibility. A broad number of thiol-ene/yne derived photocurable formulations have 

been employed in the area of photo-assisted additive manufacturing, offering various properties 

to the fabricated products; however, some limitations of thiol-ene/yne derived photopolymers 

still exist. For example, the low shelf-life of the thiol-ene/yne resins caused by the formation 

of the oxidative disulfide bond,124,125 or the low modulus and poor mechanical properties of 

thiol-ene/yne derived 3D fabricated products owing to their flexible thioether linkages in 

networks.126,127 For these problems, some solutions have been reported. The short shelf-life can 

be extended to some degree by adding a stabiliser, such as free radical inhibitor pyrogallol,80 

to the resin formulation. The rigidity of the thiol-ene/yne derived networks can be increased by 

adding the (meth)acrylate monomers26 or norbornene end-capped oligourethanes to create a 

strong hydrogen bonding between urethane chains.128 

Although some strategies for optimizing the thiol-ene/yne resins have been presented, 

there is still plenty of scope for further advanced studies of photo-assisted 3D printing. For 

example, the physicochemical and mechanical properties of the thiol-ene/yne 3D printed 

objects can be further expanded by modifying the structure of the monomers or by adding 

various additives into the photopolymers. In addition, it is essential to investigate visible-light 

irradiated photocatalysis systems for obtaining a mild and safe thiol-ene/yne derived 3D 

printing process. In the current thesis, the investigation will be focused on thiol-yne derived 

photopolymers. Because limited reports of degradable thiol-ene/yne photoresins were reported, 

the first part of my research will be the designing of degradable thiol-yne photoresins that can 

introduce desirable degradability into the 3D fabricated objects. The various properties of the 

resulting objects will be thoroughly discussed. In the next section, a safer thiol-yne 3D printing 

process will be investigated. This is based on replacing the commercial UV light source with 

mild visible light. Meanwhile, novel photoinitiators or photocatalysts will be explored. It is 

believed that with further investigation, thiol-yne chemistry is expected to open up numerous 

directions for the market and industries of photo-assisted additive manufacturing. 
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3 A Literature Review on 

Electrically Conductive 

Polyaniline in Photo-

Assisted Additive 

Manufacturing 
 

3.1 Introduction 

Electrically conductive polymers (ECP) are materials that exhibit extraordinarily 

reversible redox behaviour and an uncommon combination of the properties of metals and 

plastics.129 Although they are organic materials, their conductivity values are comparable to 

semiconductors and metals owing to the π-conjugated system in the polymeric chains.130-132 

The outstanding conductivity, as well as electrochemical and optical properties, make 

electrically conductive polymers excellent candidates for fabricating complex devices, such as 

batteries,133,134 gas separating membranes,135,136 sensors,137-141, microelectronic devices,142,143 

and many optical devices.144 The earliest breakthrough in electrically conductive polymers was 

the discovery of polyacetylene.145-150 Although polyacetylene has metallic conductivity, 

oxygen sensitivity dramatically limited its industrial application. To solve this problem, other 

electrically conductive polymers were designed and synthesised. The typical representatives 

are polythiophene, polypyrrole and polyaniline.151 Among them, polyaniline has received 

particular attention because of its high electrical conductivity, which can be reversibly 

controlled by oxidation or protonic doping mechanism;152-154 its distinguished chemical 

stability in air; and the good solubility of its undoped-state in some solvents such as N-methyl-

2-pyrrolidone (NMP).155-157 

The main methods for synthesising ECPs include chemical oxidative polymerisation 

and photoredox polymerisation. Compared with the chemical oxidation strategies reported in 
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the nineteenth century, photopolymerisation of electrically conductive polymers was not 

reported until the 1980s.151 Photochemistry provides an easy synthesis method by modifying a 

few parameters such as light intensity or wavelength.158 The photopolymerisation process 

includes two categories: (1) photopolymerisation with photocatalytic systems; and (2) 

photoexcitation of the monomer, which leads to a conducting polymer. Until now, much 

research has focused on the photopolymerisation of pyrrole or thiophene. Visible light, sunlight, 

UV light, or lasers were used as the light source.159-167 Comparatively, although polyaniline has 

outstanding high conductivity and good chemical stability, only a few studies on the 

photopolymerisation of aniline were reported.168,169 

In the first part of this review, the photo-assisted polymerisation strategies for 

synthesising electrically conductive polyaniline are outlined. The second part of this review 

highlights the representative progress of electrically conductive polyaniline in photo-assisted 

additive manufacturing. The resin formulations, light sources, and related fabrication 

techniques are discussed in detail. Lastly, drawbacks that limit the application of polyaniline 

and the future direction of this area are also evaluated.  

 

3.2 Photo-assisted polymerisation for synthesising polyaniline 

Photo-assisted polymerisation is based on the mechanism of photo-induced electron 

transfer (PET), which is an excited-state electron transfer process.170,171 As shown in Figure 

3.1, When a photon excites a molecule, an electron in a ground-state orbital can be excited to 

a higher energy orbital. This excited-state leaves a vacancy in a ground-state orbital that can 

be filled by an electron donor. It produces an electron in a high energy orbital which can be 

donated to an electron acceptor. In this respect, a photo-excited molecule can act as a good 

oxidising agent or a good reducing agent.172 
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Figure 3.1. Photoinduced electron transfer process (D is electron donor, A is electron acceptor, 

and * denotes an excited state. M is metal and Ln is ligand).172 

 

Although chemical polymerisation of aniline has been widely investigated, limited 

research about photopolymerisation of aniline is reported.173 It is well known that PET 

reactions take place between photo-excited ruthenium (II) complex Ru(bpy)3Cl2 and 

electroactive molecules, which have been used in the photopolymerisation of pyrrole.171,174-176 

In 1996, based on PET mechanism, Kobayashi et al. pioneered a photoelectrochemical 

polymerisation of aniline with a Ru(bpy)3Cl2-methyl viologen (MV) polymer bilayer electrode 

system.168 In their research, the photopolymerisation of aniline was initiated by generating N-

phenyl-p-phenylenediamine (PPD) radical cation via a reductive quenching process (Scheme 

3.1). The illumination of aniline dimer PPD was carried out in acidic aqueous solution. Light-

induced excitation of the photocatalyst Ru(bpy)3Cl2 produced the excited-state [Ru(bpy)3
2+]*, 

which is a much more potent electron donor than the ground-state [Ru(bpy)3
2+].177 If photo-

induced oxidation of substrate is to be feasible, Ered of photoredox catalyst must be more 

positive than Eox of the substrate.178 It was reported that the reductive potential of the photo-

excited Ru(bpy)3Cl2 is comparatively higher than the oxidative potential of PPD.168 Hence, an 

electron was transferred from PPD (Eox (PPD+/PPD) = 0.50 V vs. SCE)179 to the excited-state 

[Ru(bpy)3
2+]* (Ered (Ru2+*/Ru+) = 0.77 V vs. SCE),180 producing a PPD radical cation (PPD●+). 

This is a single electron transfer (SET) reaction. In the second stage, an electron was transferred 

from [Ru(bpy)3
+] to [MV2+], forming an MV radical cation (MV●+). In the next stage, the 

electron was then transferred to the oxygen, returning [MV2+] to the cycle. This continuous and 

unidirectional PET process produced PPD radical cation (PPD●+) which attacked aniline 

monomer to yield aniline trimer. Because the oxidation potential of the aniline trimer is lower 
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than that of the dimer,168 the trimer was easily oxidised by the excited-state [Ru(bpy)3
2+]*, 

which aroused the chain propagation and finally led to the formation of PANI chain. In 

Kobayashi et al.’s research, although polyaniline was successfully synthesised, the 

photopolymerisation of aniline was directly induced by aniline dimer PPD rather than aniline 

monomer itself. This is because the Ered of Ru(bpy)3Cl2 (Ered (Ru2+*/Ru+) = 0.77 V vs. SCE)180 

is more negative than the Eox of aniline (Eox (aniline+/aniline) = 1.04 V vs. SCE),181 making it 

is very difficult for aniline to be oxidised by Ru(bpy)3Cl2. 

 

 

Scheme 3.1. Proposed mechanism for Ru(bpy)3Cl2 catalysed photopolymerisation of aniline 

in  Kobayashi et al.’s report. 

 

In 2003, Azevedo et al. presented a straightforward route for photo-induced 

polymerisation of aniline, in which the conventional oxidative reagents were replaced by 

photons and metallic ions to promote the polymerisation of aniline monomer.169 Moreover, no 

bias voltage was applied to the electrode. In this system, a solution containing aniline and silver 

ions was illuminated by UV or visible light. The authors investigated the mechanism in 2010 

(Scheme 3.2).131 In the first step, NO3
─ was irradiated by UV light, producing hydroxyl radicals 

(∙OH). These radicals attacked the aniline monomers, forming aniline radical cation, which is 

the initiator for the polymerisation of aniline. In the next step, the aniline radical cations 

coupled with each other, producing dimer, tetramer, and finally, polyaniline. Meanwhile, some 

of the formed oligomers were oxidised by the silver ion (Ag+), producing the polyaniline and 
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silver particles. In Azevedo et al.’s research, the photopolymerisation of aniline was induced 

by the hydroxyl radicals. This strategy provided an alternative method to produce aniline 

radical cations, in which no aniline dimer was needed.  

 

 

Scheme 3.2. Proposed mechanism for photopolymerisation of aniline in Azevedo et al.’s 

research.131 

 

3.3 The application of electrically conductive polyaniline in photo-

assisted additive manufacturing 

3.3.1  Fabrication of image recording systems 

As the demand for smart materials increases, more attention has been focused on 

adapting to the challenges of fabricating electrically conductive polymers with additive 

manufacturing techniques. For the re electrically conductive polymers, the major drawback is 

their insolubility and infusibility, which limits their processing into useful products. One of the 

strategies to solve this problem is to combine the electrically conductive polymers with other 

processible polymers.182 For example, compositing conductive polymers in a photoresin is a 

favourable method to introduce properties such as flexibility or toughness to the polymer 

network. In the early stage of developing the application of photopolymerised PANI, the 

research mainly focused on fabricating 2D image recording devices, which were investigated 

by Kobayashi’s and Azevedo’s groups. One of the most attractive advantages for PANI as 

compared with other conducting polymers is the colour variation.183 PANI shows colour 

changes from pale yellow to green, blue, ordeep purple at different oxidation states.184 In the 
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photopolymerisation process, the colour change of PANI is controllable and thus PANI images 

can be formed. This unique property of PANI opened up a wide range of applications for image 

recording systems.185  

The earliest report of photo-assisted 2D micro-pattern of polyaniline was presented by 

Kobayashi’s group.168,186 In this work, PANI was synthesised by Ru(bpy)3Cl2-catalysed 

photopolymerisation of aniline, which was induced by an aniline dimer PPD with the existence 

of oxidant MV. Because the Flemion matrix incorporated with the photocatalyst and the 

oxidant enhanced the efficiency of the photopolymerisation, Flemion composite films within 

Ru(bpy)3Cl2 and MV were prepared for the image recording. In the photopolymerisation 

process, PANI was synthesised in solid state as well-defined images by visible light 

illuminating through a photomask. Clear patterns of less than 2 μm were obtained. Thereafter, 

the authors optimised their original formulation by adding titanium dioxide (TiO2) in the 

system, and designed a novel method for photo-writing erasable and regenerable PANI micro-

patterns in Flemion composite films (Figure 3.2).187,188 Using this strategy, a conductive PANI 

image was obtained via a Ru(bpy)3Cl2-catalysed photopolymerisation of PPD. The resulting 

image can be erased and regenerated by consecutive photo-reduction and photo-oxidation via 

PET with TiO2 and Ru(bpy)3Cl2. Kobayashi et al.’s research indicated that the 

photopolymerisation of aniline monomer or aniline derivatives has great potential for 

lithography, such as fabricating memory devices, microelectronics, or optical rewriting 

systems. 

 

 

Figure 3.2. Micrograph of photopolymerised PANI pattern.188  
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Based on the method of photopolymerising aniline reported in 2003,169 Azevedo’s 

group reported different strategies for preparing conductive polymer patterns in various 

substrates. For an image recording experiment, water soluble polyvinyl alcohol (PVA) doped 

with aniline monomer and transition metals was used as the solid support. A defined image 

was obtained by keeping a photomask with the desired image information in front of the 

processed PVA film, which was exposed to UV light (Figure 3.3).189 Besides the conventional 

photolithography, the authors also designed a straightforward method for printing conducting 

polymer patterns (Figure 3.4).190 Instead of using a photomask, a standard Deskjet printer was 

modified for printing desired information. The conventional ink in the printer was replaced by 

a silver ion-contained solution, which was printed on a substrate that was soaked in aniline 

aqueous solution. After the printing process, the substrate was illuminated by UV light, leading 

to the appearance of the printed patterns or characters. These contributions described the 

application of a rapid and low-cost technology to produce electrically conducting polymer-

derived materials for fabricating microelectronic devices and circuits. 

 

 

Figure 3.3. The PANI image recorded by projecting a negative photomask.189  
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Figure 3.4. (A) Patterns printed on a glossy premium film substrate with a DeskJet printer. (B) 

The printed patterns that have not been developed. (C) UV light illumination with the germicide 

lamp after the printing. (D) The developed patterns.190 

 

3.3.2  Fabrication of 3D conductive structures  

Although PANI exhibits versatile properties, especially outstanding conductivity 

compared to other electrically conductive polymers,189 its poor solubility and non-

thermoformable nature dramatically limit its processability for making complex 3D functional 

products.191 Recently, additive manufacturing processes developed using PANI-composites 

display alternative ways of fabricating conductive 3D objects, in which PANI was used as an 

additive to common photopolymerisable resins. These strategies combined the benefits of 

photo-assisted 3D printing, such as design flexibility, structural complexity, and 

sustainability,192 with the outstanding properties of PANI, producing electrically conductive 

products for various applications.193  

In the field of photo-assisted additive manufacturing, very limited research was focused 

on applying PANI in vat polymerisation.194-196 Oxidative polymerised conductive PANI was 

added into photocurable systems to prepare homogeneous resins for DLP 3D printing. For 

example, Cho et al. pioneered a polyacrylate resin that contains both PANI nanofibers and 

graphene sheets for DLP 3D printing (Figure 3.5).194 The resulting objects exhibited high 
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electrical conductivity (up to 4 × 10-9 S/cm) owing to the excellent dispersibility of the 

nanofibers. Furthermore, the introduction of graphene sheet into the resin significantly 

increased the electrical conductivity by about 40 times. Later, Cho’s group optimised this resin 

formulation by employing polyurethane (PU) and PANI as the components.195 Compared to 

the previous polyacrylate/PANI composites, the PU-contained system exhibited about four 

orders of magnitude enhanced electrical conductivity. The excellent printability and improved 

electrical properties of the printed products illustrate that this PANI-contained composite 

photoresin has potential for producing antistatic devices, conducting pastes, sensors, or 

biomedical devices. Although photo-assisted 3D printing techniques provide higher printing 

efficiency and accuracy than extrusion-based 3D printing techniques such as fused deposition 

modeling (FDM), the conductivity of the 3D fabricated objects in Cho’s research are 

significantly lower than that of the FDM-printed products.197-199  

 

 

Figure 3.5. Overall process of conductive 3D printing using polyacrylate resin solution 

employing polyaniline nanofibers and graphene sheet.194  

 

Recently, Abad et al. designed a DLP photocurable acrylate resin that contains PANI 

as filler and diacrylate as crosslinker.196 This composite system exhibited conductivity up to 

10-3 S/cm, which is dramatically higher than that of the FDM-printed objects. Combining such 

a good level of conductivity with excellent printing accuracy, this PANI-acrylate composite 
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system showed great potential for fabricating microbatteries or supercapacitors that cannot be 

precisely manufactured using extrusion-based 3D printing techniques.  

 

3.4 Conclusion and outlook 

In the area of photo-assisted additive manufacturing, electrically conductive PANI has 

been reported for fabricating functional objects. For making image recording devices, 

electrically conductive PANI was formed in a pre-prepared polymer film in desired patterns 

via a photo-induced electron transfer process. For fabricating conductive 3D structures, 

conductive PANI was added into a photocurable resin to prepare a composite system that 

combines both outstanding printability and desirable conductivity. Although significant 

advances of PANI-based photoresins have been made, compared with other ECPs that have 

been widely investigated in photo-assisted additive manufacturing, there are still some 

challenges that need to be addressed to extend the applicability of PANI-based photoresins.  

The reported strategies for making image recording devices either need dangerous and 

poisonous oxidant MV, or require multiple preparation steps which need special equipment 

such as a modified Deskjet printer. The complex experimental methods increase the danger to 

user and the technology cost. The presented methods for 3D printing conductive PANI-

contained structures require preparation of PANI nanofibers. In addition, the type of available 

photoresins was limited to polyacrylate and polyurethane. All of these disadvantages seriously 

restrict the application of electrically conductive PANI in photo-assisted additive 

manufacturing. To overcome some drawbacks of the existing methods, the second part of this 

thesis aims to develop practical routes to fabricate functional electrically conductive PANI-

contained objects by using photo-assisted additive manufacturing techniques.  

In my project, for creating the image recording devices, safe and cost-effective 

synthesis routes for preparing PANI will be explored. The photocatalytic activity of 

photoactive organic molecules or transition metal complexes will be investigated in a 

photopolymerisation reaction of aniline or its derivatives. Toxic chemicals and dangerous 

reaction conditions will be avoided. The molecule that successfully initiates the 

photopolymerisation will be used as the photocatalyst in the following image recording 

experiments. The properties of the pattern-recorded films that have not been reported will be 

detailed in Chapter 6. For 3D printing functional ECPs, an alternative strategy needs to be 

designed. Functional groups that bring hydrophilicity will be introduced onto the backbone of 
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the monomer for increasing the solubility of the conductive polymer in the photoresin. A 

homogeneous resin will be tested in the photo-assisted 3D printing in Chapter 7. The various 

properties of the fabricated objects will be thoroughly discussed. It is believed that with further 

investigation, potential applications of the reported PANI-contained photoresins will be 

uncovered and explored, and the variety of electrically conductive photoresins will be enriched. 
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4  Fast Hydrolytically 

Degradable 3D Printed 

Object Based on Aliphatic 

Polycarbonate Thiol-Yne 

Photoresins  
 

This chapter describes the synthesis of aliphatic polycarbonate, the application of the 

polycarbonate in a DLP 3D printer, and the degradability of the fabricated objects. 
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4.1 Introduction 

The additive manufacturing industry, which is also commonly known as 3D printing or 

rapid prototyping (RP), is continuing its rapid growth as an integral part of the 4th industrial 

revolution. While we are witnessing the rapid growth of 3D printing technologies and their 

broad applications, the unintended consequence of the large volumes of polymeric materials 

being consumed, and their association with plastic pollution, has become an increasing 

concern.200 In particular, VP photoresins are predominantly derived from non-degradable 

acrylates and epoxides201,202 that produce chemically cross-linked thermosets and are very 

difficult to degrade. Degradable photoresin formulations are thus highly desirable for a growing, 

thriving 3D polymer printing industry. This is particularly true for stereolithography based 

processes. In the future, the degradability and recyclability of 3D printed objects will be of 

increasingly important concern.203 Hence, cross-linked materials that are readily degradable 

are under early exploration. For melting/extrusion-based 3D printing processes, the majority 

of the current research involves eco-friendly materials, such as thermoplastic polylactic acid 

(PLA),204 hemicellulosic biopolymers extracted from lignocellulosic agricultural wastes,205 and 

recycled waste-derived high-density polyethylene (HDPE).206 Recently, soybean oil 

methacrylates207 and highly functional bio-based (meth)acrylate resins synthesised from 

epoxidised sucrose soyate have been applied as photopolymer resins for commercial SLA 

printers.208  

Radical-mediated thiol-ene and thiol-yne “click” chemistry is an effective way to 

produce both high molecular weight linear polymer and cross-linked polymer networks. 

Visible and/or UV irradiated thiol-ene and thiol-yne photopolymerisations27,209-211 are 

applicable for current DLP and SLA 3D printing techniques, although the use of these resins 

is still in its infancy compared to the widely implemented acrylate/epoxy based 

photoresin.61,64,81 Good oxygen tolerance makes thiol-ene and thiol-yne resins printable in the 

presence of air. Additionally, thiol-ene and thiol-yne photopolymerisations exhibit highly 

uniform cross-linked networks, which overcomes the common problems associated with 

insufficient curing and high-stress post-curing found with current (meth)acrylate-based 

formulations.45 Many exemplary works based on thiol-ene and thiol-yne photoresin have found 

applications in various fields, which have been systematically discussed in the Chapter 2.  

In this research, we aim to develop new thiol-yne photoresin(s) that exhibit all of the 

above advantages, and also addresses the plastic pollution issue through tailored, fast, 
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hydrolytic degradation for the resultant 3D printed objects. Our photoresin is composed of a 

novel aliphatic oligomeric polycarbonate with pendant alkyne functional group as the “yne” 

component, in combination with commercially-available multifunctional thiols used as the 

“thiol” component. The fundamental thiol-yne photopolymerisation kinetics were monitored 

by photo-DSC and real-time ATR-FTIR. The thermal properties of the resulting cross-linked 

thiol-yne resin were analysed by differential scanning calorimetry (DSC) and thermo-

gravimetric analysis (TGA). The 3D printability of the optimised thiol-yne resin formulation 

was demonstrated using a commercial DLP 3D printer with a standard 405 nm light source. 

Finally, we demonstrated and characterised the fast hydrolytic degradability of the 3D printed 

objects. This last property could be one of the most advanced approaches towards mitigating 

the global plastic pollution problem that accompanies widespread 3D printing of polymers.   

 

4.2 Experimental Section 

4.2.1  Materials and methods 

All the reagents were purchased from Sigma Aldrich and used as received unless 

otherwise specified, including benzoic acid (99.5%), 2,2-bis(hydroxymethyl)propionic acid 

(98%), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (98%), and 4-methyl benzyl alcohol (98%). 

Specifically, the thiols are 2,2’-(ethylenedioxy) diethanethiol (95%), trimethylolpropane tris(3-

mercaptopropionate) (TMPMP) (95%), and pentaerythritol tetrakis(3-mercaptopropionate) 

(PETMP) (95%). The alkyne is 1,7-octadiyne (OD) (98%). 1-(3,5-Bis(trifluoromethyl)phenyl)-

3-cyclohexylthiourea (TU) were synthesised according to the literature protocols.212 The 

photoinitiators include 2,2-dimethoxy-2-phenylacetophenone (DMPA) (99%) and  

phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819) (97%). Other additives were 

pyrogallol (98%) and Sudan II (90%). The commercial 3D Printing Resin (green colour, 405 

nm) was obtained from Shenzhen Anycubic Technology Co., Ltd., China. 

 

Monomer and Polymer Characterisation. 

NMR spectra were obtained on a Bruker AvanceIII-400 instrument opera operated 400 

MHz using CDCl3 solution. All chemical shifts (δ) were reported according to the solvent 

residual peaks (CDCl3 δ = 7.26 ppm (1H) and 77.0 ppm (13C)) in parts per million (ppm). 
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The photo-differential scanning calorimetry (photo-DSC) experiments were performed 

on a Photo-DSC 3500 Sirius (NETZSCH, Germany). All measurements were conducted at 

25°C in aluminium crucibles under nitrogen flow (20 mL/min). Klerex Delolux 04 discharge 

lamp spotlight (DELO, Germany) was used as the light source (315-500 nm). The light 

intensity was set to 9.9 W/cm2. For the determination of the reaction enthalpy and tmax, the 

samples were illuminated twice for 10 min each, with an idle time of 2 min in between.  The 

DSC sample quantity was 11.0 ± 0.4 mg thiol-yne resin containing 3 mol% of DMPA as 

photoinitiator. To calculate the reaction enthalpy, the exothermic peak in the first run was 

subtracted by the exothermic peak in the second irradiation run. 

Real-time Attenuated Total Reflection-Fourier Transform Infrared spectroscopy (ATR-

FTIR) measurement was conducted on a Thermo Scientific Nicolet iS50 FT-IR spectrometer 

with a built-in diamond ATR to monitor evolution of the functional group concentrations 

during photopolymerisation. The data were analysed with the Series Data Collect V9.9 

software. Series scans of FT-IR spectra were recorded over the 400~4000 cm-1 at a rate of 5 

scans/s and at a resolution of 4 cm-1. All reactions were performed with 3 mol% DMPA 

photoinitiator under the 365 nm UV light (0.35 mW/cm2). The terminal alkyne C-H stretching 

vibration at 3288 cm-1 was traced to enable monitoring of the thiol-yne reaction kinetics. All 

experiments were performed in triplicate. Conversation (%) was calculated using equation (1) 

Conversion (%) = [
𝐴0 − 𝐴𝑡

𝐴0
] × 100%              (1) 

where A0 is the C-H stretching vibration absorbance at 3288 cm-1 before irradiation and 

At is the absorbance value at time t.  

The glass transition temperature of the resulting polymer network was measured by 

DSC-Q1000 (TA Instruments, USA). Samples weighing approximately 10.3 mg were pressed 

into aluminium pans and subjected to a heat-cool-heat cycle followed by cooling at a rate of 

5°C/min to -89°C and heating at a rate of 10°C/min to 150°C under nitrogen gas. For the 

analysis, the glass transition temperatures (Tg) was obtained upon the second heating after 

quick cooling. The reported Tg was determined by estimating the midpoint in proximity of the 

change in the heat flow curve. 

The thermal stabilities of all the thiol-yne polymers were investigated by TGA-Q5000 

(TA Instruments, USA). All samples were heated from 25°C to 600°C at a rate of 10°C/min 

under continuous nitrogen flow (25 mL/min). The reported thermal decomposition temperature 
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(Td), in which a substance chemically decomposes, was taken as the extrapolated onset 

temperature of each decomposition stage in the curve. 

 

DLP 3D printing. 

The 3D printing experiments were conducted on a commercial 405 nm DLP printer 

(Anycubic Photon, Shenzhen Anycubic Technology Co., Ltd., China). The vat 

photopolymerisation based 3D printing proceeded via a layer-by-layer process with pre-

defined printing parameters set by Anycubic Photon Slicer software. We set the optimum 

exposure time of 180 second per layer and layer thickness of 50 µm at an intensity of 2.7 

mW/cm2 at 405 nm. Based on the theoretical thickness achieved over time, the build speed was 

1 mm/h. After the printing process was completed, the objects were rinsed with acetone, 

followed by post-curing for 5 min or longer under a 4 W UV lamp. 

 

Hydrolytic Degradation study. 

The hydrolytic degradation experiments were designed according to the modified 

literature protocols by Griesser’s group.8 The 3D printed hollow cubes (1 cm × 1 cm × 1 cm) 

using the thiol-yne formulation developed in this work and commercial DLP resin as control 

were immersed in 10 mL 1 M NaOH and left at room temperature. The entire process 

(approximately 120 minutes) throughout the hydrolysis was continuously recorded by a GoPro 

camera. 

 

4.2.2  Synthetic procedures 

prop-2-yn-1-yl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate (1) 

 

The prop-2-yn-1-yl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate (1) was 

prepared from 2,2-bis(hydroxymethyl)propionic acid (20.00g, 146.20 mmol) according to 
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modified literature protocols by our group.213 The product (1) was 22.66 g (90.1 % yield) as 

white crystal. 

1H NMR (400 MHz, CDCl3), δ (ppm): 4.77~4.76 (d, 2H, J = 2.4 Hz), 3.94~3.92 (d, 2H, J = 

11.2 Hz), 3.75~3.72 (d, 2H, J = 11.2 Hz), 2.50~2.49 (t, 1H, J = 2.4 Hz), 1.10 (s, 3H). 13C NMR 

(100 MHz, CDCl3), δ (ppm): 175.12, 75.26, 68.25, 52.52, 49.32, 16.99.  

 

5-methyl-5-propargyloxycarbonyl-1,3-dioxane-2-one (2) 

 

The cyclic carbonate monomer 5-methyl-5-propargyloxycarbonyl-1,3-dioxane-2-one 

(2) was synthesised from compound 1 (21.60 g, 125.53 mmol).213 The product (2) was 9.69 g 

(39.0% yield) as white crystal.  

1H NMR (400 MHz, CDCl3), δ (ppm): 4.80~4.79 (d, 2H, J = 2.4 Hz), 4.74~4.71 (d, 2H, J = 11 

Hz), 4.23~4.20 (d, 2H, J = 11 Hz), 2.53~2.52 (t, 1H, J = 2.4 Hz), 1.37 (s, 3H). 13C NMR (100 

MHz, CDCl3), δ (ppm):  170.41, 147.32, 76.45, 76.01, 72.78, 53.54, 40.26, 17.44.   

 

Preparation of tetra-alkyne (A4) via ring-opening polymerisation  

 

TU (0.28 g, 0.76 mmol) and DBU (0.02 mL, 0.15 mmol) were added under nitrogen, in 

a 100 mL round bottom flask, to a monomer solution of compound 2 (3.00 g, 15.15 mmol) in 

a 10 mL anhydrous DCM. Then the initiator, 4-methyl benzyl alcohol (0.47 g, 3.79 mmol), 

was added to initiate the polymerisation and the mixture was stirred at room temperature 

overnight. At the end of the reaction, benzoic acid (0.06 g, 0.50 mmol) was added to quench 

the reaction. The crude polymer solution in DCM was precipitated in cold hexane three times 

and dried to the final tetra-alkyne A4 as a light yellow oil (3.16 g, 90.9% yield).  
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1H NMR (400 MHz, CDCl3), δ (ppm): 7.28~7.26 (d, 2H, J = 8 Hz), 7.18~7.17 (d, 2H, J = 8 

Hz), 5.11 (s, 2H), 4.73~4.69 (m, 8H), 4.37~4.28 (m, 16H), 2.52~2.46 (m, 4H), 2.35 (s, 3H), 

1.29~1.24 (m, 12H). 13C NMR (100 MHz, CDCl3), δ (ppm): 171.38, 154.29, 129.31, 128.63, 

77.24, 75.56, 68.44, 64.55, 52.89, 46.54, 21.23, 17.38, 17.30. IR, ν (cm-1): 3288, 2969, 2130, 

1736, 1470, 1380, 1235, 1132, 1051, 966, 809, 786, 755, 667, 565, 477. HR-MS (ESI) calcd. 

937.2737 for C44H50O21Na, found 937.2766 [M+Na]+. 

 

4.2.3  Preparation of resins 

Preparation of thiol-yne resin for kinetic study. 

In this work, we chose three types of thiols including 2,2’-(ethylenedioxy)diethanethiol, 

trimethylolpropane tris(3-mercaptopropionate) (TMPMP), and pentaerythritol tetrakis(3-

mercaptopropionate) (PETMP). According to the number of their thiol groups, these thiols 

were re-named as T2, T3 and T4, respectively. The synthesised aliphatic oligomeric carbonates 

containing the pendant alkyne groups were named A4 (tetra-alkyne). The molar ratio between 

thiol groups and alkyne groups was fixed at 2 : 1 because two moles of thiols react with one 

mole of alkyne to generate a dithioether adduct. We named the resin formula as AT series (A 

stands for Alkyne, T stands for Thiol, and the number indicates its functionality). For example, 

A4T2 stands for the resin formulation containing tetra-alkyne A4 and bi-functional thiol T2.  

Typically, the tetra-alkyne monomer A4 (1.00 g, 1.10 mmol) and T2 (0.84 g, 4.40 

mmol), or T3 (1.22 g, 2.90 mmol), or T4 (1.13 g, 2.20 mmol) were weighed and charged into 

a clean 20 mL glass vial and mixed with magnetic stirrers, followed by addition of 3 mol% 

DMPA as the photoinitiator. The resulting thiol-yne mixtures were transparent, light yellow 

viscous liquids. We designated these thiol-yne formulations A4T2, A4T3, and A4T4, 

respectively.  

Subsequently, these samples were used for photo-DSC and real-time ATR-FTIR kinetic 

studies.  Considering that the photoinitiator is sensitive to visible light, the sample vials were 

completely wrapped with aluminium foil to extend their shelf life. 

The individual formulations were also poured into a Teflon mould with a radius of 45 

mm and exposed to 365 nm UV light (1.89 W/cm2) at room temperature for 12 hours. The fully 

cured thin film samples (A4T2, A4T3, and A4T4) were obtained (see sample photos in Figure 

3) and used for DSC and TGA studies. 
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Preparation of the tetra-alkyne (A4) based thiol-yne resin for DLP 3D printing. 

The optimised thiol-yne resin formulation contains 21.1 wt.% tetra-alkyne A4, 59.6 wt.% 

tetra-thiol T4, 10.0 wt.% 1,7-octadiyne, 8.9 wt.% 2,2’-(ethylenedioxy) diethanethiol (T2), 0.2 

wt.% Irgacure 819, 0.1 wt.% pyrogallol, and 0.1 wt.% light absorbing additive Sudan II. 

 

4.3 Results and Discussion 

4.3.1  Synthesis of the aliphatic carbonate-containing tetra-alkyne 

(A4) 

Normally the multifunctional thiol components are abundant and commercially 

available. Therefore, to enhance the degradation capability of the thiol-yne cross-linked 

polymer network, we targeted modifying the “yne” component. Aliphatic polycarbonates are 

well known for their degradability and biocompatibility.213,214 Therefore, our “yne” component 

design is based on this polymer backbone. In 2016, Griesser’s group reported the hydrolytic 

biodegradable photopolymers for the 3D printing of biomedical materials based on thiol-yne 

click chemistry.8 In that work, the extrapolated time to reach full hydrolytic degradation for the 

cross-linked thiol-yne was about seven days. The hydrolytic degradation of 3D printed objects 

occurred through the incorporation of hydrolysable ester and carbonate units in the cross-linked 

network.215-217 Since then, very few studies have reported further in the field of degradable 

photoresins for DLP and SLA.   

In contrast to Griesser’s approach, we designed our tetra-functional alkyne monomer 

A4-containing aliphatic polycarbonate backbone (Figure 4.1A). First, a key cyclic carbonate 

monomer containing the alkyne group (2) was synthesised at the 20-gram scale, according to 

the procedure by Hedrick and co-workers.218 We set the molar ratio of monomer to initiator (4-

methyl benzyl alcohol) at 4:1 in order to achieve the target degree of polymerisation (DP) of 4. 

We determined that the resulting oligomer became highly viscous or even solid when the DP 

was greater than 4. Therefore, it would not be suitable for the subsequent thiol-yne formulation. 

Using the catalyst system of TU/DBU and through ring-opening polymerisation of the cyclic 

monomer 2, oligomeric A4 could be obtained as a light yellow, clear viscous oil with an 

excellent yield of 90%. From NMR end group analysis, the average DP matched the targeted 

value of 4 (Figure A1-A5). The peak was nomalised at 2.35 ppm as 3 protons, coming from 
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the methyl group of the 4-methylbenzyl alcohol (Figure A5). The peak was integrated at 

2.46~2.52 ppm, and the DP was calculated with the following equation:  

𝐷𝑃 =
𝐼𝑝𝑒𝑎𝑘 4

1
=

4.08

1
= 4.0      (2) 

Furthermore, as shown in Figure 4.1B, the ESI-MS spectrum of the product showed the 

distributed peaks separated by an interval corresponding to a repeating unit (198.05 m/z). The 

tallest peak gave the mass value of 937.2766 m/z, which is exactly the calculated molecular 

mass of [A4 + Na+] (937.2737 m/z).  

 

 

Figure 4.1. (A) Synthesis of the tetra-alkyne containing aliphatic polycarbonate (A4). 

Conditions: (i) propargyl bromide, KOH, acetone, reflux, 48 h; (ii) ethyl chloroformate, TEA, 

THF, 0°C, nitrogen; (iii) 4-methyl benzyl alcohol, TU, DBU, DCM, 25°C. (B) The ESI mass 

spectrum of A4. 
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4.3.2  Photo-DSC and Real-time ATR-FTIR study 

In our photoresin formulation we chose three types of commercial thiols: (1) 2,2’-

(ethylenedioxy)diethanethiol; (2) trimethylolpropane tris(3-mercaptopropionate); and (3) 

pentaerythritol tetrakis(3-mercaptopropionate). We refer to these by the number of thiol groups 

as T2, T3, and T4, respectively. We named the resin formula using an AT series (A stands for 

alkyne, T for thiol, and the number indicates functionality). For example, A4T2 indicates the 

resin formulation containing tetra-alkyne A4 and bi-functional thiol T2.  

Photo-DSC is an excellent tool for fast and accurate kinetic evaluation of 

photopolymerisation. Here, photo-DSC was employed to determine the photopolymerisation 

rates of tetra-alkynes (A4) with varying numbers of thiols (T2, T3, and T4) (Figure 4.2A). The 

mechanism of the thiol-yne “click” reaction is well described in the literature by Christopher 

Bowman (Figure 4.2B).27 The molar ratio between thiol groups and alkyne groups is fixed at 

2 : 1 because two moles of thiol reacts with one mole of alkyne to generate a dithioether adduct. 

Initially, we chose 10 min exposure time to ensure the full conversion of thiol-yne resin. As 

the “yne” component in all the formulations are the same, the effect of different thiol 

components (T2, T3, and T4) was compared (Figure 4.2C). In photo-DSC, tmax of exothermic 

peak is the time to reach the maximum polymerisation rate (cross-linked network formation),219 

which reveals information about the overall photoreactivity. All of the photo-DSC traces 

showed an intense exothermic peak right after irradiation was turned on and returned to the 

baseline 60 sec later (Figure 4.2C inset). Therefore, the thiol-yne photo-crosslinking 

polymerisation possibly could be completed within the first 60 seconds of irradiation, which is 

beneficial for fast 3D printing. Among three AT series photoresin formulations, the A4T2 

formulation showed the fastest reaction with a tmax of ~ 7.2 s to reach the maximum compared 

to A4T3 tmax of ~ 9.6 s and A4T4 tmax of ~ 8.4 s.  The low viscosity and high thiol reactivity of 

T2 could be an explanation for it having the highest polymerisation rate of A4T2. The fastest 

polymerisation rate of the formulation A4T2 might also be explained by the less steric 

hindrance of linear thiol T2 than the branched thiols (T3 and T4). Both T3 and T4 are based 

on the multi-arm propionate ester structure, T4 could be less accessible than T3 and T2. 

Additionally, the heat (∆H) released per “yne” equivalent during irradiation was also 

calculated. The A4T3 has the largest reaction enthalpy value (~ 120.0 kJ per C≡C eq.) 

compared with A4T4 (~ 105.8 kJ per C≡C eq.) and A4T2 (~ 112.3 kJ per C≡C eq.), which are 
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close to the reported data of around 122 kJ (per C≡C eq.).220 However, no obvious linear 

relationship in tmax or H with number of thiols was observed. 

Kinetic studies of the AT-series thiol-yne photoresins were also investigated by real-

time ATR-FTIR. The peak centred at 3288 cm-1 corresponding to the ≡C-H stretching 

vibration27 was chosen to monitor thiol-yne “click” reaction progress. As shown in Fig. 4.2D 

and its inset, the result followed the same trends that were observed in the photo-DSC studies. 

The A4T2 photoresin is the fastest among AT series formulations and gave the highest 

functional group conversion (89%). Comparatively, A4T3 and A4T4 only gave lower 

conversions of 64% and 71%, respectively. 

 

 

Figure 4.2. (A) Chemical structures of A4 and multifunctional thiols (T2, T3 and T4) for both 

of photo-DSC and real-time ATR-FTIR spectroscopic studies. Note: photo-DSC light intensity 

was set to 9.9 W/cm2 and FTIR is under irradiation of 0.35 mW/cm2 UV light; (B) Thiol-yne 

reaction step-wise mechanism: in cycle I, the addition of the alkylthiyl radical to the alkyne 

triple bond forms vinyl sulfide intermediate. In cycle II, a second alkylthiyl radical is added 

onto the vinyl sulfide to form dithioether triad; (C) Photo-DSC traces of investigated thiol-yne 

photoresins A4T4 (red trace), A4T3 (green trace) and A4T2 (blue trace). Illumination starts at 

2.2 s; (D) Real-time ATR-FTIR of terminal alkyne ≡C-H stretch (3288 cm-1) conversion as a 

function of irradiation time for A4T4 (red trace), A4T3 (green trace) and A4T2 (blue trace).  
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4.3.3  Thermal characterisation of the cured thiol-yne photoresins 

As shown in Figure 4.3A, the cured AT series resin (A4T2, A4T3 and A4T4) are 

transparent and flexible; a slight odour originates from trace amounts of unreacted thiol. The 

conversion of both -SH group (2560 cm-1) and alkyne group (≡C-H 3288 cm-1, -C≡C- 2130 

cm-1) have been nearly complete. No stretching vibration for these functional groups can be 

found in any of the three formulations (Figure 4.4). The DSC thermograms and their glass 

transitions are shown in Figure 4.3B. The glass transition temperature Tg of A4T4 (21.68°C) is 

higher than those of the networks of A4T3 (10.67°C) and A4T2 (-21.29°C). The features of 

the Tg values of polymers can be affected by the composition of the polymer, the crosslinkers, 

and the structural units.221 As the alkyne A4 is the same in all three formulations, the Tg values 

of the AT-series polymers must be mainly affected by the thiols. The combined effect of the 

highest network crosslinking density and more rigid ester structure in T4 results in the A4T4 

network with the highest Tg value. The A4T2 gave the lowest Tg value due to the flexible T2 

thiol linkage. Indeed, for the A4T2 system, its fast reaction rate and low Tg are related. 

The weight loss curves of all the AT series networks was measured by TGA under 

nitrogen (Figure 4.3C). All of the AT series networks showed reasonable thermal stability up 

to around 200°C. Above 200oC, the linear thiol T2-based A4T2 exhibited accelerated thermal 

degradation compared with the branched thiol systems, A4T4 or A4T3.  
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Figure 4.3. (A) Transparent and flexible AT series photoresins (A4T4, A4T3 and A4T2); (B) 

DSC thermograms of Tg for A4T4 (red trace), A4T3 (green trace) and A4T2 (blue trace) during 

the second heating cycle at a scan rate 10°C/min under nitrogen gas. (C)  Weight loss curves 

from TGA measurement for A4T4 (red trace), A4T3 (green trace) and A4T2 (blue trace) 

recorded with a heating rate of 10°C/min under continuous nitrogen flow (25 mL/min). 
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Figure 4.4. FT-IR spectra comparison between starting materials (A4, T2, T3 and T4) and 

their corresponding final cross-linked AT sample series (A4T2, A4T3 and A4T4). 

 

4.3.4  DLP 3D printing of the tetra-alkyne (A4) based thiol-yne 

photoresin formulations 

As mentioned earlier, the thiol-yne based 3D printing photoresins exhibit reduced 

oxygen inhibition and excellent performance regarding polymerisation rate, polymer network 

homogeneity, and low shrinkage.8,27,42,105,222 All of these advantages make thiol-yne based 

photoresins valuable for vat polymerisation-based 3D printing.8,53,64 To investigate the 3D 

printability of the degradable AT series formulations, we employed a commercial bottom-up 

DLP printer (Anycubic Photon, Shenzhen Anycubic Technology Co., Ltd., China). The 

printing was carried out in a layer-by-layer fashion set by digital slicing software with 

predefined parameters (the number of bottom layer, layer thickness, exposure time, and off 

time). The A4T4 system was used as a base formulation. The optimised photoresin composition 

and the additional additives used in the photoresin are listed in Figure 4.5B. Among these, the 

linear bifunctional 1,7-octadiyne and T2 were added as reactive diluents and chain extenders 

for decreasing the viscosity of the resin and adjusting crosslinking densities. The Irgacure 819 

was used as photoinitiator for its strong absorbance under 405 nm LED light. Additionally, to 
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avoid the rapid gelation of the resin during the printing process, pyrogallol was added into the 

formulation to stabilise the radical species involved in the resin.223 Meanwhile, light absorber 

Sudan II, which has proper light absorption under 405 nm and has no catalytic reactivity for 

thiol-yne photopolymerisation was added for obtaining higher printing fidelity. The 

formulation has good printability, which can continuously perform 3D printing for around 10 

hours without gelation. As shown in Figure 4.5C, under the optimised layer thickness and 

exposure time (50 μm per layer to and 180 s), 3D objects with excellent fidelity were 

successfully fabricated with the actual build speed around 1 mm/h.  The 3D structures of square 

pyramid, hollow cube, hollow square pyramid, and complex C60 molecule were all successfully 

fabricated with comparable resolution to the reported non-degradable thiol-yne based DLP 

printing research work.8,53,64 Lastly, all 3D printed parts were subjected to UV post-curing 

process to ensure the complete conversion of functional groups (Figure 4.6). 

 

 

Figure 4.5. (A)  Schematic of 3D printing process using a commercial bottom-up DLP printer 

equipped with 405nm LED light (2.7 mW/cm2) at room temperature and fully open to air. (B)  
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Optimised photoresin formulation for DLP 3D printing in this work. (C)  CAD models (Top) 

and corresponding optical images of 3D printed objects (Bottom).  

 

 

Figure 4.6. FT-IR spectra comparison between the starting materials (A4, T4, 1,7-octadiyne 

and T2) and the final 3D printed pyramid. 

 

4.3.5  Hydrolytic degradation study  

Polymers that contain degradable sites are expected to degrade into low molecular 

fragments.214,215,224-228 For the last part of this work, we investigated the hydrolytic degradation 

behaviour of 3D objects printed using our novel thiol-yne photoresins. As shown in Figure 

4.7A, two hollow cubes that were 3D printed using our A4T4 based photoresin (orange) and a 

commercial resin as the control (green) were subjected to immersion in 10 mL 1 M NaOH at 
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25°C with no agitation. Degradation was indicated by clearly visible dissolution of printed 

structures.  

As shown in Figure 4.7B, after 30 mins immersion, the solution containing the A4T4 

printed cube began to turn to orange, while the green cube had apparently not undergone any 

degradation. At 60 minutes, the orange A4T4 cube has begun to collapse, with more dissolved 

fragments in a darker orange solution (Figure 4.7C). Finally, at 120 minutes, the A4T4 orange 

cube had completely dissolved into the NaOH solution. The commercial resin control object 

(green cube) remained completely intact under the same conditions over the same time period 

(Figure 4.7D). Furthermore, upon completion of the degradation experiment, we also observed 

bubbling of presumably CO2 when the vial containing the now-dissolved A4T4 cube was 

opened.  

These results are very promising, indeed. The A4T4 based photoresin (the total weight 

percentage of A4+T4 is 80.7wt.%) demonstrates the fastest hydrolytic degradation of a 3D 

printed object in an aqueous alkaline solution (1M NaOH).36 The incorporation of an aliphatic 

polycarbonate component A4 in the photoresin formulation, as well as the tetrafunctional thiol 

(T4) containing the ester linkage effectively imparts fast hydrolytic degradation functionality 

to the 3D printed objects.  
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Figure 4.7. The hydrolytic degradation of 3D printed hollow cubes from A4T4 based 

photoresin (orange) and commercial resin (obtained from Shenzhen Anycubic Technology Co., 

Ltd., China) as control (green) in 1 M NaOH solution. (A)  t = 0 min; (B)  t = 30 mins; (C)  t = 

60 mins; (D) t = 120 mins.  

 

4.4 Conclusion  

This report outlines the synthesis of a new tetra-alkyne monomer A4 containing an 

oligomeric aliphatic polycarbonate. The goal was to create a 3D DLP/SLA printable thiol-yne 

photoresin that exhibits fast hydrolytic degradation; we achieved this goal. The effect of 

different functional thiols (T2, T3, and T4) on the structure-property relationships of the AT-

series formulations were systematically investigated. An optimised AT formulation was 

successfully deployed in DLP 3D printing with high resolution. The A4T4 based photoresin 
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was shown to be totally degraded into low molecular weight, water-soluble fragments in 1 M 

NaOH within 2 hours, which is much faster than previous reported formulations. This work 

illustrates the importance of combining 3D printing technology and hydrolytically degradable 

materials to solve the plastics pollution problem. These results will allow responsible, 

sustainable acceleration of the polymer-based 3D printing industry. 
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5  3D Printing of Thiol-Yne 

Photoresins through Visible 

Light Photoredox Catalysis 
 

This chapter presents the design of a thiol-yne derived photopolymer formulation that 

can be conducted in a modified DLP 3D printer via a catalytic photoredox process under 

irradiation of blue-light. 
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5.1 Introduction 

The primary photoresins for photo-assisted 3D printing are comprised of 

(meth)acrylate-derived formulations.1,13,23,229 These photopolymers are favoured for 

fabricating 3D objects because of their combined qualities of high building speed, high 

fabrication accuracy, range of tuneable mechanical properties, and reasonable cost. However, 

the final manufactured objects may exhibit tacky surfaces and incomplete curing, which is 

caused by shrinkage stress, oxygen inhibition, or early gelation during the (meth)acrylate 

polymerisation process. By contrast, thiol-ene and thiol-yne photopolymerisation proceed via 

a step-growth radical addition mechanism, exhibiting a highly uniform cross-linked network 

as compared to that of the (meth)acrylate-based chain-growth process.44,45,49  Between thiol-

ene and thiol-yne systems, the thiol-yne networks have a higher crosslink density, glass 

transition temperature, and modulus due to the second addition of thiols.230  

At present, the implementation of thiol-yne photoresin for photo-assisted 3D printing 

is still in its infancy. Griesser’s group reported a biocompatible thiol-yne derived formulation, 

and subsequently utilised it in a DLP 3D printer (λmax = 405 nm), fabricating structures with an 

accuracy of 100 × 100 μm, which is attractive for hard tissue engineering.53 In another example, 

Chiappone’s group utilised thiol-yne formulations for fabricating 3D objects (λmax = 405 nm) 

with controllable surface functionality (either alkyne or thiol groups) by varying the relative 

stoichiometric ratio of the two components.64 This development allows the possibility of 

surface functionalisation of 3D printed objects. Recently, our group reported hydrolytically fast 

degradable thiol-yne photoresin containing the aliphatic polycarbonate for DLP 3D printing 

(λmax = 405 nm).7  While most works use 405 nm as a light source in 3D printing, Griesser’s 

group was the first to utilise visible light (λmax = 465 nm) in DLP 3D printing of thiol-yne resin.8 

In his research, the visible light thiol-yne polymerisations are activated via a photoinitiation 

mechanism by photoinitiator Ivocerin, which is a commercial germanium-based photoinitiator 

developed by Ivoclar Vivadent Inc.231  

As a class, photoredox catalysts (PRC) have the remarkable property of having 

members with strong oxidising or reducing properties to catalyse the thiol-yne 

addition.177,209,232,233 There is a wide range of PRCs to choose from, which can be performed 

under numerous visible light sources, even near-infrared (NIR) irradiation.180,234 Furthermore, 

the amount of photocatalyst to be added into the photoresins potentially could be a catalytic 

amount compared to that of the photoinitiators (typically around 0.2~2% in the 
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formulation).7,235 Transition metal complexes such as  Ru(bpz)3(PF6)2 and fac-Ir(ppy)3 were 

evaluated for the thiol-ene and thiol-yne coupling.209,236-239 The application of transition metal 

catalysts improved the selectivity in favour of C-S bond formation.  Metal-free organic 

photocatalysts also present a desirable choice due to their high reactivity with visible light and 

typically lower prices, with popular examples being the Eosin Y (EY) and boron-

dipyrromethene (BODIPY) dyes.209,232,233,240-243 Last but not least, inorganic photocatalysts 

such as ZnIn2S4 and CuCl have also been utilised in thiol-yne click reactions under visible 

light.244,245 

Herein, inspired by previous promising research based on visible light PRCs for small 

molecule, thiol-yne click reaction we aim to develop a new thiol-yne photoresin that replaces 

the photoinitiator with a PRC to drive visible light (470 nm) thiol-yne-based 3D printing. In 

our formulation, the PRCs we chose are EY and fac-Ir(ppy)3 due to the efficient absorption of 

visible light. Real-time ATR-FTIR is employed to monitor fundamental thiol-yne 

photopolymerisation kinetics. The 3D printability of the optimised thiol-yne resin formulation 

is demonstrated using a modified DLP 3D printer with a 470 nm LED light source. To our 

surprise, the dual-catalytic EY/fac-Ir(ppy)3 initiation system exhibited the best printing quality, 

clearly superior to the corresponding individual catalyst systems. We suggest that replacing the 

photoinitiator with a photocatalyst can be a significant step toward visible light assisted 3D 

printing.  

 

5.2 Experimental Section 

5.2.1  Materials and methods 

All chemicals were purchased from Sigma-Aldrich and used as received, including 

pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) (95%), 1,7-octadiyne (OD) (98%), 

phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (Irgacure 819) (97%), Eosin Y (EY) (99%), 

and tris[2-phenylpyridinato-C2,N]iridium(III) (fac-Ir(ppy)3) (99%). Other additives were ethyl 

α-bromoisobutyrate (EBIB) (98%), and pyrogallol (98%). 

 

Monomer and Polymer Characterisation. 
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Real-time ATR-FTIR measurements were conducted on a Thermo Scientific Nicolet 

iS50 FT-IR spectrometer with a built-in diamond ATR to monitor the consumption of the 

functional group during thiol-yne photopolymerisation. All reactions were performed under 

blue LED light irradiation (470 nm, 0.41 mW/cm2). The terminal alkyne ≡C-H stretching 

vibration at 3285 cm-1 was traced to enable monitoring of the thiol-yne reaction kinetics. The 

data were analysed with the Series Data Collect V9.9 software. Series scans of FT-IR spectra 

were recorded over the range of 400 ~ 4000 cm-1 at a rate of 10 scans/s and at a resolution of 4 

cm-1 for 1500s reaction time. All experiments were performed in triplicate. The extent of the 

reaction was monitored through the loss of absorption at 3285 cm-1 with time as a percentage 

of the original absorption. This % conversion was calculated using equation (1) 

                                    % conversion = [
𝐴0 − 𝐴𝑡

𝐴0
] × 100%                             (1) 

where A0 is the initial ≡C-H stretching vibration IR absorbance at 3285 cm-1 before irradiation, 

and At is the absorbance value at the same position at time t. 

UV-Vis spectroscopy was performed using a Shimadzu UV-2700. All the catalysts 

were prepared at concentrations of 0.01 mg/mL with DMF as a solvent in quartz cuvettes. The 

absorbance spectra were collected between 200-900 nm. 

 

DLP 3D printing. 

A modified ANYCUBIC Photon DLP 3D printer was used for 3D fabrication of thiol-

yne photoresin, in which the commercial 405 nm LED light source (2.7 mW/cm2) was replaced 

with a blue LED light source (λmax = 470 nm, 0.103 mW/cm2). The LED sources were focused 

on the bottom surface of the resin vat. Photo-curing occurs between the bottom of the vat and 

the motorised build platform through the LCD screen in the Photon DLP 3D printer. The DLP 

3D printing proceeds via a layer-by-layer process with pre-defined printing parameters, in 

which layer exposure time was set from 20 to 1500 s, and layer thickness was set from 0.1 to 

0.50 mm using ANYCUBIC Photon Slicer software. The 3D models were designed using 

online software provided by Autodesk® Tinkercad™, which were then transferred to the 

slicing software. After the 3D printing was completed, the samples were rinsed with acetone, 

followed by post-curing for 10 min under a white lamp. 
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5.2.2  Preparation of resins 

5.2.2.1 Preparation of resins for real-time ATR-FTIR 

Eosin Y catalysed system 

Three samples containing EY loadings of 0.1%, 0.2%, and 0.5%, respectively, were 

prepared. For example, to prepare [PETMP]/[OD]/[EY] = 100:100:0.1 (molar ratio), 

pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) (0.6173 g, 0.0012 mol), 1,7-

octadiyne (OD) (0.1249 g, 0.0012 mol), and EY (0.0008 g, 0.0012 mmol) were mixed and 

sonicated until an orange colour transparent viscous resin were obtained.   

 

fac-Ir(ppy)3 catalysed system 

Two samples containing fac-Ir(ppy)3 loadings of 0.02% and 0.2%, respectively, were 

prepared. For example, to prepare [PETMP]/[OD]/[Ir] = 100:100:0.02 (molar ratio), 

pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) (0.6173 g, 0.0012 mol), 1,7-

octadiyne (OD) (0.1249 g, 0.0012 mol), and fac-Ir(ppy)3 (0.1587 mL from 1mg/mL stock 

solution in DMF, 0.00024 mmol) were mixed and sonicated until a yellow colour transparent 

resin were obtained.   

 

fac-Ir(ppy)3 catalysed system with EBIB co-initiator 

One sample [PETMP]/[OD]/[Ir]/[EBIB] =  100:100:0.02:4  (molar ratio) containing 

both 0.02% fac-Ir(ppy)3 and 4% ethyl α-bromoisobutyrate (EBIB) was prepared. 

Pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) (1 g, 0.0020 mol), 1,7-octadiyne 

(OD) (0.2166 g, 0.0020 mol), fac-Ir(ppy)3 (0.2700 mL from 1 mg/mL stock solution in DMF, 

0.0004 mmol) and EBIB (0.0159 g, 0.0800 mmol) were mixed and sonicated until a yellow 

colour transparent resin were obtained. 

 

EY and fac-Ir(ppy)3 dual catalysed system 

Two samples containing 0.02% fac-Ir(ppy)3 and EY loadings of 0.1% and 0.2%, were 

prepared. For example, to prepare [PETMP]/[OD]/[Ir]/[EBIB]/[EY] =  100:100:0.02:4:0.2 

(molar ratio), pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) (1 g, 0.0020 mol), 1,7-
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octadiyne (OD) (0.2166 g, 0.0020 mol), EY (0.0026 g, 0.0040 mmol), fac-Ir(ppy)3 (0.2700 mL 

from 1mg/mL stock solution in DMF, 0.0004 mmol) and EBIB (0.0159 g, 0.0800 mmol) were 

mixed and sonicated until an orange colour transparent resin were obtained.  

 

EY/EBIB catalysed system 

One sample [PETMP]/[OD]/[EY]/[EBIB] =  100:100:0.2:4  (molar ratio) containing 

0.2% EY, 4% EBIB was prepared. Pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) 

(1 g, 0.0020 mol), 1,7-octadiyne (OD) (0.2166 g, 0.0020 mol), EY (0.0026 g, 0.0040 mmol), 

and EBIB (0.0159 g, 0.0800 mmol) were mixed and sonicated until an orange colour 

transparent resin was obtained. 

 

5.2.2.2 Preparation of resins for DLP 3D Printing through 

visible light photoredox catalysis 

Eosin Y catalysed system 

Based on the kinetics data, we chose [PETMP]/[OD]/[EY] = 100:100:0.2 as the initial 

formulation for 3D printing test. Pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) 

(2.57 g, 0.0050 mol), 1,7-octadiyne (OD) (0.5471 g, 0.0050 mol), and EY (0.0065 g, 0.0100 

mmol) were mixed. Based on the total mass of the photoresin, 0.027 wt.% pyrogallol (0.84 mg) 

was added into the formulation as the inhibitor. The solution was sonicated until an orange 

colour transparent viscous resin was obtained. 

fac-Ir(ppy)3 catalysed system 

The initial formulation involving fac-Ir(ppy)3 was set at the molar ratio of 

[PETMP]/[OD]/[Ir]/[EBIB] = 100:100:0.02:4. Pentaerythritol tetrakis (3-mercaptopropionate) 

(PETMP) (2.57 g, 0.0050 mol), 1,7-octadiyne (OD) (0.5471 g, 0.0050 mol), fac-Ir(ppy)3 (0.66 

mL from 1mg/mL stock solution in DMF, 0.0010 mmol), and EBIB (0.0398 g, 0.2 mmol) were 

mixed. Based on the total mass of the photoresin, 0.027 wt.% pyrogallol (0.85 mg) was added 

into the formulation as the inhibitor. The solution was sonicated until a yellow colour 

transparent viscous resin was obtained.   

EY and fac-Ir(ppy)3 dual catalysed system 
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Photoresin [PETMP]/[OD]/[Ir]/[EBIB]/[EY] =  100:100:0.02:4:0.2 containing both 

fac-Ir(ppy)3 loading of 0.02% and EY loading of 0.2% were prepared. Pentaerythritol tetrakis 

(3-mercaptopropionate) (PETMP) (2.57 g, 0.0050 mol), 1,7-octadiyne (OD) (0.5471 g, 0.0050 

mol), fac-Ir(ppy)3 (0.66 mL from 1mg/mL stock DMF solution, 0.0010 mmol), EBIB (0.0398 

g, 0.2 mmol), and EY (0.0065 g, 0.0100 mmol) were mixed. Based on the total mass of the 

photoresin, 0.027 wt.% pyrogallol (0.85 mg) was added into the formulation as the inhibitor. 

The solution was sonicated until an orange colour transparent resin was obtained. 

 

5.3 Results and Discussion 

5.3.1  Kinetics studies of EY and fac-Ir(ppy)3 catalysed thiol-yne 

photopolymerisation 

According to Bowman’s research, the thiol-yne addition reaction is triggered by a thiol 

radical, followed by two-step sequential addition reactions. In cycle I, the addition of the alkyl 

thiol radical to the alkyne triple bond forms vinyl sulfide intermediate. In cycle II, a second 

alkyl thiol radical is added onto the vinyl sulfide to form dithioether triad (Figure 5.1A).27 The 

thiol radical can be commonly generated via UV-light initiation, with or without a 

photoinitiator.246,247  

Currently, most reported research of thiol-yne 3D printing has been performed under 

405 nm irradiation.7,53,64,209 Very few studies have extended into the visible region of the 

spectrum for DLP and Stereolithography (SLA) 3D printing with thiol-ynes.8 In this work, we 

have extended the 3D resin printing wavelength into the visible range because of the 

advantages inherent in using those longer wavelengths. There are several potential benefits 

associated with visible light 3D printing. The 3D printing under visible light irradiation is safer 

for the operator, because it reduces or eliminates exposure to harmful UV light. Visible light 

also is more biocompatible (less damaging to cells, biomolecules) and can have a longer 

penetration depth, both of which are beneficial for tissue engineering and medical 3D printing 

applications.  
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Figure 5.1. (A) The mechanism of thiol-yne addition reaction: In cycle I, the addition of the 

alkyl thiol radical to the alkyne triple bond forms vinyl sulfide intermediate. In cycle II, a 

second alkyl thiol radical is added onto the vinyl sulfide to form dithioether triad. (B) The 

chemical structures of monomers PETMP, OD, photocatalysts fac-Ir(ppy)3 and Eosin Y. (C) 

The UV-VIS absorption spectra of EY, fac-Ir(ppy)3, and Irgacure 819. All the catalysts were 

dissolved in DMF to prepare 0.01 wt.% solution. (D) ATR-FTIR spectra of the EY-catalysed 

PETMP-OD photopolymerisation system at different reaction time. The insert picture is the 

change of terminal alkyne ≡C-H stretching vibration at 3285 cm-1. (E) The conversion of 

alkyne ≡C-H as a function of irradiation time for EY-catalysed (orange trace) and fac-Ir(ppy)3 

catalysed system (mint green trace). Reactions were initiated with blue light (λmax = 470 nm, 

0.41 mW/cm2) at room temperature (25 oC). All the loadings are in molar ratio. 

 

In our model thiol-yne formulation, we chose the widely used, commercially available, 

multifunctional thiol pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) and the 

bifunctional alkyne 1,7-octadiyne (OD) (Figure 5.1B).  Since two moles of thiol reacts with 

one mole of alkyne to generate a dithioether adduct, we fix PETMP (containing four thiols) 
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and OD (containing two alkynes) to a molar ratio of 1:1. The two photoredox catalysts we 

investigated were EY and fac-Ir(ppy)3. Figure 5.1C shows a comparison of the visible light 

absorption of fac-Ir(ppy)3, EY, and the commercial Irgacure 819 photoinitiator. Both fac-

Ir(ppy)3 and EY have good absorbance at the target 470 nm printing wavelength.  Although the 

photoinitiator Irgacure 819 has been widely utilised in DLP/SLA 3D printing at 405nm, it 

shows much poorer overall visible light absorption compared to fac-Ir(ppy)3 and EY.  

In the reported mechanism of photocatalysed thiol-yne reactions, visible light induces 

photoexcitation of the PRC, producing the excited state PRC*.232,248 The rate-determining step 

in the thiol-yne addition reactions is the formation of thiol radical.27 Through reductive or 

oxidative quenching, the PRC* plays an important role to afford thiol radical cation (RSH●+).  

Deprotonation of radical cation RSH●+ gives thiol radical RS●, which then initiates the thiol-

yne polymerisation reaction. To track the photoreactivity of the photocatalysts fac-Ir(ppy)3 and 

EY, we used real-time ATR-FTIR spectroscopy under the irradiation of blue LED light (λmax = 

470 nm, 0.41 mW/cm2) for 1500 s.   

As shown in Figure 5.1D, as the thiol-yne addition polymerisation progressed, the peak 

centred at 3285 cm-1 corresponding to the propargyl -C≡C-H stretching vibration in 1,7-

octadiyne (OD) gradually decreased in intensity.  According to the results of kinetics studies 

in Figure 5.1E, with the fixed photocatalysts loading at 0.2%, EY (orange trace) showed higher 

photocatalysis ability and gave the alkyne conversion of 60% compared to  fac-Ir(ppy)3 (mint 

green trace) (45%). In EY-catalysed thiol-yne addition, the thiol radical is produced via 

reductive quenching cycle,209,241 and in fac-Ir(ppy)3-catalysed system, the thiol is produced via 

oxidative quenching cycle (Scheme 5.1).177 If photoinduced oxidation of substrate is to be 

feasible, Ered of photoredox catalyst must be more positive than Eox of the substrate.178 Clearly, 

in our cases, both the reduction potential of EY (Ered (EY*/EY●-) = + 0.83 V vs. SCE) and  fac-

Ir(ppy)3 (Ered ([Ir]IV/[Ir]) = + 0.77 V vs. SCE) are much higher as compared to the thiol (Eox 

(RSH/RSH●+) =  ~ + 0.50 V vs. SCE),237,249 and thus enable the formation of the thiol radical. 

The higher reduction potential of EY (Ered (EY*/EY●-) than that of fac-Ir(ppy)3 (Ered ([Ir]IV/[Ir])) 

is beneficial for accelerating the thiol-yne addition reaction.177,178 
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Scheme 5.1. Different photoredox catalytic mechanism for Eosin Y (A) and fac-Ir(ppy)3 (B) 

with thiol in the presence of oxygen or air. In EY-catalysed thiol-yne addition, the thiol radical 

cation (RSH
●+) is produced via reductive quenching cycle. By contrast, in fac-Ir(ppy)3-

catalysed system, the thiol radical cation (RSH
●+) is produced via oxidative quenching cycle. 

 

 

Figure 5.2. (A) Real-time ATR-FTIR of terminal alkyne C-H stretch (3285 cm-1) conversion 

as a function of irradiation time for EY catalysed system (red 0.1%, orange 0.2%, and yellow 

0.5% traces). (B) Real-time ATR-FTIR of terminal alkyne C-H stretch (3285 cm-1) conversion 

as a function of irradiation time for fac-Ir(ppy)3 catalysed system (blue 0.02% with EBIB, green 

0.02%, and mint green 0.2% traces). Reactions were initiated with blue light (λmax = 470 nm, 

0.41 mW/cm2) at room temperature (25 oC). All the loadings are in molar ratio. 

 

To further optimise the EY loading level, three molar ratios of EY (molar ratio relative 

to OD) were tested ([PETMP]/[OD]/[EY] = 100:100:(0.1%, 0.2% and 0.5%)). As shown in 
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Figure 5.2A (EY loading: red 0.1%, orange 0.2%, and yellow 0.5% traces), a faster thiol-yne 

polymerisation was observed by increasing the EY loadings, but the benefit is limited. The 

photocatalysts are coloured compounds, as expected for absorption in the visible light spectrum.  

Consequently, 0.2% molar ratio was chosen as the optimal EY loading in the following photo-

assisted 3D printing.  

In the transition metal photocatalyst fac-Ir(ppy)3 system (Figure 5.2B), without the 

addition of EBIB, even a ten-fold increase of fac-Ir(ppy)3 loading from 0.02% (mint green trace) 

to 0.2% (green trace) has very limited effect in increasing the thiol-yne addition rate.  Under 

the catalysis of fac-Ir(ppy)3/EBIB (blue trace), the alkyne conversion reached over 76% within 

the 1500s, which is a much higher conversion than in cases without the assistance of EBIB. 

This is in agreement with the recent finding in thiol-yne addition reactions between 

mercaptoethanol and propargyl alcohol reported by Konkolewicz et al.250 According to 

Konkolewicz’s research, the alkyl halide EBIB acts as a sacrificial radical source to abstract 

hydrogen from thiol.  The fac-Ir(ppy)3 catalysed system in the presence of  EBIB has an unusual 

feature of an increased rate in the presence of oxygen, which could be an additional benefit for 

open vat 3D printing.250,251 

 

5.3.2  Thiol-yne photoresin visible light (470 nm) 3D printing 

Studies of the printability of the thiol-yne photoresin with different PRCs systems 

discussed above were carried out using a modified DLP 3D printer, in which the original 405 

nm light source is replaced with a 470 nm LED source.  A pyramid of size 10 mm × 5 mm × 5 

mm (L × W × H) was designed as the model structure for the DLP 3D printing test. Based on 

the PRCs utilised in the formulation, we named the photoresin formulations as the PO-EY 

series, the PO-Ir-EBIB series, and the PO-EY-Ir-EBIB series (P for thiol component PETMP, 

O for alkyne component OD, EY for Eosin Y, and Ir for fac-Ir(ppy)3).  For all formulations, 

based on the total mass of the thiols and alkyne components, 0.027 wt.% pyrogallol was added 

into the formulation as a radical stabiliser in order to prevent premature gelation of the 

photoresin during the 3D printing process.91  
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Figure 5.3. The microscope images and the corresponding DLP 3D printing parameters of the 

printed pyramids derived from EY-contained formulations PO-EY-1 ~ PO-EY-4 (A), fac-

Ir(ppy)3-contained formulations PO-Ir-EBIB-1 ~ PO-Ir-EBIB-4 (B), and EY-fac-Ir(ppy)3-

contained formulations PO-EY-Ir-EBIB-1 ~ PO-EY-Ir-EBIB-4 (C). Refer to the scale 

presented on the microscope image, shown in mm. Both the exposure time and target layer 

thickness are defined by the Anycubic slicing software. aThe exposure time was determined 

based on the photopolymerisation rate in vitro irradiated by the same light source. bThe building 

speed is based on the theoretical thickness obtained over time.  

 

Figure 5.3A presents the 3D printing results for the PO-EY series under blue light 

irradiation (λmax = 470 nm). At our initial printing settings (PO-EY-1; 0.5mm layer thickness 

and 1500s exposure time), the printing resolution of the pyramid is acceptable. Clearly, EY is 

a suitable photocatalyst to replace the more traditional photoinitiator for thiol-yne photoresin 

3D printing under 470 nm.  We attempted to reduce the staircase effect by decreasing the layer 

thickness from 0.50 mm to 0.25 mm (PO-EY-2), 0.175 mm (PO-EY-3), and 0.05 mm (PO-EY-

4), respectively. The printing resolution obviously became poorer as the layer thickness 

decreased. This is probably related to the high photocatalysis efficiency of EY, which causes 

unwanted curing in unilluminated areas.  Overall, for the PO-EY system, the layer thickness of 

0.5 mm, 1500 s exposure time and 1.2 mm/h building speed is optimum.  

For the PO-Ir-EBIB system the test result is shown in Figure 5.3B. Although the 

exposure time is much shorter than that of the PO-EY system, none of the pyramids were 

fabricated successfully under all four test parameter settings (from PO-Ir-EBIB-1 to PO-Ir-
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EBIB-4). The failure was probably caused by the high transparency of the formulations, which 

could cause earlier gelation of the photoresin during the printing process. All of these results 

demonstrate that the PO-Ir-EBIB system is not ideal for 3D printing with visible light and this 

photocatalyst. 

Finally, Figure 5.3C tested the printability of the dual-catalytic system containing both 

EY and fac-Ir(ppy)3 as the photocatalysts, with EBIB as the co-initiator. Among the four 

formulations in the PO-EY-Ir-EBIB system, the printing parameters of PO-EY-Ir-EBIB-2 

(layer thickness is 0.25 mm alongside the exposure time per layer of 180 s) yielded the best 

printing result. PO-EY-Ir-EBIB-2 system has not only better printing accuracy relative to PO-

EY-1 (0.25 mm vs. 0.5 mm layer thickness), but also four times improvement in building speed 

(5 mm/h vs. 1.2 mm/h). As shown in Figure 5.4, 3D objects with excellent fidelity were 

successfully fabricated. The 3D structures of the logo of The University of Auckland, the Kiwi 

bird with “UOA” letters, and boat were all successfully fabricated with good printing resolution.  
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Figure 5.4. CAD models (left) and corresponding optical images of 3D printed objects under 

470 nm, including the logo of The University of Auckland (A), a Kiwi bird with “UOA” letters 

on it (B), and a boat (C). Refer to the scale presented on the microscope image, shown in mm. 

The photoresin formulation PO-EY-Ir-EBIB-2 is used for all printing under 470 nm. 

 

5.3.3  Further discussion on dual photoredox catalysis   

Taken altogether, the results from the visible light 3D printing tests indicate that our 

dual-catalytic PO-EY-Ir-EBIB system has an outstanding advantage (synergistic effect) over 

single catalyst systems of either the PO-EY (good resolution, slow kinetics) or PO-Ir-EBIB 

(poor resolution, fast kinetics) series alone. Here, we would like to point out that we do not 

fully understand the mechanism yet. As shown in Figure 5.5, in terms of reaction kinetics, the 

dual catalyst system EY/fac-Ir(ppy)3  has nearly identical alkyne conversion (pink trace) to the 

[Ir]-EBIB catalysed system  (blue trace). Therefore, we can rule out that the advantageous 

properties of the dual system are not related to the kinetics (speeding up) of the thiol-yne 

reaction.    
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Figure 5.5. The comparison of terminal alkyne conversion as a function of irradiation time for 

fac-Ir(ppy)3 (blue trace) and dual catalyst system EY/fac-Ir(ppy)3 (pink trace). Reactions were 

initiated with blue light (λmax = 470 nm, 0.41 mW/cm2) at room temperature (25 oC). All the 

loadings are in molar ratio. 

  

5.4 Conclusion 

Here, we report a fully open to air, visible light (470 nm) 3D printing process of thiol-

yne photoresin using photoredox catalysis. Our findings indicate that the combination of 

photoredox catalysts Eosin Y and fac-Ir(ppy)3 provide optimum printing results with high 

accuracy (0.25 mm layer thickness) and building speed (5 mm/h).  The dual-catalytic PO-EY-

Ir-EBIB system demonstrated a synergistic improvement over either of the single catalyst 

systems, PO-EY (good resolution, slow kinetics), or PO-Ir-EBIB (poor resolution, fast 

kinetics), on their own. This work illustrates the potential of replacing traditional 

photoinitiators with PRCs, particularly in the visible light range, thus, enriching the photoresin 

formulations for the polymer-based 3D printing industry. 
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6  Photo-Assisted Fabrication 

of Electrically Conductive 

Polyaniline Hydrogel for 

Dynamic Information 

Device Development  
 

This chapter presents an easy and economical technique to record electrically 

conducting patterns in hydrogel films. Through a transition metal-catalysed 

photopolymerisation of aniline, protonated polyaniline was successfully recorded as desired 

patterns in the films via a precipitation polymerisation process.  
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6.1 Introduction 

Electrically conductive polymers (ECP) have been broadly investigated because of their 

favourable properties and potential application in superior technologies,252 such as fabricating 

batteries,133,134 gas separating membranes,135,136 sensors,138,253 and microelectronic 

devices.142,143 Although ECPs are organic materials, their conductivity values are comparable 

to semiconductors and metals due to the π-conjugated system in the polymeric chains.130 

Among these polymers, polyaniline (PANI) was found to be excellent owing to the cheap 

monomer, ease of synthesis, presence of reactive groups, tunable properties, and outstanding 

electrical conductivity that can be reversibly managed through oxidation or protonic doping 

process.152-154 In addition, PANI also shows distinguished chemical stability, and its undoped-

state is soluble in some solvents such as N-methyl-2-pyrrolidone (NMP).155-157 Therefore, 

PANI has attracted significant attentions from scientists. Until now, various polymerisation 

methods have been investigated for synthesising PANI, such as electrochemical 

polymerisation,168 chemical polymerisation,254,255 template polymerisation,256 and enzymatic 

polymerisation.257 These synthesis methods provide PANI with various morphologies and even 

different physical and chemical properties.169 The classical preparation method of PANI is 

chemical oxidative synthesis using ammonium peroxydisulfate255 or camphorsulfonic acid254 

as the oxidant. By contrast, a much less investigated route to synthesise PANI is 

photopolymerisation, which involves the photo-excitation of monomer via a photoredox 

catalysis process. This is a direct way to make PANI in which photons and metallic ions replace 

conventional oxidants to initiate the polymerisation of aniline. Using the photo-catalytic route, 

PANI was achieved by Kobayashi et al. in a double-layer structure composed of Ruthenium 

complex-incorporated Nafion and viologen-pendant-poly(siloxane) in acidic aqueous 

solutions.168 It was explained that the aniline dimer N-phenyl-p-phenylenediamine (PPD) along 

with aniline monomer are essential to initiate the polymerisation. An alternative 

photopolymerisation route to prepare polyaniline was presented by Azevedo et al.158,169 In their 

research, photons in the UV or visible region were used to induce the polymerisation of aniline 

in aqueous solution of transition metal salts.  

Although the ECPs are versatile materials that have various properties; unfortunately, 

the majority of these polymers have low solubility in almost all solvents.252 Therefore, the 

major challenge in this field is to process ECPs into useful products. Until now, different 

fabrication routes have been implemented to achieve technological applications with ECPs. 

Kobayashi’s group presented a method for printing micropatterns with size smaller than 2 μm 
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on an electrode film via photopolymerisation of aniline.258 However, the oxidant methyl 

viologen, which is also known as Paraquat, is highly poisonous to humans259 and thus greatly 

limited the application of this system. Azevedo et al. reported an alternative fabrication process 

to print ECP patterns on pre-prepared thin films.260 Although the chemicals in their system are 

non-toxic, the preparation of the films requires multiple processing steps, including vacuum 

deposition and special equipment such as a modified Deskjet printer. The complex preparation 

process significantly restricted the industrial application of this system. 

Following the tendency for the growth of ECP devices and to overcome some 

disadvantages of the existing methods, in this work, we present a novel method to fabricate 2D 

ECP patterns on an easily achieved hydrogel film. This contribution describes the possibility 

of using a fast and low-cost technology to produce ECP-derived materials for optical memory 

and dynamic information devices. 

 

6.2 Experimental Section 

6.2.1  Materials and methods 

All of the chemicals were used as received. The chemicals purchased from Sigma-

Aldrich include ammonium persulfate (98%), aniline (99%), tris(2,2-bipyridyl)ruthenium(II) 

chloride hexahydrate (Ru(bpy)3Cl2●6H2O) (99.95%), N-phenyl-p-phenylenediamine (PPD) 

(98%), N-hydroxyethyl acrylamide (HEAA) (97%), poly(ethylene glycol) diacrylate (PEGDA) 

(average Mn 6,000), Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (95%), sodium 

chloride (99.5%), N-methyl-2-pyrrolidone (NMP) (anhydrous, 99.5%). The chemicals 

purchased from Merck Ltd were hydrochloric acid (37%) and ammonium hydroxide solution 

(28%).  

 

Polymer characterisation. 

ATR-FTIR measurements were conducted on a Thermo Scientific Nicolet iS50 FT-IR 

spectrometer with a built-in diamond ATR. All the spectra were measured at a 4 cm-1 resolution 

and scanned over the range of 400-4000 cm-1 at a rate of 32 scans/s.  

UV-Vis spectroscopy was performed using a Shimadzu UV-2700. The photocatalyst 

Ru(bpy)3Cl2●6H2O was prepared at a concentration of 0.01 mg/mL with NMP as a solvent in 
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quartz cuvettes. All of the undoped and doped PANI were prepared at a concentration of 0.5 

mg/mL with NMP as a solvent in quartz cuvettes. The absorbance spectra were collected 

between 200-900 nm. 

A modified four-probe electrical conductivity measuring instrument was used for 

measuring the electrical conductivity of the powder of HCl-doped PANI using Keithley 220 

programmable current source and Keithley 2100 6.5 digit multimeter (Keithley, Cleveland, 

Ohio, USA) at room temperature. Powders of these compounds were pressed in a pellet of 13 

mm diameter and about 1.5 mm thickness under a pressure of 10 tons for conductivity 

measurement. 

 

Photo-assisted pattern recording experiments. 

A round Teflon mould (diameter = 65 mm, thickness = 20 mm) was used to prepare 

hydrogel films (diameter = 65 mm, thickness = 1.5 mm). A 405 nm LED (2.17 mW/cm2) was 

used to crosslink the HEAA-PEGDA solution. The distance between the LED and the surface 

of the resin was 20 cm. After being illuminated for 10 minutes, yellow thin films were obtained.  

For the pattern recording experiments, the PANI precursor solution was dropped onto 

the entire surface of the dried yellow hydrogel film. A photomask with desired patterns was 

kept on top of the film and illuminated with the 405 nm LED. After that the films were treated 

with 50 mL 1 M HCl solution for 2 hours and 50 mL deionized water for 10 minutes, 

successively, for washing out the unreacted photocatalyst Ru(bpy)3Cl2●6H2O in the hydrogel 

film. The resulting film was dried at 25 oC overnight. 

For the pH-sensitive experiments, the HCl-washed hydrogel film was treated with 50 

mL 1 M NH4OH solution for 10 minutes and 50 mL deionized water for 10 minutes, 

successively. The resulting film was dried at 25 oC overnight. 

 

6.2.2  Synthetic procedures 

Polyaniline emeraldine base (PANI-EB) via oxidative polymerisation 
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The synthetic procedure of PANI was performed according to the IUPAC standard 

procedure in the literature.255 Ammonium persulfate (6.000 g, 0.026 mol) and aniline (2.000 g, 

0.021 mol) were dissolved in 30 mL of 1 M hydrochloride acid in a 100 mL beaker and kept at 

25 oC, respectively. The ammonium persulfate solution was slowly added to the aniline solution 

over a period of 1 minute. The mixture in the beaker was continuously stirred at 25 oC overnight. 

The precipitate was collected on a Buchner funnel and washed with deionized water and 

subsequently with acetone until the filtrate became colourless. The filter cake was dried at 25 

oC for 24 hours to give a green powder. Afterwards, the dried precipitate cake was suspended 

in 100 mL of a 1 M ammonium hydroxide solution with constant stirring for 24 hours, in order 

to convert the PANI emeraldine salt (PANI-ES) to PANI emeraldine base (PANI-EB) as a dark 

blue powder. After filtration, the resulting PANI-EB was dried in a vacuum oven at 25 oC for 

24 hours to give a product as blue powder: 1.9 g (95%). 

 

PANI emeraldine salt (PANI-ES) by acidification of PANI-EB 

 

Acid doped PANI powder was obtained by suspending the PANI-EB powder in 1 M 

hydrochloride acid solution with constant stirring for 24 hours. Then, it was filtered and rinsed 

with deionized water. The corresponding resulting PANI-ES powder was dried in a vacuum 

oven at 25 oC for 24 hours to give the product as a green powder: 1.86 g (93%). 

 

Protonated polyaniline (PANI-ES) via photocatalysed polymerisation of aniline 
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Both Ru(bpy)3Cl2●6H2O (1.498 mg, 0.002 mmol) and sodium chloride (0.4675 g, 0.008 

mol) were dissolved in 20 mL of 2 M HCl aqueous solution. PPD (0.0376 g, 0.0002 mol) was 

dissolved in aniline (0.2581 g, 0.0027 mol) to a 0.25 mL solution, which was added to the 

above HCl aqueous solution at room temperature. The mixed solution was sonicated until all 

the ingredients dissolved completely. A homogeneous yellow colour solution was obtained. 

The photopolymerisation synthesis was set up in an open Petri dish. The reaction solution was 

illuminated by a 405 nm LED (2.17 mW/cm2) for 3 hours at 25 oC. The distance between the 

LED and the surface of the solution was 10 cm. After the reaction, the resulting solution was 

centrifuged for 20 minutes, and the precipitate was washed with deionized water until the 

remaining solution became clear. The resulting solid was dried in a dynamic vacuum oven at 

25 oC overnight to give product as a green powder: 0.0331 g (11%).  

 

Deprotonated polyaniline (PANI-EB) 

 

Undoped PANI was obtained by suspending the photopolymerised PANI in 50 mL of 

1 M ammonium hydroxide solution with constant stirring at 25 oC for 24 hours. The reaction 

solution was centrifuged for 20 minutes. The precipitate was treated with deionized water until 

the remaining solution became clear. The corresponding resulting solid was dried in a vacuum 

oven at 25 oC for 24 hours to give product as a blue powder: 0.0308 g (10%). 

 

6.2.3  Preparation of hydrogel photoresin and the PANI precursor 

solution 

Preparation of the hydrogel photoresin 

We selected [HEAA]/[PEGDA]/[H2O]/[LAP]/[Ru(bpy)3Cl2●6H2O]= 1000 : 1 : 400 : 7 : 

3.75 (in mass ratio) as the hydrogel formulation. HEAA (2.060 g), PEGDA (0.002 g), H2O 

(0.824 g), LAP (0.0147 g), and Ru(bpy)3Cl2●6H2O (0.0075 g) were mixed. The solution was 
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sonicated until all the ingredients dissolved. A homogeneous orange colour liquid resin was 

obtained.  

 

Preparation of the PANI precursor solution 

Sodium chloride (0.4675 g, 0.008 mol) was dissolved in 8 mL of 5 M HCl solution. The 

solvent contained 4 mL THF and 4 mL H2O. PPD (0.0376 g, 0.0002 mol) was dissolved in 

aniline (0.2581 g, 0.0027 mol) to a 0.25 mL of solution, which was added to the above HCl 

solution at 25 oC. The solution was sonicated until all the ingredients dissolve. A homogeneous 

light grey colour solution was obtained. The prepared PANI precursor solution was used as the 

ink for pattern recording experiments. 

 

6.3 Results and Discussion 

6.3.1  Photocatalysed polymerisation of aniline 

Photopolymerisation is a direct way to make PANI in which photons and metallic ions 

replace conventional oxidants to support the polymerisation of aniline.261 PANI was achieved 

by Kobayashi et al. via the photo-catalytic route.168 In their research, Ru(bpy)3Cl2 was used as 

the photocatalyst in the photo-assisted polymerisation of aniline due to its proper redox 

potentials. The presence of aniline dimer, such as N-phenyl-p-phenylenediamine (PPD), 

facilitated the electrochemical polymerisation of aniline. PPD (Eox (PPD+/PPD) = 0.50 V vs. 

SCE)179 has lower oxidation potential than aniline (Eox (aniline+/aniline) = 1.04 V vs. SCE);181 

thus, PPD is easier to be oxidised by the excited-state [Ru(bpy)3
2+]*.179,262 Accordingly, the 

present reaction system was designed as a Ru(bpy)3Cl2 catalysed photoredox polymerisation 

of aniline, in which PPD works as an initiator. According to the UV-Vis spectrum of 

Ru(bpy)3Cl2, it has good light absorption at 405 nm (Figure 6.1). Compared with the xenon 

lamp that Kobayashi et al. used, the light-emitting diode (LED) provides some inherent benefits, 

such as more efficient production of light with greater precision over the emission wavelength, 

without the need for expensive or specialised equipment,263,264 and it significantly limits the 

by-product production.265 Therefore, a 405 nm LED (2.17 mW/cm2) was used to activate the 

photocatalyst in the present research. 
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Figure 6.1. The UV-Vis absorption spectra of Ru(bpy)3Cl2. 

 

Kobayashi et al. demonstrated that the efficient photopolymerisation of aniline could 

be expected if PPD was more soluble in the reaction solution.168 Hence, for preparing the 

polymerisation solution in our experiment, PPD was first dissolved in aniline, and then the 

resulting solution was mixed with HCl aqueous solution in order to prepare a homogeneous 

polymerisation solution instantly. In addition, the coupling and propagation reactions in the 

photopolymerisation of aniline can be considerably affected by the pH value of the solution.262 

Higher pH (such as 5.9) led to the forming of quinone diamine, which has no coupling activity 

because of its stability; thus, coupling and propagation reactions were restricted, and only 

oligomers of aniline with lower molar masses formed. By contrast, lower pH (such as -0.3) 

induced the formation of protonated anilinium radicals, which initiated the polymerisation. 

Therefore, the concentration of HCl aqueous solution in the present experiment was set as 2 

mol/L to keep the pH of the solution at -0.3. In addition to the solubility of PPD and pH of the 

solution, another factor that can negatively influence the photopolymerisation process is the 

electrostatic repulsion.262 It was noted that at pH values lower than -0.1, PPD would be 

surrounded by anilines to form a PPD-aniline particle due to hydrophobic interactions. Because 

both aniline and PPD were protonated, the surface on the PPD-aniline particle was multiply 

positively charged. The diffusion of positively charged [Ru(bpy)3
2+]* near the surface of the 
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PPD-aniline particle was prevented due to the electrostatic repulsion. As a consequence, the 

rate of electron transfer between [Ru(bpy)3
2+]* and PPD was dramatically decreased. As the 

electrostatic repulsion between molecules in the solution can be reduced by increasing the ionic 

strength, salt such as NaCl was added in the reaction solution to facilitate the quenching 

reaction of [Ru(bpy)3
2+]* by PPD, making the photopolymerisation more efficient.262 On the 

basis of this report, the photopolymerisation of PPD in the present research was carried out in 

a solution containing 0.4 mol/L NaCl. The schematic of the photocatalysed polymerisation of 

aniline in our research is presented in Scheme 6.1. 

 

 

Scheme 6.1. The reaction of the Ru(bpy)3Cl2 catalysed polymerisation of aniline in the 

illumination of 405 nm LED (2.17 mW/cm2). 

 

In the present experiment, the photopolymerisation of aniline was initialised by 

generating PPD radical cation via a reductive quenching cycle. The proposed mechanism is 

shown in Scheme 6.2. The 405 nm light induced excitation of the photocatalyst Ru(bpy)3Cl2, 

produces the excited-state [Ru(bpy)3
2+]*, which is a much more potent electron donor than the 

ground-state [Ru(bpy)3
2+].177 If photo-induced oxidation of substrate is to be feasible, Ered of 

photoredox catalyst must be more positive than Eox of the substrate.178 It was reported that the 

reductive potential of the photo-excited Ru(bpy)3Cl2 is comparatively higher than the oxidative 

potential of PPD.168 Hence, an electron was transferred from PPD (Eox (PPD+/PPD) = 0.50 V 

vs. SCE)179 to the excited-state [Ru(bpy)3
2+]* (Ered (Ru2+*/Ru+) = 0.77 V vs. SCE),180 producing 

PPD radical cation (PPD●+). This is a single electron transfer (SET) reaction. In the next step, 

the electron was consequently transferred from the reduced-state [Ru(bpy)3
+] (Eox (Ru2+/Ru+) 

= -1.33 V vs. SCE)180  to O2 (Ered (O2/O2
●-) = -0.56 V vs. SCE),266 returning the ruthenium 

complex to the ground-state. This continuous and unidirectional photo-induced electron 

transfer produced PPD radical cation (PPD●+). Kobayashi et al.’s group demonstrated that both 

the average molar mass and the yield of the PANI photopolymerised in the presence of aniline 

was much higher than that of other solvents such as acetone.258 These results confirmed that 
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the aniline not only works as the solvent for PPD but also participates in the propagation leading 

to PANI. In the present experiment, the resulting PPD radical cation (PPD●+) attacked aniline 

monomer to yield aniline trimer. Because the oxidation potential of the aniline trimer is lower 

than that of the dimer,168 the trimer was easily oxidised by the excited-state [Ru(bpy)3
2+]*, 

which aroused the chain propagation and finally led to the formation of PANI chain. When the 

solution containing aniline, PPD, Ru(bpy)3Cl2, and NaCl was illuminated by 405 nm light, the 

solution continuously changed its colour from transparent yellow to light green and reached a 

steady state as a dark green solution after 180 minutes (Figure 6.2). This was caused by the 

formation of green precipitates in the solution.  

 

 

Scheme 6.2. The proposed mechanism of photo-induced polymerisation of PPD. 

 

 

Figure 6.2. The colour of the reaction solution at 0, 10, 40, and 180 minutes during the 

photopolymerisation process.  
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To confirm the structure of the photopolymerised precipitate, it was analysed by UV-

Vis and FTIR spectroscopy. Figure 6.3A shows that the UV-Vis absorption spectra of the green 

precipitate exhibit three absorption bands at 313, 431, and 785 nm. The peak at 313 nm belongs 

to the benzene rings, while the peaks at 431 and 785 nm were assigned to the optical absorption 

of the polaron/bipolaron band. These absorption peaks are similar to those of PANI-ES, which 

are characteristic of doped polyaniline.169,267 Furthermore, both the photopolymerised 

precipitate and PANI-ES showed a green colour in NMP solution (see images in Figure 6.3A). 

The green precipitate was suspended in 1 M ammonium hydroxide solution to obtain the 

dedoped precipitate. As can be seen from Figure 6.3B, the undoped precipitate exhibited very 

similar absorption spectra to PANI-EB. The 315 nm peak was assigned to the π-π* of the 

benzene rings in the polyaniline backbone, while the peak at 598 nm arose from the exciton 

transition of the quinoid rings. Comparatively, in the UV-Vis spectrum of photopolymerised 

green precipitate, the 598 nm peak is absent because the imine groups were protonated, causing 

a decrease in the exciton absorption and generating the absorption peaks at 431 and 785 nm 

(Figure 6.3A). The NMP solution colour of both undoped precipitate and PANI-EB are blue 

(see images in Figure 6.3B). The characterisation of the undoped precipitate further 

demonstrated that the photopolymerised green precipitate is HCl-doped polyaniline. Compared 

with the chemically polymerised polyaniline, the leftward shift in the absorption peaks of the 

green precipitate and the undoped precipitate is related to their lower molar mass which was 

probably caused by the low polymerisation degree. 
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Figure 6.3. (A) UV-Vis spectra of the photopolymerised precipitate and the PANI-ES 

synthesised via oxidative polymerisation. (B) UV-Vis spectra of dedoped photopolymerised 

precipitate and the PANI-EB synthesised via oxidative polymerisation. All of the compounds 

were prepared at a concentration of 0.5 mg/mL with NMP as a solvent. (C) FTIR spectra of the 

photopolymerised precipitate and the PANI-ES synthesised via oxidative polymerisation. (D) 

FTIR spectra of dedoped photopolymerised precipitate and the PANI-EB synthesised via 

oxidative polymerisation.  

 

The FTIR spectra of the photopolymerised green precipitate and the chemically 

polymerised polyaniline were also compared. The broad peak in the spectra corresponded to 

the moisture in the polymers. In Figure 6.3C, the peaks at 1556 cm-1 and 1477 cm-1 of the 

photopolymerised precipitate were related to the presence of the quinoid ring and the benzenoid 

ring, respectively. Similar peaks can be found at 1556 cm-1 and 1478 cm-1 in PANI-ES. For the 

precipitate, the peak at 1293 cm-1 was assigned to the C-N stretching vibrations of the 

secondary aromatic amine, the 1132 cm-1 peak corresponded to the C-H bending, and the peak 
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at 798 cm-1 was attributed to the deformation of the C-H bond. Similar peaks can be found at 

1300 cm-1, 1137 cm-1 and 796 cm-1, respectively, in PANI-ES. After being dedoped with 

ammonium hydroxide, the peaks of the photopolymerised precipitate exhibited different 

degrees of the red-shift phenomena, which was in good agreement with the previously 

published literature.268 In the dedoped precipitate, the peaks of the quinoid ring and the 

benzenoid ring shifted to 1574 cm-1 and 1494 cm-1, respectively (Figure 6.3D). The peak of the 

C-N stretching shifted to 1307 cm-1. The peak related to the C-H deformation shifted to 802 

cm-1. Similar peaks can be found at 1584 cm-1, 1497 cm-1, 1308 cm-1, 1160 cm-1, and 818 cm-

1, respectively, in PANI-EB. The decrease of the charge delocalisation and the disappearance 

of the conjugation structure were suggested as the cause of the red-shift phenomena.268 

According to the comparison of results, it was confirmed that the photopolymerised green 

precipitate is protonated polyaniline. 

The electrical conductivity was determined by a four-point method on samples 

compressed into pellets of 13 mm diameter and 1.5 mm thickness at room temperature. The 

electrical conductivity of the pressed pellet of PANI-ES made with 1 M HCl was 5.63 S/cm, 

which is comparable to conductivity reported for conventional polyaniline powder.269,270 By 

contrast, the pressed pellet of photopolymerised precipitate exhibited 0.82 S/cm. The weaker 

conductivity may be explained by the lower polymerisation degree of the photopolymerised 

precipitate. 

 

6.3.2  Precipitation photopolymerisation of aniline in hydrogel and 

its application 

To investigate the applicability of photopolymerisation of aniline for fabricating storage 

information devices, we chose HEAA-PEGDA (HP) system as our model hydrogel formulation, 

in which HEAA is the monomer and PEGDA is the crosslinker. Ru(bpy)3Cl2 was added to the 

hydrogel resin for catalysing the following photopolymerisation of aniline. Water-soluble LAP, 

which has light absorption at 405 nm was used as the photoinitiator in the HP system to make 

the hydrogel resin highly UV curable. Hydrogel films of 65 mm diameter and 1.5 mm thickness 

were fabricated by photopolymerising HP system in 405 nm LED (2.17 mW/cm2). The 

obtained thin HP-[Ru] hydrogel film was transparent and flexible (Figure 6.4A). The yellow 

colour of the film came from the photocatalyst Ru(bpy)3Cl2. The pattern recording was 

achieved via a precipitation photopolymerisation process.271 The PANI-precursor solution that 
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contained aniline and PPD was dropped onto the entire surface of the dried hydrogel film. Then 

the solution immediately entered the hydrogel. A photomask with the desired pattern was kept 

on top of the film and exposed to 405 nm LED. As soon as the light illuminated the film, the 

Ru(bpy)3Cl2 in the hydrogel catalysed the photopolymerisation of the aniline, producing green 

PANI in the hydrogel film. As a consequence, a green pattern was formed, showing the aniline 

had been polymerised. As can be seen from the left image in Figure 6.4B, the optical 

information, a green triangle, was recorded in the hydrogel film. The unreacted Ru(bpy)3Cl2 in 

the film can be easily washed out by deionized water, while the pattern was retained in the film 

very well (right image in Figure 6.4B). This result demonstrated that the recorded pattern in 

the hydrogel film has good environmental stability. In Figure 6.4C, a clearly defined kiwi bird 

pattern of around 2 cm × 2 cm was successfully recorded in the hydrogel film. The green colour 

of the pattern became darker as the illumination time extended, indicating the polymerisation 

reaction is a photo-induced process.  

 

Figure 6.4. (A) The yellow HP-[Ru] hydrogel film is transparent and flexible. (B) The 

comparison of the HP-[Ru] hydrogel films before and after their left part was treated by DI 

water. (C) Pattern recording process in a HP-[Ru] hydrogel film illuminated by a 405 nm LED 

(2.17 mW/cm2) for 60 minutes. (D) The Kiwi bird pattern treated with 1M HCl aqueous 
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solution and DI water (left), dried at 25 oC for 24 hours (middle), and treated with 1 M NH4OH 

aqueous solution (right). (E) The electrical conductivity test of the pattern-recorded area in the 

hydrogel film. 

 

Considering PANI exhibits different colours at acid-doped or undoped state,255 we 

designed an experiment to investigate the pH-sensitivity of the recorded pattern in the hydrogel 

film. As can be seen from the left image in Figure 6.4D, in the film that has been treated by 1 

M HCl solution, the unreacted Ru(bpy)3Cl2 was washed out, and the remaining pattern 

exhibited a light green colour. After being dried at 25 oC for 24 hours, the pattern exhibited a 

dark green colour, and its shape became clearer (middle image in Figure 6.4D). This green 

colour is consistent with that of PANI-ES.  

The electrical conductivity was determined by a four-point method on the pattern-

recorded hydrogel sample, which has 65 mm diameter and 1.5 mm thickness, at room 

temperature. The electrical conductivity of both the pattern-recorded area (green Kiwi bird in 

Figure 6.4D) and the unrecorded area in the hydrogel film was 0.61 S/cm and 0.17 S/cm, 

respectively. The higher value of the pattern-recorded area demonstrates that the compounds 

in the green pattern increased the electrical conductivity of the hydrogel. Furthermore, it was 

found that only the pattern-recorded area was able to illuminate a blue LED board (Figure 6.4E). 

Both the colour and the electrical conductivity of the recorded pattern confirmed that 

protonated polyaniline was synthesised in the hydrogel film. After being treated with 1 M 

NH4OH solution, the colour of the pattern turned purple immediately (right image in Figure 

6.4D), illustrating the photopolymerised product was dedoped. These experiments 

demonstrated the pH sensitivity of the recorded pattern in the hydrogel film. This unique 

property can be used for fabricating dynamic information devices.  

 

6.4 Conclusion 

We have succeeded to investigate an easy and economic route to prepare electrically 

conducting patterns in hydrogel films. This novel route uses a transition metal Ruthenium 

complex as the photocatalyst to induce the polymerisation of aniline. For the 2D pattern 

recording, a photomask was adapted to form the desired patterns with a PANI-precursors 

solution on a photocatalyst-containing hydrogel film, and the patterns were developed with a 
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405 nm light. This route produces highly stable electrical conducting protonated polyaniline 

(PANI-ES) patterns in the hydrogel film via a precipitation photopolymerisation process. The 

conductivity of the recorded patterns in the hydrogel film was a fairly high value of 0.61 S/cm. 

Furthermore, the recorded-pattern exhibited highly pH-sensitivity after being adopted in 

different solutions, showing distinct colours. This work not only optimized the reported 

methods of photopolymerisation of aniline that contain highly toxic oxidant, but also simplified 

the presented 2D pattern recording procedures which need special equipment. This research 

provides inspiration for fabricating optical memory and dynamic information devices in an 

economical way, enriching the techniques for the photonics-industry.   
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7  Electrically Conductive 

Hydrogel Filled with 

Modified Oligoanilines for 

DLP 3D Printing 
 

This chapter presents the design of an electrically conductive hydrogel formulation that 

can be used for DLP 3D printing. The fabricated objects showed ideal conductivity, 

stretchability, swelling behaviour, and fast hydrolytic degradability. 
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7.1 Introduction 

Conducting polymers are polymeric materials with conjugated structures that exhibit 

electrical conductivity after appropriate doping.149,252 Among the various conductive polymers, 

polyaniline (PANI) attracts considerable attention owing to its facile synthesis, unique redox 

properties, excellent stability, and cheap cost.255,272 Nevertheless, poor solubility of PANI in 

common organic solvents dramatically limited its application in many fields.273 In recent years, 

oligoanilines have attracted increasing attention due to their functional ability and better 

processability than PANI in common organic solvents. Oligoanilines are model compounds of 

PANI which have similar redox properties.274-278 For example, tetraaniline (TANI) has three 

oxidation-states, including luecoemeraldine (LE), emeraldine base (EB), and pernigraline (PE), 

which can be converted into each other via chemical or electrochemical reactions.279  

Hydrogels, a polymeric material with chains have hydrophilic groups for retaining a 

significant fraction of water, have been widely applied in manufacturing, for example, soft 

robotics and wearable sensors.280-283 In recent years, as the demand for biomaterials and 

wearable equipment grows, electrically conductive hydrogels (ECHs) with flexible mechanical 

properties, strong adhesion, or good biocompatibility that can transform external stimuli into 

recorded electrical signals have attracted considerable attention in the field of 3D printing.284-

287 With the development of 3D printing, ECHs with specific spatial structures become possible. 

Currently, 3D printable ECHs are mostly ionic conductive with free-moving ions.288 However, 

ionic conductivity is sensitive to changes in gel moisture content.289  

We aim to investigate new electrically conductive hydrogel photoresin that exhibit the 

above advantages and also address the plastic pollution issue through tailored, fast, hydrolytic 

degradation for the resultant 3D printed objects. In this work, the hydrogel photoresin 

formulation was composed of doped hydrophilic oligoaniline TANI-(OH)2 and monomer N-

hydroxyethyl acrylamide (HEAA). TANI-(OH)2 introduces electrical conductivity, while 

HEAA brings stiffness to the network. The degradability of the hydrogel network is afforded 

by the crosslinker poly(ethylene glycol) diacrylate (PEGDA) that contains ester bonds for 

network breakdown. The 3D printability of the optimised thiol-yne resin formulation was 

demonstrated using a commercial DLP 3D printer with a standard 405 nm light source. The 

synthesis, characterisation, thermal properties, and conductivity of TANI-(OH)2, the printing 

effect, conductivity, mechanical properties, swelling behaviour, and hydrolytic degradability 

of 3D fabricated hydrogels were systematically studied and discussed. The property of 
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degradability provides inspiration for fabricating eco-friendly electrically conductive 3D 

products in an easy and economical way. 

 

7.2 Experimental Section 

7.2.1  Materials and methods 

All of the chemicals were used as received. The chemicals purchased from Sigma-

Aldrich include N-phenyl-p-phenylenediamine (98%), Ferric chloride hexahydrate (97%), 1-

methyl-2-pyrrolidinone (99.5%), 2,2-bis(hydroxymethyl)propionic acid (98%), p-

toluenesulfonic acid monohydrate (98.5%), N,N’-dicyclohexylcarbodiimide (99%), 4-

(dimethylamino)pyridine (99%), N-hydroxyethyl acrylamide (97%), poly(ethylene glycol) 

diacrylate (average Mn 6,000), Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (95%). The 

chemicals purchased from Merck Ltd include hydrochloric acid (37%), ammonium hydroxide 

solution (28%). The chemical 2,2-dimethoxypropane (98%) was purchased from Thermo 

Fisher Scientific. 

 

Monomer and polymer characterisation. 

NMR spectra were obtained on a Bruker AvanceIII-400 instrument operating at 400 

MHz using CDCl3 and DMSO solutions. All chemical shifts (δ) were reported according to the 

solvent residual peaks (CDCl3 δ = 7.26 ppm (1H) and 77.0 ppm (13C)) in parts per million (ppm). 

ATR-FTIR measurements were conducted on a Thermo Scientific Nicolet iS50 FT-IR 

spectrometer with a built-in diamond ATR. All the spectra were measured at a 4 cm-1 resolution 

and scanned over the range of 400─4000 cm-1 at a rate of 32 scans/s.  

UV-Vis spectroscopy was performed using a Shimadzu UV-2700. All of the undoped 

and doped TANI and TANI-(OH)2 were prepared at a concentration of 0.25 mg/mL with N-

methyl pyrrolidone (NMP) as a solvent in quartz cuvettes. The photoinitiator LAP was 

prepared at concentrations of 0.05 mg/mL with deionized water as a solvent in quartz cuvettes. 

The absorbance spectra were collected between 200─900 nm. 

A modified four-probe electrical conductivity measuring instrument was used for 

measuring the electrical conductivity of the powder of HCl-doped TANI and HCl-doped 

TANI-(OH)2 by using Keithley 220 programmable current source and Keithley 2100 6.5 digit 
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multimeter (Keithley, Cleveland, Ohio, USA). Powders of these compounds were pressed in a 

pellet of 13 mm diameter and about 1.5 mm thickness under a pressure of 10 tons for 

conductivity measurement. 

The thermal stabilities of the oligoaniline TANI and modified TANI-(OH)2 were 

investigated by TGA-Q5000 (TA Instruments, USA). All samples were heated from 25 °C to 

700 °C at a rate of 10 °C/min under continuous nitrogen flow (25 mL/min). The reported 

thermal decomposition temperature (Td), in which a substance chemically decomposes, was 

taken as the extrapolated onset temperature of each decomposition stage in the curve. 

The 3D printed hydrogels were weighed after two days of swelling in deionized water 

(Ww), and after 12 hours of drying (Wd) in a vacuum oven at 80 oC. Their corresponding mass 

swelling ratios (SR) were then calculated via: 

𝑆𝑅(%) = (𝑊𝑊 − 𝑊𝑑) 𝑊𝑊⁄ × 100            (1) 

where Ww is the mass of the swollen samples and Wd is the mass of the dried samples. 

Strip samples with a size of 4 cm × 1.2 cm × 0.5 cm (L × W × H) were made via 405 

nm LED (2.17 mW/cm2) irradiated photopolymerisation of the TANI(OH)2∙HCl-hydrogel 

resins in a Teflon mould. Tensile stress tests were determined according to American Standard 

Test Method for Tensile Properties (ASTM D882-18) and were performed in a texture analyser 

(TA.XT Stable Microsystems, Surrey, UK) with the A/TG tensile grips. A speed of 20 mm/s 

was applied at room temperature to measure the tensile strength of samples. 

 

DLP 3D printing. 

The 3D printing experiments were conducted on a commercial 405 nm LED light source 

DLP printer (Anycubic Photon, Shenzhen Anycubic Technology Co., Ltd., China). The LED 

sources were focused on the bottom surface of the resin vat. Photo-curing occurred between 

the bottom of the vat and the motorised build platform through the LCD screen in the Photon 

DLP 3D printer. The vat photopolymerisation based 3D printing proceeded via a layer-by-layer 

process with pre-defined printing parameters set by Anycubic Photon Slicer software. The 

optimum normal exposure time was set from 200 to 400 s, the bottom exposure time was set 

from 300 to 400 s, and the layer thickness was set from 30 to 50 µm at an intensity of 2.7 

mW/cm2 at 405 nm. The 3D models were designed using online software provided by 
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Autodesk® Tinkercad™, which were then transferred to the slicing software. After the 3D 

printing was complete, the objects were rinsed with acetone, followed by post-curing for 10 

min under a white lamp. 

 

Hydrolytic degradation study. 

The hydrolytic degradation experiments were designed according to the literature our 

group published.7 The 3D printed hollow cubes (1 cm × 1 cm × 1 cm) using the thiol-yne 

formulation developed in this work and commercial DLP resin as control were immersed in 10 

mL 1 M NaOH and left at room temperature. The entire process (approximately 150 minutes) 

throughout the hydrolysis was continuously recorded by the GoPro camera. 

 

7.2.2  Synthetic procedures 

tetraaniline (TANI) 

 

Tetraaniline (TANI) was synthesised following a similar procedure available in the 

literature.7 As a typical preparation, aniline dimer N-phenyl-p-phenylenediamine (1.88 g, 0.01 

mol) was dispersed in 50 mL of 0.10 M HCl aqueous solution with vigorous mechanical stirring 

for 5 h under nitrogen atmosphere. Ferric chloride hexahydrate (2.79 g, 0.01 mol) was 

dissolved in 10 mL of 0.10 M HCl aqueous solution and was added to the above aniline dimer 

suspension at room temperature with vigorous stirring. After stirring at room temperature 

overnight, the suspension was filtered under vacuum, and the precipitate collected was washed 

using 0.10 M HCl aqueous solution three times to remove any residual ferric chloride. The 

tetraaniline base was obtained by de-doping with 200 mL 0.10 M NH4OH aqueous solution for 

3 h followed by drying in dynamic vacuum at 60 oC for 48 h. The product (TANI) was 1.24 g 

(68% yield) of purple powder.  

HR-MS (ESI) calcd. 364.1688 for C24H20N4, found 365.1758 [M+H]+. 

 

hydrochloric acid-doped tetraaniline (TANI-HCl) 
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The TANI powder (0.40 g, 1.10 mmol) was suspended in 500 mL 1M HCl aqueous 

solution for 24 h at room temperature. The doped powder was collected by vacuum filtration 

and was dried under dynamic vacuum at room temperature overnight. The product (TANI-

HCl) was 0.43 g (98% yield) of green powder.  

 

2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid (compound 1) 

 

2,2-Bis(hydroxymethyl)propionic acid (5.00 g, 36.50 mmol), 2,2-dimethoxypropane 

(5.82 g, 54.80 mmol), and p-toluenesulfonic acid monohydrate (0.35 g, 1.83 mmol) were 

dissolved in 25 mL of acetone. The reaction mixture was stirred for 2 h at room temperature. 

Then the reaction mixture was quenched with 4 mL of NH4OH/EtOH (50:50) solution by 

bringing the pH to 7, followed by evaporating the solvent at room temperature. The residue 

was dissolved in 100 mL dichloromethane and extracted with two portions of (15 mL) water. 

The combined organic phase was dried with anhydrous Na2SO4 and evaporated. The product 

was dried under dynamic vacuum at 60 oC for 1 h to give compound 1 as white crystals: 2.93 

g (46%).  

1H NMR (400 MHz, CDCl3), δ (ppm): 1.21 (s, 3H, -CH3), 1.42 (s, 3H, -CH3), 1.45 (s, 3H, -

CH3), 3.67~3.70 (d, 2H, -CH2O), 4.17~4.20 (d, 2H, -CH2O). 13C NMR (400 MHz, CDCl3), δ 

(ppm): 18.36, 21.73, 25.47, 41.70, 66.00, 98.40, 179.35. HR-MS (ESI) calcd. 174.0892 for 

C8H14O4, found 197.0743 [M+Na]+. 

 

2,2,5-trimethyl-N-(4-((4-((4-(phenylamino)phenyl)amino)phenyl)amino)phenyl)-1,3-

dioxane-5-carboxamide (compound 2) 
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A solution of compound 1 (1.50 g, 8.60 mmol), N,N’-dicyclohexylcarbodiimide (1.85 

g, 8.90 mmol), and 4-(dimethylamino)pyridine (15.90 mg, 0.13 mmol) in 45 mL dry THF was 

prepared under nitrogen. The reaction solution was stirred at 0 oC for 80 min. TANI (3.13 g, 

8.60 mmol) dissolved in 40 mL dry THF was added slowly at room temperature under nitrogen. 

Then the reaction mixture was stirred overnight at room temperature under nitrogen. The 

blueish precipitate was filtered off, and the solvent was removed under reduced pressure. 

Compound 2 was purified by column chromatography (silica gel 200 mesh) using hexane/ethyl 

acetate (3:1─1:1). The product was dried under dynamic vacuum at 60 oC for 1 h to give 

compound 2 as purple powder: 2.14 g (48%).  

1H NMR (400 MHz, DMSO-d6), δ (ppm): 1.16 (s, 3H, -C-CH3), 1.34 (s, 3H, -C-CH3), 1.40 (s, 

3H, -C-CH3), 3.71~3.74 (d, 2H, -CH2O), 4.09~4.12 (d, 2H, -CH2O), 6.69~6.71 (m, 1H, -Ar-), 

6.89~7.01 (m, 10H, -Ar-, -CH=CH-, -NH-), 7.14~7.18 (t, 2H, -Ar-), 7.38~7.40 (d, 2H, -Ar-), 

7.65 (s, 1H, -Ar-), 7.72 (s, 1H, -Ar-), 7.77 (s, 1H, -Ar-), 9.10 (s, 1H, -NH-CO-). 13C NMR (400 

MHz, DMSO-d6), δ (ppm): 18.36, 22.84, 24.61, 40.99, 65.46, 97.52, 114.57, 115.17, 117.52, 

118.07, 119.50, 120.56, 121.75, 129.03, 129.98, 134.91, 135.86, 138.57, 141.23, 145.39, 

171.79. HR-MS (ESI) calcd. 520.2474 for C32H32N4O3, found 521.2531 [M+H]+. 

 

TANI-(OH)2 

 

Compound 2 (1.5 g, 2.88 mmol) was dissolved in 25 mL of anhydrous THF solvent, 

and 14.4 mL 2 M HCl solution was slowly added at room temperature. The dark green resulting 

mixture was stirred for 1 h. After completion of the reaction, the HCl was neutralized by adding 

solid NaHCO3 until the solution became dark blue. The resulting mixture was continually 

stirred overnight at room temperature, followed by filtration through sintered funnel under 

vacuum. The residue was washed with deionized water. The excess solvent was removed under 
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reduced pressure, and the crude reaction mixture was dried in dynamic vacuum at 60 oC for 5 

h to give crude compound as purple powder, which was purified by column chromatography 

(silica gel 200 mesh) using hexane/ethyl acetate (1:5─1:6). The product was dried under 

dynamic vacuum at 60 oC for 1 h to give TANI-(OH)2 as purple powder: 1.05 g (70%).  

1H NMR (400 MHz, DMSO-d6), δ (ppm): 1.09 (s, 3H, -C-CH3), 3.56~3.58 (m, 4H, -CH2O), 

4.91 (t, 2H, -OH), 6.67~6.71 (m, 1H, -Ar-), 6.88~7.01 (m, 10H, -Ar-, -CH=CH-, -NH-), 

7.14~7.18 (m, 2H, -Ar-), 7.37~7.39 (d, 2H, -Ar-), 7.63 (s, 1H, -Ar-), 7.68 (s, 1H, -Ar-), 7.77 (s, 

1H, -Ar-), 9.16 (s, 1H, -NH-CO-). HR-MS (ESI) calcd. 480.2161 for C29H28N4O3, found 

481.2168 [M+H]+. 

 

hydrochloric acid-doped TANI(OH)2∙HCl 

  

The TANI-(OH)2 powder (1.15 g, 2.39 mmol) in the emeraldine oxidation state was 

suspended in 500 mL 1M HCl aqueous solution for 24 h at room temperature. The doped 

powder was collected by vacuum filtration and was dried under dynamic vacuum overnight at 

room temperature. The product (TANI(OH)2∙HCl) was 1.23 g (99.6% yield) of green powder. 

 

7.2.3  Preparation of resins 

TANI(OH)2∙HCl-HP hydrogel resin I 

We selected [HEAA]/[PEGDA]/[H2O]/[LAP]/[TANI(OH)2∙HCl] = 1000 : 1 : 200 : 6 : 

3.6 (in mass ratio) as the initial formulation for 3D printing test. N-hydroxyethyl acrylamide 

(HEAA) (3.090 g), poly(ethylene glycol) diacrylate (PEGDA) (0.003 g), H2O (0.600 g), LAP 

(0.0189 g), and TANI(OH)2∙HCl (0.0108 g) were mixed. The solution was sonicated until all 

ingredients dissolved. A homogeneous dark green colour liquid resin was obtained. 

 

TANI(OH)2∙HCl-HP hydrogel resin II 
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Photoresin [HEAA]/[PEGDA]/[H2O]/[LAP]/[TANI(OH)2∙HCl] = 1000 : 2 : 200 : 6 : 

3.6 (in mass ratio) was prepared. N-hydroxyethyl acrylamide (HEAA) (3.090 g), poly(ethylene 

glycol) diacrylate (PEGDA) (0.006 g), H2O (0.600 g), LAP (0.0189 g), and TANI(OH)2∙HCl 

(0.0108 g) were mixed. The solution was sonicated until all ingredients dissolved. A 

homogeneous dark green colour liquid resin was obtained. 

 

TANI(OH)2∙HCl-HP hydrogel resin III 

Photoresin [HEAA]/[PEGDA]/[H2O]/[LAP]/[TANI(OH)2∙HCl] = 1000 : 1 : 400 : 6 : 

3.6 (in mass ratio) was prepared. N-hydroxyethyl acrylamide (HEAA) (3.090 g), poly(ethylene 

glycol) diacrylate (PEGDA) (0.003 g), H2O (1.200 g), LAP (0.0189 g), and TANI(OH)2∙HCl 

(0.0108 g) were mixed. The solution was sonicated until all ingredients dissolved. A 

homogeneous dark green colour liquid resin was obtained. 

 

TANI(OH)2∙HCl-HP hydrogel resin IV  

Photoresin [HEAA]/[PEGDA]/[H2O]/[LAP]/[TANI(OH)2∙HCl] = 1000 : 1 : 200 : 6 : 

4.8 (in mass ratio) was prepared. N-hydroxyethyl acrylamide (HEAA) (3.090 g), poly(ethylene 

glycol) diacrylate (PEGDA) (0.003 g), H2O (0.600 g), LAP (0.0189 g), and TANI(OH)2∙HCl 

(0.0144 g) were mixed. The solution was sonicated until all ingredients dissolved. A 

homogeneous dark green colour liquid resin was obtained. 

 

7.3 Results and Discussion 

Since the TANI does not have good solubility in water, the TANI-hydrogel resin is not 

homogenous and thus it is not suitable for photo-curable 3D printing. To solve this problem, 

the TANI was modified with hydroxyl groups to prepare water-soluble electrical conductive 

oligoaniline TANI-(OH)2. 

7.3.1  Synthesis and protonation of TANI and TANI-(OH)2 

The TANI oligomer’s mass spectrum showed a molecular ion peak at 365.1758 (M+1 

peak) (Figure 7.1A). The peak indicates the molecular weight of TANI. UV-Vis spectroscopy 

shows the conducting state of the oligoaniline TANI. As shown in Figure 7.1B, the TANI 
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shows UV-Vis absorption bands at 586 and 320 nm in NMP, which are attributed to πB → πQ 

excitonic transition of benzenoid to quinoid ring, and π → π* transition of benzene ring, 

respectively. It was concluded from the UV-Vis spectrum that the synthesised tetramer, after 

conversion to its base form by NH4OH, is in the emeraldine oxidation state. After the TANI 

was doped by HCl, the protonation band of the TANI backbone increased the conjugation 

length leading to the delocalisation of polaron.290 Therefore, the characteristic peak at 586 nm 

decreased while new peaks appeared at 432 nm and 732 nm, both of which are attributed to 

polaron → π*. A similar result was found in the UV-Vis spectra of TANI-(OH)2 and HCl-doped 

TANI-(OH)2 (Figure 7.1C). For doped TANI-(OH)2 sample, the spectrum showed bands at 586, 

435, and 362─301 nm due to the presence of conducting backbone.  

 

Figure 7.1. (A) The ESI-MS spectrum of TANI. (B) The UV-Vis absorption spectra of 

undoped and doped TANI. (C) The UV-Vis absorption spectra of undoped and doped TANI-

(OH)2. (D) The ATR-FTIR spectra of undoped and doped TANI and TANI-(OH)2.  
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Figure 7.1D shows the ATR-FTIR spectrum of the TANI. The curve shows bands 

mainly at 1595, 1492, 1295, 1219, and 1154 cm-1. The intense band at 1595 cm-1 belongs to 

the skeleton of the benzoquinone ring. The bands at 1295 and 1219 cm-1 are due to the C-N 

stretching vibrations. The band corresponding to C-H stretching vibration and (Q)=NH 

stretching vibration are observed at 3025 and 3376 cm-1, respectively. In the fingerprint region, 

the bands observed at 742 and 690 cm-1 in the spectrum of TANI correspond to the C-H out-

of-plane bending and the ring out-of-plane deformation of a mono-substituted benzene ring, 

respectively.291 The difference between TANI and HCl-doped TANI are the absorption peaks 

at 3000─3500 and 950─1100 cm-1. The TANI-(OH)2 gave a broad peak of –OH and –NH at 

3381 cm-1, C-H stretching vibration at 2924 cm-1, and N-Q-N at 1595 cm-1. The carbonyl 

stretching (in amide functionality) is seen at 1650 cm-1. The HCl-doped TANI-(OH)2 showed 

N-Q-N and N-B-N bands at 1575 and 1503 cm-1, respectively. The peak at 1298 cm-1 is due to 

C-N stretching vibration of secondary aromatic amine. The comparison results of UV-Vis and 

ATR-FTIR spectra show that HCl has been successfully doped in the backbone of the TANI 

or the TANI-(OH)2.  

 

7.3.2  Electrical conductivity of protonated TANI and TANI-(OH)2 

The conductivity of the HCl-doped TANI-(OH)2 is 3.1 × 10-3 S/cm (compressed pellet, 

4 probe), which is lower than the conductivity of HCl-doped TANI (2.4 × 10-2 S/cm).  

 

7.3.3  Thermal characterisation of TANI and TANI-(OH)2 

TGA profiles of TANI and TANI-(OH)2 are shown in Figures 7.2A and 7.2B, 

respectively. TGA data including initial decomposition temperature, degradation onset 

temperature, degradation temperature, the temperature of maximum losses of the weight in 

each stage, the weight loss at 700 oC, and the thermal stability temperature (5% loss) are given 

in Table 7.1. The oligoaniline TANI showed three step decomposition pathways between 

186─378 oC, 393─558 oC, and 564─660 oC. From the derivative curve of the TGA data, the 

maximum losses of the mass occur at 343 oC, 502 oC, and 620 oC, respectively, for the three 

degradations. As shown in the derivative curve, TANI-(OH)2 degraded in three steps. The onset 

of the first degradation is at 159 oC, which is lower than that of TANI. This is probably caused 

by the loss of the hydroxyl groups. The second and third degradations of TANI-(OH)2 are 

similar to TANI, both of which are related to the degradation of the TANI chain. Comparatively, 
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TANI (261 oC) shows higher thermal stability (temperature at 5 wt.% loss) of the TANI-(OH)2 

(222 oC). The thermal characteristics comparisons show that although the presence of hydroxyl 

groups decrease the decomposition temperature of TANI-(OH)2, this modified oligoaniline still 

exhibits thermal stability that is desirable for photo curable 3D printing. 

 

 

Figure 7.2. (A&B) Weight loss curves from TGA measurement for TANI (purple and pink 

traces) and TANI-(OH)2 (red and yellow traces) recorded with a heating rate of 10°C/min under 

continuous nitrogen flow (25 mL/min). 

 

Table 7.1. TGA data of TANI and TANI-(OH)2. 

TGA 

Sample 
T1ON-

T1final (
oC) 

T1MAX 

(oC) 

T2ON-

T2final 

(oC) 

T2MAX 

(oC) 

T3ON-

T3final 

(oC) 

T3MAX 

(oC) 

Weight 

at 700 

oC (g) 

Thermal 

stability 

temp (oC) 

(5% loss) 

TANI 186─378 343 393─558 502 564─660 620 27.6 261 

TANI-

(OH)2 
159─345 323 356─465 442 470─554 513 27.0 222 
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7.3.4  TANI(OH)2∙HCl-hydrogel for DLP 3D printing 

Studies of the printability of the TANI(OH)2∙HCl-hydrogel photoresin with different 

parameters discussed above were carried out using a commercial DLP 3D printer, in which 405 

nm LED was used as a light source. The system adopts a “bottom-up” projection approach 

where digitalised UV light is irradiated from an LCD screen, which is placed below the printing 

stage. A tablet (diameter = 10 mm, thickness = 5 mm) was designed as the model structure for 

DLP 3D printing test (Figure 7.3A). We chose HEAA-PEGDA (HP) system as our model 

hydrogel formulation, in which HEAA is the monomer and PEGDA is the crosslinker. Water-

soluble LAP which has light absorption at 405 nm, was used as the photoinitiator in the HP 

system to make the hydrogel resin highly UV curable (Figure 7.3B). We prepared the 

TANI(OH)2∙HCl-HP hydrogel precursor solution by mixing the HEAA, PEGDA, LAP, and 

electrically conductive compound TANI(OH)2∙HCl in deionized water. Here, the 

PEGDA/HEAA mixing ratio was 0.1─0.2 wt.%, the water/HEAA mixing ratio was 20─40 

wt.%, and the TANI(OH)2∙HCl content of the HP hydrogel was 0.3─0.4 wt.%. The 3D printing 

speed of the TANI(OH)2∙HCl-HP hydrogel resin, the mass swelling ratio, electrical 

conductivity of the 3D printed structures, and the properties of the TANI(OH)2∙HCl-HP 

hydrogel network can be tuned by changing the PEGDA/HEAA mixing ratio, the H2O/HEAA 

mixing ratio, or the TANI(OH)2∙HCl content.  
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Figure 7.3. (A) The chemical structure of HEAA and PEGDA. The DLP 3D printer with 405 

nm LED (2.7 mW/cm2) as a light source. The 3D printed tablet. (B) The UV-Vis absorption 

spectra of LAP. The photoinitiator was dissolved in deionized water to prepare 0.05 mg/mL 

solution. (C) The 3D printing speed of different TANI(OH)2∙HCl-HP hydrogel resins. The mass 

swelling ratio (D) and the electrical conductivity (E) of the 3D printed hydrogel tablets based 

on different hydrogel resins.  

 

Table 7.2. The raw data of resin formulation, 3D printing parameters, and properties of the 3D 

printed hydrogels. 

 
TANI(OH)2∙HCl-HP hydrogel resin 

I II III IV 

resin 

formulation 

(mass ratio) 

monomer HEAA 1000 

crosslinker PEGDA 6000 1 2 1 1 

solvent H2O 200 200 400 200 

photoinitiator LAP 6 

addition TANI(OH)2∙HCl 3.6 3.6 3.6 4.8 
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3D printing 

parametersa 

normal exposure time (s) 200 200 300 400 

layer thickness (mm) 0.5 

off-time (s) 1 

number of bottom layer 3 

bottom exposure time (s) 300 300 300 400 

printing speed (mm/h) 6.98 6.98 5.36 4.05 

 

 3D printed TANI(OH)2∙HCl-HP 

hydrogel  

I II III IV 

swelling 

behaviour 

Wd (g) 0.2350 0.2455 0.1770 0.2293 

Ww (g) 6.5892 6.3587 6.7650 5.3108 

mass swelling ratio (%) 96.4 96.1 97.4 95.7 

electrical conductivity (S/cm) 0.08 0.04 0.55 0.16 

 

Four types of TANI(OH)2∙HCl-HP resins were prepared with different component 

content (Table 7.2). First, the 3D printing speed of the four resins was compared. As shown in 

Table 7.2, the 3D printing speed of resins I and II are the highest, both of which are 6.98 mm/h. 

Although the PEGDA content in resin II is twice as high as resin I, due to the very low 

crosslinker/monomer (PEGDA/HEAA) ratio, the printing speed was not obviously influenced 

by the crosslinker content. In comparison, when the water loading was doubled in resin III, a 

longer time was needed to polymerise the diluted resin. Accordingly, a lower printing speed 

(5.36 mm/h) was obtained. The lowest printing speed (4.05 mm/h) was found in resin IV, which 

had the highest TANI(OH)2∙HCl content. As can be seen from Figure 7.1C, TANI(OH)2∙HCl 

has good light absorption at 405 nm. However, TANI(OH)2∙HCl has no catalytic reactivity for 

the photopolymerisation of HEAA. Therefore, in the TANI(OH)2∙HCl-HP hydrogel resin, the 

increased TANI(OH)2∙HCl content has a negative effect on the polymerisation rate, causing 

the lowest printing speed in resin IV. 

The 3D printed tablets based on different resins have similar mass swelling ratios, all 

of which are above 95%. The degree of swelling is one of the most important parameters for a 

hydrogel as it controls the release patterns of solvents or drugs from these polymeric 

networks.292 Tablet III with the highest water content exhibits the best swelling behaviour. 

However, it was observed that tablet III did not keep its shape well, making it unsuitable for in 
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vivo conditions. In comparison, tablets I, II, and IV kept their shape well. Among them, tablet 

I had the highest mass swelling ratio (96.4%). Usually, it is known that higher crosslinker 

content brings a lower swelling ratio. However, it was found that although tablet II has a double 

amount of crosslinker to tablet I (2 ‰ and 1 ‰, respectively), they exhibit comparable swelling 

ratios. This unusual result may be due to the low cross-linker loading in both networks. Thus, 

a tiny change (1 ‰) in the crosslinker will not restrict the network to any significant amount.  

The electrical conductivity of the printed tablets was also compared. Because the 

TANI(OH)2∙HCl was fully dissolved in the resin by sonicating during the sample preparation 

process, the electrical conductivity of the printed tablets should be related to the concentration 

of the TANI(OH)2∙HCl aqueous solution. Based on the formulation of resin I, a blank group, 

in which the TANI(OH)2∙HCl content is 0%, was prepared. It was found that this non-

TANI(OH)2∙HCl resin exhibited positive electrical conductivity, illustrating that water is 

favourable for increasing the electrical conductivity. According to the results in Table 7.2, 

when the water content was fixed, resin IV exhibited higher conductivity than resins I and II 

due to its higher concentration of TANI(OH)2∙HCl. This result demonstrates that 

TANI(OH)2∙HCl indeed have positive effect on the conductivity. However, although resin III 

has the lowest concentration of TANI(OH)2∙HCl, the higher water content significantly 

increased the electrical conductivity. Therefore, tablet III exhibited the highest conductivity 

(0.55 S/cm). These results illustrated that the water content in the resin probably has a higher 

positive effect on the conductivity than TANI(OH)2∙HCl. The relationship between the water 

content, TANI(OH)2∙HCl solution concentration, and the electrical conductivity will be 

investigated in the future work. As compared with other reported conductive hydrogels, our 

TANI(OH)2∙HCl-HP hydrogel III shows high conductivity.293  

Figure 7.4A shows the shape change of the hydrogel strip in the tensile test. Figure 7.4B 

presents the tensile stress-strain curve of TANI(OH)2∙HCl-HP hydrogel strips with different 

molar ratios of PEGDA, H2O or TANI(OH)2∙HCl with a stretching speed of 20 mm/s. Strip 

samples with a size of 4 cm × 1.2 cm × 0.5 cm (L × W × H) were made via 405 nm LED (2.17 

mW/cm2) irradiated photopolymerisation of the TANI(OH)2∙HCl-hydrogel resins in a Teflon 

mould. By tuning the ratio of the components, the density of hydrogen bonding varied, which 

affected the mechanical properties of the hydrogels. Strip II exhibited the highest tensile 

strength (1.7 MPa) but the lowest elongation (395%) at breaking point. This is because the 

higher crosslinker content in resin II results in more cross-linking points and longer linear 

chains. Thus, higher cross-linking density generates more rigid and less elastic hydrogel.294 
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Although the tensile strain at breaking point of strips I and IV are similar, the higher 

TANI(OH)2∙HCl content in resin IV increased the max stress of strip IV. This is because the 

rigid backbone structure in TANI introduces significantly stronger mechanical strength into the 

hydrogel network. Strip III shows the best elongation at breaking point (641%) due to the 

decreased cross-linking density caused by the higher water content in the network. Because 

strip III is more ductile than other strips, it can be broken using the least force.  

 

 

Figure 7.4. (A) Optical images of the TANI(OH)2∙HCl-HP hydrogel strip in the tensile test. 

(B) Tensile stress-strain curve of TANI(OH)2∙HCl-HP strip samples with different component 

contents. 

 

According to the property comparison discussed above, resin I exhibits the highest 

printing speed, favourable mass swelling ratio, and ideal stretchability. Although resin IV also 

has suitable properties, its low printing speed dramatically limits its further application in 3D 
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printing. Consequently, the optimised TANI(OH)2∙HCl-HP resin formulation is based on resin 

I, in which the component mass ratio is [HEAA]/[PEGDA]/[H2O]/[LAP]/[TANI(OH)2∙HCl] = 

1000 : 1 : 200 : 6 : 3.6. As shown in Figure 7.5, under the printing parameters (layer thickness 

is 0.30 mm alongside the normal exposure time per layer of 200 s and bottom exposure time 

per layer of 300 s), 3D structures of a wolf head, a hollow twisting chess piece, a shield logo 

of “UOA”, and a 3D logo of “UOA” were all successfully fabricated with excellent printing 

resolution. The conductivity of the 3D printed object is illustrated in Figure 7.6A. Although 

the TANI(OH)2∙HCl-HP strip is very flexible, it keeps its shape very well after being twisted 

(Figure 7.6B). Moreover, the 3D fabricated lattice structure can even withstand up to 150 g 

weight (Figure 7.6C). All of these results demonstrate the possible applications of this 

TANI(OH)2∙HCl-HP hydrogel. 
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Figure 7.5. CAD models (left) and corresponding optical images of 3D printed objects under 

405 nm, including a wolf head (A), a hollow twisting chess piece (B), a shield logo of “UOA” 

(C), and a 3D logo of “UOA”. The scale presented on the microscope image is shown in mm.  

 

 

Figure 7.6. (A) A complete circuit composed of a blue LED bulb and our 3D printed hydrogel 

Kiwi bird, showing good conductivity of the hydrogel. Digital images show the ability of the 

3D printed TANI(OH)2∙HCl-hydrogels to withstand twisting (B) and withstand a 150 g weight 

(C). 

 

7.3.5  Hydrolytic degradation study 

Due to the presence of the degradable amide groups in the TANI(OH)2 and HEAA, it 

was expected that the TANI(OH)2∙HCl-HP derived polymers can degrade into low molecular 

fragments.215,224,225,295 Therefore, for the last part of this work, we investigated the hydrolytic 

degradation behaviour of TANI(OH)2∙HCl-HP derived 3D fabricated objects. According to the 



130 
 

degradation method our group has previously reported,7 two 3D printed hollow cubes using 

our TANI(OH)2∙HCl-HP resin (dark purple) or a commercial resin as control (green) were 

subjected to immersion in 15 mL 1 M NaOH at 25 oC with no agitation (Figure 7.7). 

Degradation was indicated by the visible dissolution of printed structures. After 30 minutes of 

immersion, the solution containing the TANI(OH)2∙HCl-HP purple cube turned to purple, 

while the cube began to collapse; whereas the green cube apparently did not undergone any 

degradation (Figure 7.7B). After 90 minutes, more dissolved fragments appeared and the 

solution with the purple cube turned to darker purple (Figure 7.7D). Moreover, bubbling, 

presumably of ammonia was also observed in the solution. Finally, after 150 minutes, the 

TANI(OH)2∙HCl-hydrogel purple cube had completely dissolved in the NaOH solution. In 

contrast, the control group of the commercial resin-printed object (green cube) remained 

completely intact under the same conditions over the same time period (Figure 7.7F). The 

degradation results demonstrate the fast hydrolytic degradation of the TANI(OH)2∙HCl-

hydrogel-based 3D printed object in an aqueous alkaline solution. The incorporation of the 

amide-containing TANI(OH)2 and HEAA in the photoresin effectively introduce fast 

hydrolytic degradation functionality to the 3D printed objects. 

 

 

Figure 7.7. The hydrolytic degradation of 3D printed hollow cubes from TANI(OH)2∙HCl-HP 

based photoresin (dark purple) and commercial resin (obtained from Shenzhen Anycubic 
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Technology Co., Ltd., China) as control (green) in 1 M NaOH solution. (A) t = 0 min; (B)  t = 

30 mins; (C)  t = 60 mins; (D) t = 90 mins; (E) t = 120 mins; (F) t = 150 mins. 

 

7.4 Conclusion 

This report outlines the synthesis of a modified oligoaniline TANI-(OH)2. The 

protonated-state TANI(OH)2∙HCl was added in hydrogel (HP) for making a  homogeneous 

photoresin for  DLP 3D printing. TANI-(OH)2 introduces electrical conductivity while 

hydrogel monomer brings stiffness and degradability to the resulting polymer network. The 

synthesis, characterisation, thermal properties, and conductivity of TANI-(OH)2; the 3D 

printing effect, mechanical properties, swelling behaviour, conductivity, and hydrolytic 

degradability of 3D fabricated hydrogels were systematically studied and discussed. The 

optimised TANI(OH)2∙HCl-HP hydrogel photoresin formulation was successfully used in a 

commercial DLP 3D printer. The fabricated 3D structure with high resolution (30 μm layer 

thickness) was shown to be degraded into water-soluble fragments in 1 M NaOH within 2.5 

hours. This work illustrates the importance of combining 3D printing technology and 

hydrolytically degradable materials to solve the plastics pollution problem. Furthermore, this 

study provided an inspiration for fabricating eco-friendly electrically conductive 3D products 

in an easy and economical way. 
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8  Conclusions and Future 

Work 
 

8.1 Conclusions 

With the aim of developing novel photopolymers for additive manufacturing, various 

thiol-yne derived resins and electrically conductive resins were designed and obtained. To 

confirm the identity of the monomers and polymers produced, characterisation and analyses 

were performed using NMR, ATR-FTIR, ESI-MS, and UV-Vis. The photopolymerisation 

process was monitored in real-time FTIR and photo-DSC. The thermo-mechanical properties 

of the resulting polymers were measured using DSC and TGA. All of the prepared photoresins 

were used in an original or modified DLP 3D printer for fabricating desired 3D objects. 

Properties of the fabricated 3D objects, such as swelling ratio, tensile stress, hydrolytic 

degradability, and electrical conductivity, were measured.  

Chapter 4 and Chapter 5 detailed the investigation of thiol-yne derived photoresins that 

have either fast degradability or visible-light printability. In Chapter 4, a new tetra-alkyne 

monomer A4, which is an aliphatic polycarbonate oligomer with a pendant alkyne functional 

group, was synthesised via a ring-opening polymerisation reaction. The polymerisation of the 

oligomeric polycarbonate was well-controlled using dual catalysts of TU and DBU. The degree 

of polymerisation (DP) of the oligomer was controlled precisely. The synthesised alkyne A4 

was then polymerised with different functional thiols (T2, T3 and T4) via a thiol-yne “click” 

photopolymerisation process. The effect of different functional thiols on the structure-property 

relationships of the AT-series formulations was systematically investigated. The optimised AT 

formulation was successfully applied in DLP 3D printing, producing various complex 3D 

objects with high resolution (50 μm layer thickness), which exhibited faster hydrolytic 

degradability in aqueous alkaline solution than other reported thiol-yne resins. This work 

illustrates the importance of combining 3D printing technology and hydrolytically degradable 

materials, providing a possible solution to the plastics pollution problem. 
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In Chapter 5, a mild and safe visible-light (λmax = 470 nm) assisted thiol-yne 3D printing 

was investigated. By using photoredox catalysts Eosin Y (EY) and fac-Ir(ppy)3 together in the 

reaction system, the thiol-yne (PO) polymerisation was accomplished through a photoredox 

catalysis mechanism, in which EBIB was used as the co-initiator for fac-Ir(ppy)3. The 

optimised dual catalysts EY/fac-Ir(ppy)3 system not only facilitates the faster thiol-yne reaction 

but also potentially enables wider visible light wavelength coverage for the 3D printing process. 

Based on this strategy, the thiol-yne resin was applied in a modified DLP 3D printer, in which 

a blue light (λmax = 470 nm) was used as the light source. This dual-catalytic PO-EY-Ir-EBIB 

system demonstrated a synergistic improvement over either of the single catalyst systems, PO-

EY (good resolution, slow kinetics) or PO-Ir-EBIB (poor resolution, fast kinetics), on their 

own. Various desired 3D printing objects were successfully fabricated by optimising the layer 

thickness and exposure time of each layer, exhibiting a z-axis resolution of 0.25 mm and 

building speed of 5 mm/h. This work illustrates the possibility of replacing traditional 

photoinitiators with photoredox catalysts in the visible light range, enriching the photoresin 

formulations for the polymer-based 3D printing industry.    

Chapter 6 and Chapter 7 detail the studies of the electrically conductive photoresins for 

the fabrication of objects such as dynamic information devices or 3D hydrogels. In Chapter 6, 

a safe and economical route of synthesising electrically conductive polyaniline (PANI) by 

photopolymerising aniline was investigated. The polymerisation reaction was accomplished by 

using Ruthenium complex as the photocatalyst. After the resulting polymer was characterised 

in ATR-FTIR and UV-Vis, this strategy was used in recording 2D electrically conducting 

patterns in hydrogel films. A photomask with desired patterns was adapted with a PANI-

precursors solution on a photocatalyst-containing hydrogel film. A 405 nm LED was used as 

the light source to induce photopolymerisation. During the pattern recording process, desired 

patterns were printed in the hydrogel via a polymerisation process in green colour. The 

recorded pattern exhibited high pH sensitivity after being adopted in different solutions, 

showing distinct colours. The conductivity of the acid-doped pattern was positive. These results 

demonstrated that the resulting polymer in the photo-illuminated areas in the hydrogel is 

protonated PANI. This work not only optimised the reported methods of photopolymerisation 

of aniline that contained highly toxic oxidants, but also simplified the presented 2D pattern 

recording procedures that needed special equipment. This research provides inspiration for 

fabricating optical memory and dynamic information devices in an economical way, enriching 

the techniques available for the photonics industry.   
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In Chapter 7, a degradable electrically conductive hydrogel photoresin for DLP 3D 

printing was studied. A hydrophilic electrically conductive oligoaniline TANI-(OH)2 was 

synthesised, protonated,  and added into a hydrogel photoresin (HP). The homogeneous 

hydrogel resin was illuminated by a 405 nm LED to accomplish the photopolymerisation 

reaction. TANI-(OH)2 introduces electrical conductivity while hydrogel monomer N-

hydroxyethyl acrylamide (HEAA) brings stiffness and degradability to the polymer network. 

The 3D printing effect, conductivity, mechanical properties, swelling behaviour, and hydrolytic 

degradability of 3D fabricated hydrogels were systematically investigated to optimise the resin 

formulation. The optimal TANI(OH)2∙HCl-HP photoresin was successfully used in a DLP 3D 

printer, fabricating various complex objects with high resolution (30 μm layer thickness) and 

different properties ‒ notably the unique hydrolytic degradability in aqueous alkaline solution. 

This study provides inspiration for fabricating eco-friendly electrically conductive 3D products 

in an easy and economical way. 

 

8.2 Future Work 

As presented in this thesis, various types of photopolymers gave different performances 

in additive manufacturing. Further investigations may focus on the following directions: 

 

1) Design a mild and fast vat photopolymerisation technique for fabricating thiol-yne 

photoresin in the presence of living cells 

 

In the area of thiol-ene/yne based vat photopolymerisation, as the light absorption (λmax 

= 275─393 nm) of the widely used commercial photoinitiators (Irgacure 819, TPO, TPO-L, or 

LAP) is in the UV region, the conventional light source in DLP and SLA 3D printers is 365 

nm or 405 nm UV light. Reliance on UV or near-UV light for 3D printing research significantly 

limits its further application due to the expensive equipment, serious heat generation, harmful 

side effects, or even occupational health and safety issues from UV light exposure.92,93 

Moreover, it was found that irradiation of UV light was toxic to living cells which leads to an 

impairment in cell function and cell death.296 Until now, the reported living cell-containing 

thiol-yne photoresins were fabricated through a direct ink writing (DIW) 3D bioprinting 

process, which exhibited slow fabrication speed and undesirable printing accuracy.2,57 
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Therefore, it is essential to investigate a mild photo-assisted 3D printing method that can 

accomplish a fast live cell-containing thiol-yne bioprinting. This research could be focused on 

developing novel photoinitiators that are non-toxic to living cells and have high absorption in 

the visible-light region. Therefore, visible light, which is favourable for living cells, can be 

used as the light source in the 3D printer. Combining the outstanding fabrication speed of the 

vat photopolymerisation techniques, the unique “click” feature of thiol-yne chemistry, and the 

desirable mechanical properties of thiol-yne cross-linked network, a fast 3D printable living 

cell-containing thiol-yne photoresin is possible to be designed. This work may open up new 

opportunities for thiol-yne derived photoresins in bioindustry.  

 

2) Investigate the printability of conductive functionalised polyaniline (PANI) in vat 

photopolymerisation 

 

PANI is one of the most attractive electrically conducting polymers and has been widely 

investigated in additive manufacturing. Due to the poor solubility of the undoped PANI in most 

common organic solvents, it cannot be dissolved in conventional photoresins very well. Only 

limited research using conductive PANI in vat photopolymerisation has been presented. The 

products are either 2D images168,186,189,190 or exhibit very low conductivity.194,195 Therefore, it 

is necessary to investigate the synthesis of functionalised PANI, which can be used as the 

photocurable monomer. The key point of this strategy is to functionalise PANI with groups, 

such as vinyl groups, thiol groups, or carbon-carbon triple bonds, which can be 

photopolymerised with each other. The functional groups can be selectively added to certain 

benzene rings in PANI for preserving the conjugated structure that brings conductivity in the 

doped PANI. Therefore, the conductivity of doped PANI will not dramatically decrease. In 

addition, the molecular mass of the synthesised functionalised PANI should be carefully 

controlled to keep the resulting PANI as liquid resin. In the presence of the functional groups, 

the modified PANI may be selectively polymerised under the illumination of light in a photo-

assisted 3D printer. As a consequence, conductive PANI-derived 3D objects may be fabricated. 

This work will combine the advantages of vat photopolymerisation (fast fabrication speed and 

high accuracy) with the outstanding conductivity of PANI, offering new ideas for photo-

assisted 3D printing of conducting polymers.  
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Appendix  
Chapter 4: 

 

Figure A1. 1H NMR of prop-2-yn-1-yl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate in 

CDCl3. 

 

Figure A2. 13C NMR of prop-2-yn-1-yl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate in 

CDCl3. 
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Figure A3. 1H NMR of 5-methyl-5-propargyloxycarbonyl-1,3-dioxane-2-one in CDCl3. 

 

 

Figure A4. 13C NMR of 5-methyl-5-propargyloxycarbonyl-1,3-dioxane-2-one in CDCl3. 
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Figure A5. 1H NMR of tetra-alkyne in CDCl3. 

 

The degree of polymerisation (DP) is calculated by end group analysis in NMR, giving n is 4. Normalise 

the peak at 2.35 ppm as 3 protons, which coming from the methyl group of the 4-methylbenzyl alcohol. 

Integrate the peak at 2.46~2.52 ppm, then calculate the DP with the following equation:  

𝐷𝑃 =
𝐼𝑝𝑒𝑎𝑘 4

1
=

4.08

1
= 4.0 
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Figure A6. Resin formulation and DLP 3D printing parameters optimization. Exposure time 

and target layer thickness are defined by a slicing software.  

 

 

Chapter 7: 

 

Figure A7. 1H NMR spectrum of 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid in CDCl3. 

 

 

Figure A8. 13C NMR spectrum of 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid in CDCl3. 
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Figure A9. ESI-MS spectrum of 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid. 

 

 

Figure A10. 1H NMR spectrum of 2,2,5-trimethyl-N-(4-((4-((4-(phenylamino)phenyl) 

amino)phenyl)amino)phenyl)-1,3-dioxane-5-carboxamide in DMSO-d6. 
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Figure A11. 13C NMR spectrum of 2,2,5-trimethyl-N-(4-((4-((4-(phenylamino)phenyl) 

amino)phenyl)amino)phenyl)-1,3-dioxane-5-carboxamide in DMSO-d6. 

 

 

Figure A12. ESI-MS spectrum of 2,2,5-trimethyl-N-(4-((4-((4-(phenylamino)phenyl)amino) 

phenyl)amino)phenyl)-1,3-dioxane-5-carboxamide. 
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Figure A13. 1H NMR spectrum of TANI-(OH)2 in DMSO-d6. 

 

 

Figure A14. ESI-MS spectrum of TANI-(OH)2. 
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