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Abstract 

The reaction of thiol-ene has a significant feature, in that it has a wide range of 
applications, regardless of the level of activity. Most olefins can react with almost every 
thiol group, simple reaction and mild condition, each of which can be completed within 
a few seconds. Novel thiol-ene functionally-graded materials with this unique 
advantage were prepared via the use of two methods. First, functionally-graded 
materials (FGMs) were obtained by adjusting the ratio of the solution and ultraviolet 
irradiation duration. The second method regulated the mechanical properties of the 
materials by adjusting different UV wavelengths. 

In the first part of the project, 3-segment cylindrical thiol-ene materials of different 
lengths were prepared by PETMP, TATATO and TMPDE on step-growth ‘click’ 
chemistry. The composition and structure of the materials were studied by Fourier 
transform infrared spectroscopy (FTIR). The linear viscoelastic (LVE) properties of soft 
segments were identified by utilizing an 8 mm plate-plate geometry on an ARES-G2 
rheometer at room temperature. The existence of the interface was observed with an 
atomic force microscope (AFM). By controlling the reaction time, the reactants were 
pre-polymerized initially, with two kinds of molecular chains penetrating each other to 
form a strong interface when another material was added. As indicated by the tensile 
test on a filament stretching rheometer (FSR), the fracture occurred on the surface of 
the soft material instead of at the material interface. 

In the second part of the project, we studied PETMP and TMPDE with 11 different 
ratios (0.5, 0.75, 0.8, 0.9, 1, 1.25, 1.5, 1.75, 2, 3 and 4) as soft segment materials by 
analyzing their chemical and mechanical properties via FTIR, differential scanning 
calorimetry (DSC) and a thermal gravimetric analyzer TGA. The five ratios (1, 1.25, 
1.5, 1.75 and 2) were screened out to prepared 3-segment cylindrical materials, and 
influencing factors on the ratios and the tensile rates of the soft segments were 
investigated by using the stress-strain method on Instron. Maximum stress, strain at 
rupture and Young’s modulus were obtained for each ratio. The fracture section was 
characterized by optical microscopy (OM) and a scanning electron microscope (SEM). 
7-segment cylindrical thiol-ene FGMs were prepared according to the ratios, in order 
to simulate the different mechanical properties of the materials, based on a comparison 
of these properties. The stress-strain behavior of the 7-segment materials on the test 
conditions was investigated on Instron, and the results showed that the materials had 
higher fracture stress levels than R-1 and a higher fracture strain than R-2. Moreover, 
the interface between various segments was strong enough to make the fracture occur 
on the surface of the soft segment of R-1. 

At the end of the project, alkyne coumarin and Trimethylolpropane tris(3-mercapto-
propionate) were used to prepare the alkyne coumarin/thiol-ene materials via thiol-
yne/ene reaction and cycloaddition. The linear viscoelastic properties of the material 
in different conditions were obtained from small amplitude oscillatory shear flow 
measurements, taken with an ARES-G2 rheometer provided by TA Instruments. 
According to the LVE test, the cross-linking degree of the material alters when exposed 
to the alternative irradiation of different ultraviolet lights, such as 300 nm and 240 nm. 
The mechanical properties of different parts of the material can then be adjusted, in 
order to prepare the thiol-ene FGMs by using different UV wavelengths and irradiation 
times. 
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Resumé 

Reaktionen af thiol-en har et karakteristisk træk, at den har en lang række anvendelser, 
uanset aktivitetsniveauet. De fleste olefiner kan reagere med næsten alle thiolgrupper, 
enkle reaktioner, under milde betingelser, som kan afsluttes inden for få sekunder. Nye 
funktionelle thiol-en-materialer blev fremstillet ved hjælp af denne unikke fordel ved 
anvendelse af to metoder. Med den første opnåedes FGM'er ved at justere forholdet 
mellem opløsningen og varigheden af den ultraviolette bestråling. I den anden metode 
reguleredes materialernes mekaniske egenskaber ved at justere forskellige UV-
bølgelængder. 

I den første del af projektet blev 3-segmenter cylindriske thiol-en-materialer med 
forskellige længder fremstillet af PETMP, TATATO og TMPDE-base på basis af trin-
vækst 'klik'-kemi. Sammensætningen og strukturen af materialerne blev undersøgt ved 
Fourier transform infrarød spektroskopi (FTIR). De lineære viskoelastiske egenskaber 
(LVE) af bløde segmenter blev målt ved at anvende en 8 mm plade-geometri på et 
ARES-G2 reometer ved stuetemperatur. Eksistensen af grænsefladen blev observeret 
af et Atomic Force Microscope (AFM). Ved at kontrollere reaktionstiden blev 
reaktanterne først polymeriseret og to slags molekylkæder trængte ind i hinanden for 
at danne en stærk grænseflade, efterhånden som det andet materiale blev tilsat. Som 
indikeret ved trækprøvning på et filamentstræk-reometer (FSR) forekom bruddet på 
overfladen af det bløde materiale i stedet for i materialegrænsefladen. 

I den anden del af projektet studeredes PETMP og TMPDE med 11 forskellige forhold 
(0,5,0,75,0,8,0,9,1,1,25,1,5,1.75,2, 3 og 4) som bløde segmentmaterialer. Deres 
kemiske og mekaniske egenskaber blev analyseret ved FTIR, differentiel 
scanningskalorimetri (DSC) og termisk gravimetrisk analyse (TGA). De 5 forhold 
(1,1,25,1,5,1.75 og 2) blev screenet ud til forberedte 3-segmenters cylindriske 
materialer, og påvirkningsfaktorer på forholdene og trækhastighederne for det bløde 
segment blev undersøgt ved anvendelse af spændings-tøjningsmetoden på et Instron 
trækprøveinstrument. Den maksimale spændingsbelastning ved brud og Youngs 
modul blev bestemt for hvert forhold. Brudssektionen blev karakteriseret ved optisk 
mikroskopi (OM) og med et Scanning Electron Microscope (SEM). 7-segmenter 
cylindriske thiol-en FGM'er blev fremstillet i henhold til forholdene for at simulere de 
forskellige mekaniske egenskaber af materialerne. De mekaniske egenskaber for 7-
segmenterne blev sammenlignet under trækprøvningsforsøg på en Instron tester. 
Resultaterne viste, at materialerne havde højere brudspænding end R-1 og en højere 
brudforlængelse end R-2. Desuden var grænsefladen mellem forskellige segmenter 
stærk nok til at få bruddet til at forekomme på overfladen af det bløde segment af 
materialer fremstillet i et forhold på 1. 

Ved projektets afslutning blev alkyncumarin og Trimethylolpropan-tris (3-
mercaptopropionat) anvendt til fremstilling af alkyn-coumarin / thiol-en-materialerne 
ved thiol-yn / en-reaktion og cycloaddition. Materialets lineært viskoelastiske 
egenskaber under forskellige betingelser blev målt i forskydningsoscillation med lille 
amplitude ved hjælp af et ARES-G2-rheometer fra TA Instruments. I henhold til LVE-
testen vil materialets tværbindingsgrad ændre sig under den alternative bestråling ved 
forskellige ultraviolette bølgelængder som 300 nm og 240 nm. De mekaniske 
egenskaber ved forskellige dele af materialet kan justeres for at fremstille thiol-en 
FGM'er ved forskellige UV-bølgelængder og bestrålingstid.
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1 Introduction and outline 

Monolithic thiol-ene materials with drastically different mechanical properties are 
widely used in natural and industrial processes, and they are important to both 
engineering applications and academic research1–3. It is difficult to test systematically 
the mechanical properties of these materials, since an ideal material may exhibit 
random mechanical properties at various locations. Consequently, a functionally-
graded model is used in this regard, and so we prepare hard-soft thiol-ene functionally-
graded materials (FGMs), formed via a base click chemistry reaction. Products with 
different degrees of polymerization will exhibit different mechanical properties at room 
temperature, by controlling the kind of reaction compounds (thiol and ene with different 
numbers of functional groups) and the ratio of reactants, alongside interesting soft-
hard alternate phenomena4. 
 

It has been shown that different photoinitiators and the power of a UV curing light 
source will influence UV curing speed5–8. The thiol-ene material works well in three-
dimensional (3D) printer stereolithography (STL)9, due to the high-speed process 
induced by using a suitable photoinitiator and a UV light source. Different from the 
existing 3D printer technology products, which consist of the same mechanical 
property material10, products with multiple mechanical properties can be easily 
obtained by controlling the ratio of hard and soft materials. This project will provide a 
new method which may have possible applications in 3D printers. 

1.1 Thiol-ene click chemistry reactions  

Click chemistry, also known as "dynamic combinatorial chemistry", indicates that 
through the connection of small chemical units, fast chemical synthesis can be 
performed with high yields, in order to obtain the target product. This concept has 
attracted great attention in the field of chemical synthesis, which was first proposed by 
K Barry Sharpless in 200111. The main characteristics of click chemistry are high yields, 
breadth of scope, no by-products (or harmless by-products), easy access to reaction 
raw materials, simple conditions, stereospecificity and its requirement for a high 
thermodynamic driving force12–15. 

After nearly two decades of development, click chemistry has made great contributions 
to organic synthesis, and it has thus become an attractive synthesis concept in many 
fields such as drug development 13and biomedical material synthesis16. There are four 
main types of click chemistry reactions, namely cycloaddition reactions17, nucleophilic 
ring-opening reactions18, non-aldol carbonyl reactions19 and additions to carbon-
carbon multiple bonds20. 

Huisgen 1,3-dipolar cycloaddition (CuAAC) (Scheme 1.1) is the most typical system 
of cycloaddition click reaction, by which the 1,2,3-triazole can be obtained by azide 
with terminal or internal alkyne under monovalent copper catalysis. Azides and 
terminal alkynyl groups are easy to incorporate into the molecule and are relatively 
stable. This method has many advantages, such as quick reactions, high yields and 
no by-products, and it is widely used in polymer coupling and post-modification, albeit 
the mandatory copper(I) catalyst is toxic to biological cells and it is difficult to meet the 
requirements of living organisms. Therefore, azide-alkyne cycloaddition (SPAAC) 
induced by ring tension is proposed, which involves the reaction of cycloolefin and 
azide. The biggest improvement in this reaction is the copper-free click chemical 
reaction, which avoids the toxicity of monovalent copper and increases the reaction 
rate through the angular strain of the triple bond and the ring strain present in the 
cycloolefin. However, the use of azide in the above two reactions is dangerous during 
the reaction phase21,22.  
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Scheme 1.1. Azide-alkyne Huisgen cycloaddition schematic 

The nucleophilic ring-opening reaction (Scheme 1.2) involves a ternary heteroatom 
performing nucleophilic ring-opening through ring tension, to release its inherent 
tension energy; examples include epoxy-derived hetero-cyclopropane, cyclic sulfate, 
cyclic sulfamide, aziridine ion and episulfide ion23,24. 

 

 

Scheme 1.2. Nucleophilic ring-opening schematic for click chemical reactions 

Non-aldol carbonyl chemistry (Scheme 1.3) includes a Schiff base reaction (aldehydes, 
ketones and primary amines, to synthesize imines) and the dehydration condensation 
of hydrazine and carbonyl compounds25,26.  

 

 

Scheme 1.3. Schiff base reaction schematic 

The thiol-ene reaction (Scheme 1.4) is the main reaction of the carbon-carbon multi-
bond addition type, and it comes with stereoselectivity, high yields and other click 
chemistry characteristics which can be performed under light or thermal initiation. It is 
commonly used in the synthesis of dendrimers and the surface modification of 
materials27,28. 

 

 

Scheme 1.4. Photo-initiated thiol-ene mechanism schematic 

It is commonly accepted that the thiol-ene quick reaction can take place through 
different methods, such as photochemical methods or 2,2-azobis (isobutyronitrile) 
(AIBN), regardless of whether or not a photoinitiator is included. In 1905, an article was 
written in which the effective responses of thiols with reactive C=C bonds and it showed 
that people in early 1900s knew the basic concepts of reactions between enes and 
thiols. 29–32. 

Two thiol reactions have gained huge momentum, namely the catalyzed thiol Michael 
addition to electron-deficient C=C bonds, and thiol-ene free radical inclusion to 
electron-poor or electron-rich C=C bonds.33,34. Normally, a polymerization process 
takes place for alkyl thiols and alkenes (enes) with the help of robust step-growth, 
uninhibited by air and free radical chain processes, in order to provide high-density 
networks along with exceptional physical and mechanical properties. 
Photopolymerizations proceed through the robust step-growth process, which can 
handle the unique features of several systems in relation to other photopolymerization 
processes35,36.  
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1.2 Chemistry and mechanical properties of thiol-ene materials 

Mixtures of multifunctional thiols and enes are photopolymerized for instant yield of 
thiol-ene materials. The mechanical and chemical properties of these materials are 
unique as it is a free-radical process. The growth due to radical free reaction 
mechanism develops the uniform, low stress and flexible cross-linked network. 37–39 
Several key aspects of the mechanical and physical performance parameters are 
followed for thiol-ene crosslinking.40,41 Although this free-radical step growth develops 
stress in the structure of the material. Sulfur atoms in thioether are crystal and optically 
clear similar to ether oxygen in polyether/polyurethane hybrid system and inherent the 
static property. This crystalline property brings flexibility in the material which enhances 
mobility within the polymers. 42–44 Multifunctional thiols and enes in a mixture for 
photopolymerization are an effective method for the immediate production of thiol-ene 
materials. The mechanical properties and unique chemistry during the process of 
photopolymerization are a radical-step to develop uniform cross-linked networks with 
high flexibility and low stress in materials. During this process, there are many features 
related to the performance (physical and mechanical) of thiol-ene crosslinking to have 
uniform cross-linking. 45–48  

As mentioned earlier, the polymerization of thiol-ene is a free-radical process that 
results in building up stress in materials and these crystals are optically clear. During 
the process of polymerization, it is also reported that the glass transition temperature 
of the thiol-ene networks remains static even up to 1 month. It indicates that these 
materials are oxidation resistance and thermally stable up to 1 month.49–51 It was an 
obvious fact as the thiol-ene group brought stabilization by acting as an antioxidant. In 
our laboratory, the thiol-ene materials showed stability through thermogravimetric 
analysis up to 250 °C when scanned at 10 °C /min. Woods et. al.52,53 also reported that 
the thiol-ene material produced by the polymerization had shown high resistance 
towards the absorbing water and remaining static during oxidation. There was no 
weight loss of materials observed when held at 200 °C for 40 min. Every accumulation 
of a thiol group in an ene double bond of thiol-ene systems resulted in the addition of 
the thioether group. These thioether groups when combined with radical scavengers, 
also serve as an antioxidant stabilizer for many commodities polymers. To check the 
long-term thermal stability when exposed to 50 °C for 3 years, the photopolymerizable 
thiol-ene electronic and optical adhesives showed little loss in discoloration or 
performance. Upon exposure in simulated weathering, these materials exhibited 
excellent coloring until aromatic groups were not added in the thiols or enes. So, these 
materials are safe in long-term weathering and no problem could be associated with it. 
The chemical satiability of these thiol-ene based networks is investigated in several 
inorganic acid or base solution, and also in an organic solvent. Norland54 observed 
relatively good stability when thiol-ene cured adhesives are exposed to chemicals of 
different types for 1 h. Although only an aqueous sodium hydroxide solution caused 
degradation in materials. 

1.3 Functionally graded materials 

Functionally-graded materials (FGMs) are one of the compound materials produced in 
two or more essential phases with a constant varying composition. These are also 
used as advanced engineering materials designed for a specific performance or 
function in which both the structure and composition changes gradually in line with 
volume. 55–63 The concept was first proposed for solving the problems inherent in 
materials used in harsh conditions in high-tech fields, such as aviation and aerospace. 
For example, in the supersonic engine of the Space Shuttle’s propulsion system, one 
side of the combustion chamber wall is in contact with combustion gases heating up 
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to an ultra-high temperature of 2000°C, whilst the other side is in contact with liquid 
hydrogen fuel with an ultra-low temperature of -200°C, thus generating extreme 
thermal stresses. General materials cannot meet this requirement, but functionally-
graded materials composed of metal-ceramics can effectively solve the above-
mentioned extreme thermal stress problem. As a result, ceramic materials with good 
heat resistance are used on the high-temperature side, and metal materials with good 
heat conductivity and strength are used on the low-temperature side.64 

Figure 1.1a illustrates that functioning of materials is continuous but two different 
ingredients change the composition gradually in this whole process. It could be in a 
uneven manner like stepwise gradation as shown in Figure 1.1b in which case the 
material function is quasi-continuous.65 These structures incorporate incompatible 
functions such as the heat, wear, and oxidation resistance of ceramics so these can 
also be considered as FGM. Without extreme internal thermal stress, these materials 
exhibit machinability, high strength, and capability of bonding with metals without 
internal thermal stress.66  

 

    

a                                         b 

Figure 1.1 The different graded structures of a. continuous and b. stepwise  

The non-homogeneous material gradually changes with the structure to reduce and 
overcome the performance mismatch factor of the boding part. This occurs by 
providing in-depth graded compositions, microstructures, and properties possess 
many advantages which in potential application make these attractive by stressing the 
thickness through traverse and also by containing a potential decline of in-plane. It also 
improved residual stress distribution through the material and enhanced the thermal 
properties, high fracture hardiness, and also decreased stress intensity factors.67,68 
Typical examples of FGMs are shown in Table1.1. 

Table 1.1 List of typical FGMs 

Chemical polymer, ceramic, metal, and composites 

Physical electronic state, ionic state crystalline state, dipole 
moment, magnetic moment, band gap, potential 
well, barrier 

Geometrical granule, rod, needle, fiber, platelet, sheet, pore, 
texture, orientation 

 

1.3.1 Preparation process of functionally graded materials 

The basic idea behind this new material design concept is as follows. According to 
specific requirements, we can choose to use two materials with different properties. 
The continuous change in the composition and structure of the two materials, the 
internal interface disappears so that the function corresponds to the composition. 
There are physical methods and chemical methods in FGM preparation process 
methods. Conventional functionally-graded materials are prepared by incorporating 
high-strength metal particles or ceramic particles into the matrix, in which case the 
particle content gradually decreases into the matrix.69 The production process for 
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making FGMs includes physical vapor deposition (PVD)55,70, chemical vapor 
deposition (CVD)71,72, self-propagating sintering (SHS)73,74, plasma spraying75–77, 
powder metallurgy78,79 and laser cladding80–82. However, these methods are mainly 
applicable to metal and ceramic materials. The general idea of structural gradients for 
FGMs was first advanced for composites and polymeric materials in 197283. A 
structural gradient for FGMs was first advanced composition and in polymerization 
concentrations, along with potential applications for the resultant graded structure.  

The global properties have an integral effect which is used to represent the global 
properties of FGMs. Few properties like simple averaging; specific gravity gives a 
correct value, while other cases are more complex. As an example, the angle between 
direction and direction of the gradient is dependent on the gradient composition. 
Therefore, there is a need to carry out detailed analyses with various possible cases. 
The concept of continuous control of a property is further generalized. It would be 
applied to report new functions and properties to any material by progressively 
changing the composition or texture. It is used as a base ingredient in designs of these 
materials. 

1.3.2 The application of Functionally graded materials 

Figure 1.2 illustrates that FGMs can be applied in many fields. These applications in 
engineering are related to cutting tools, components of engines, and machine parts 
whereby incompatible functions like wear, heat, and resistance to corrosion plus 
machinability and toughness are incorporated into a single unit. 

 

Figure 1.2 Applicable fields for FGMs 

The concept of FGM can also be applied to functional materials, and the biomaterial 
field is growing in importance.84,85 For instance, the strong bond between the titanium 
implant,86,87 bone cement,88,89 and hydroxyapatite90,91. The penetration of bone tissue 
between the bone and titanium implant, thereby form a graded structure. FGM could 
be used for many other purposes. For example, it is used for the combination of sound 
and thermal insulation with a good precise strength of structural walls. The gradation 
used for this purpose could be in composition92,93.  



Monolithic Thiol-ene Functionally Graded Materials with Drastically Different Mechanical Properties 

6 

 

 

Figure 1.3 The research approach of monolithic materials with drastically different 
mechanical properties. 

In this project, we used an FGM model to study monolithic thiol-ene materials with 
drastically different mechanical properties and prepared new monolithic thiol-ene 
materials, formed via a base Michael addition thiol-ene reaction. The products exhibit 
different mechanical properties by controlling the ratio of reactants. The monolithic 
thiol-ene materials were prepared by PETMP/TATATO as the hard segment, and 
TATATO with TMPDE were replaced at different ratios (0.5, 0.75, 0.8, 0.9, 1, 1.25, 1.5, 
1.75, 2.0, 3.0 and 4.0) as the soft segment. 

The research approach is shown in Figure 1.3. The mechanical model is established 
based on quasi-continuous functional gradient material, and then the continuous 
functional gradient material is studied. In the initial stage, the three (one soft and two 
hard) thiol-ene material segments with different ratios and lengths were prepared to 
study the chemistry and mechanical properties of single ingredients, following which 
the appropriate reaction conditions were screened for the next stage of the experiment. 
The 7-segment (five soft segments and two hard segments) graded materials were 
obtained from the five different ratios by improving the mechanical properties and 
comparing breaking strain, stress at breaking and the Young’s modulus with the 3-
segment materials. Next, the five soft segments were further subdivided into 10 
segments to prepare the 12-segment thiol-ene materials. Finally, the monolithic 
materials with drastically different mechanical properties were obtained with the FGM 
model and then analyzed. Due to time constraints, only the first two studies were 
completed, and so all ensuing research will be completed at the Chinese Academy of 
Sciences. 

1.4 Outline 

The 3-segment cylindrical thiol-ene materials with different lengths are prepared in 
Chapter 2, and the chemical and physical properties of the materials are measured 
and characterized on a variety of instruments. 

The interface between the hard and soft segments plays an essential role in the overall 
mechanical performance of the whole material. Thiol-ene hard-soft materials with a 
10mm-long soft segment serve as an example to study the tensile process and fracture 
behavior in Chapter 3. 
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For the preparation of 3-segment cylindrical thiol-ene materials with a series of PETMP 
ratios (0.8, 0.9, 1, 1.25, 1.5, 1.75, 2.0, 3.0 and 4.0), TEPMB are selected. The chemical 
and physical properties of the materials are analyzed in Chapter 4. 

The 7-segment cylindrical thiol-ene FGMs with the increasing ratios (1,1.25,1.5, 1.75 
and 2) are prepared in Chapter 5, and the strain-stress behavior and morphology of 
the cracked surface are studied. 

The thiol-ene FGMs are prepared by reacting the alkyne coumarin with three thiol 
compounds via thiol-yne photopolymerization under a 300 nm-wavelength UV light and 
then reversed at 240 nm. This means that the mechanical performance of any part of 
the thiol-ene FGMs can be controlled by different ultraviolet light wavelengths. 
Synthetic routes and test methods are introduced in Chapter 6.  

The work presented in this thesis is partly based on the following publications: 

Publication 1(Appendix 1) 

Shen, P., Moghaddam, S. Z., Huang, Q., Daugaard, A. E., Zhang, S., & Szabo, P. 
(2019). Hard-soft thiol-ene materials without interfacial weakness. Materials Today 
Communications, 21, 100657. 

Conferences 

Shen, P., Daugaard, A. E., Zhang, S., & Szabo, P. Monolithic Thiol-ene Materials with 
Drastically Different Mechanical Proportion, Annual polymer day, Kgs. Lyngby, 
Denmark, November 2017 (Talk) 

Shen, P., Daugaard, A. E., Zhang, S., & Szabo, P. Preparation and Characterization of 
Sandwich Structure Alternate Thiol-ene Materials Nordic Polymer Days, Copenhagen, 
Denmark, May 2018(Poster)  

Shen, P., Huang, Q., Daugaard, A. E., Zhang, S., & Szabo, P. Hard-soft Thiol-ene 
Materials without Interfacial Weakness, Annual polymer day, Kgs. Lyngby, Denmark, 
March 2019 (Talk) 

Shen, P., Huang, Q., Daugaard, A. E., Zhang, S., & Szabo, P. Nordic Rheology 
Conference Hard-soft Thiol-ene Materials without Interfacial Weakness, Gothenburg, 
Sweden, August 2019 (Poster)  

Shen, P., Huang, Q., Daugaard, A. E., & Szabo, P. Thiol-ene Functionally Graded 
Materials with Drastically Different Mechanical Properties, Annual polymer day, Kgs. 
Lyngby, Denmark, August 2020 (poster) 

 

 

 

 

 

 

 

 

 

 

 

 



Monolithic Thiol-ene Functionally Graded Materials with Drastically Different Mechanical Properties 

8 

 

 

 

 



Chapter 2. Preparation of 3-segments cylindrical thiol-ene materials with different lengths  

9 

 

2 Preparation of 3-segments cylindrical thiol-ene materials with 

different lengths 

In this project, we used the reactant Pentaerythritol tetrakis(3-mercaptopropionate) 
(PETMP), as shown in Figure 2.1a, with four functional groups of thiols and 1, 3, 5-
triallyl-1, 3, 5-triazine-2, 4, 6(1H, 3H, 5H)-trione (TATATO, Figure 2.1b) and trimethylol-
propane diallyl ether (TMPDE, Figure 2.1c), which has three and two functional groups 
of vinyl, respectively. Ethyl (2,4,6-trimethylbenzoyl) phenyl phosphinate, known as 
TPO-L (Figure 2.1d), was selected as the photoinitiator. All of the chemicals were 
obtained from Tokyo Chemical Industry Co., Ltd. PETMP with TATATO as the hard 
segment exhibited strong tensile and compressive strength but had low elongation and 
weak bending stiffness. A mixture of PETMP and TMPDE was selected as the soft 
segment.94 

Figure 2.1. Chemical formulas of the reactants and initiators: a. PETMP, b. TATATO, 
c. TMPDE, and d. TPO-L. 

2.1 Experiments 

In order to prepare the thiol-ene materials, hard and soft segment polymers were 
produced, respectively. The hard segment polymer liquid was prepared by using a 
PETMP to TATATO (1:1) mix, which was then mixed with the photoinitiator 2,4,6-
Trimethylbenzoyldi-Phenylphosphinate (TPO-L) at a ratio of 1:0.02. The blend was 
mixed in a SpeedMixer at a speed of 3000r/min for 2 mins, and all processes were 
completed in total darkness to prevent the mixture from premature polymerization, by 
using the PP container.  

The synthesis mechanism for the cylindrical sample of the hard-soft thiol-ene materials 
with a sandwich structure is shown in Figure 2.2. The two sample ends were hard 
segments, while the center segment was a soft material (PETMP and TMPDE). 

 

 

a 

 

 

b 

 

 

c 

 

 

d 
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Figure 2.2. Structure of hard-soft alternate thiol-ene materials 

In order to test the elongational and fracture behavior of the sample, a filament-
stretching rheometer (FSR) with a high-speed camera was used to record the tension 
and fracture process (stress-strain curve, images and videos) for the hard-soft 
materials. Normally, the FSR fixture is a plate, which can be used for thermoplastic 
polymers at a temperature above the melting point. However, it cannot be used to hold 
the hard-soft material during the stretching process. To solve this problem, a pair of 
stainless-steel fixtures were made as add-ons to the filament-stretching rheometer. 
Two small holes (Ø=3mm) on the side of each fixture were used to keep the sample 
ends within the container during the stretching process (Figure. 2.3).  

 

Figure 2.3. a. Schematic view of the fixture; b. Stainless-steel fixtures. 

The hard segments of the samples were too tough for drilling holes, so a syringe needle 
was impaled through the bottom of the mould through its diameter, in order to form a 
channel before curing (Figure 2.4.6). The hard segment polymer liquid was then slowly 
poured into the mould with a 10ml syringe. When the liquid level rose to 1 cm (base of 
the needle), the mould was moved to a vacuum drying oven, to remove air bubbles at 
room temperature. Next, the mould was exposed to ultraviolet light (5-10mW/cm2, 
λ=365nm) for x seconds (Figure 2.4.2), following which 0.1, 0.25, 0.5 and 1cm of soft 
liquid was poured into the mould, removed the bubbles and exposed in the same way 
for y seconds. Another syringe was impaled through the top of the mould in the same 
direction as the bottom syringe, 1 cm above the soft liquid top surface. The hard 
segment liquid was then used to fill the remaining mould. The mould was exposed to 

UV light（λ=365nm）for 2 mins to complete the process. The hard-soft-hard alternate 

sample was obtained after demolding.94 
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1           2          3           4           5          6 

Figure 2.4. Hard-soft alternate sample process (purple background shows under UV 
light). 

Illumination time can also be referred to as “reaction time,” and it is a critical condition 
for thiol-ene photochemical-initiated polymerization. Generally, the average degree of 
polymerization increases in line with an increase in the amount of initiator 
concentration and time. However, in this project, the aim was to prepare an alternate 
material with a strong interface, so the right illumination time was the key factor in the 
material manufacture process. The influence of illumination time on material 
performance will be covered in more detail in Chapter 3 below. 

2.2 Results and discussions 

2.2.1 Fourier-transform infrared spectroscopy (FT-IR) 

Fourier-transform infrared spectroscopy (FTIR) is a technique that can be used to 
obtain an infrared spectrum of absorption or the emission of a solid, liquid or gas. This 
procedure uses a beam of light containing a variety of frequencies to illuminate the 
sample and measure the rate of light absorption, at which point the spectrometer 
collects the data simultaneously. The beam will produce a different spectrum after 
passing through the interferometer on each occasion, because different wavelengths 
have different rates. The computer converts the absorbance of each mirror into the 
absorbance of each wavelength, using the Fourier transform alogorithm.95–97 

The FTIR results for different parts of the thiol-ene material with 10 mm soft length are 
shown in Figure 2.5. The peak at 1732.07 cm−1 is assigned to the PETMP carbonyl, 
and the 1677.51 cm−1 peak is associated with the carbonyl stretch of the TATATO 
triazine ring. Three parts have a weak peak at 2570.21cm-1, which is assigned to the 
thiol group (-SH). This means that the ene group completes the reaction, and it proves 
that two alkene peaks cannot be identified at 3000-3300cm-1. Therefore, it is proven 
again that the interface of the two polymers consists of PETMP/TATATO/TMPDE, 
mixed by both hard segment liquid and soft segment liquid. 
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Figure 2.5. FT-IR spectra of different parts of thiol-ene material of 10 mm soft length 
(a. hard segment, b. interface, and c. soft segment) 

2.2.2 The linear viscoelastic (LVE) properties 

The linear viscoelastic (LVE) properties of soft segments with different ratios were 
obtained by utilising an 8 mm plate−plate geometry on an ARES-G2 rheometer at room 
temperature. Information about the amount of structure present in a material can be 
acquired by the storage modulus (G’), which represents energy stored in the elastic 
sample. The material can be regarded as mainly elastic when the G’ is higher than G’’, 
which represents the viscous energy dissipated throughout the sample. Figure 2.6 
shows the measured LVE data for the relations of G’ and G’’ with the angular frequency, 
from which three parts are an elastomer due to G’ being higher than G’’, and the G’hard

＞ G’interface＞ G’soft, G’’hard＞ G’’interface＞ G’’soft , which means that the hardness of the 

interface sits between the hard and the soft part. 

 

Figure 2.6. The frequency responses of the hard segment part, the interface and the 
soft segment part of the hard-soft materials 
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The mechanical performance testing procedure was divided into two sections, namely 
the stretching process and the breaking process. Data was collected by FSR (Figure 
2.7a), and the images and videos were recorded by a high-speed camera (Figure 
2.7c). Extensional viscosity, also known as “elongational viscosity,” is a viscosity 
coefficient under extensional stress. Filament-stretching rheometers are devices that 
are mainly used to measure the extensional viscosity of mid-viscosity non-Newtonian 
fluids. 98 

 

Figure 2.7. a. The rheological measurements were carried out using the filament 
stretching rheometer (VADER 1000 from Rheo Filament ApS), b. the sample fixing in 
the FSR by needles, c. high-speed camera (Photron Mini UX100 with a Navitar 
Zoom6000 lens) 

When the plates are moved apart at a specified speed and temperature, a strong 
extensional deformation in the fluid sample occurs and a cylindrical liquid bridge is 
formed between two circular plates. The mechanical measurement of tensile stress 
and optical measurement of molecular conformation were trailed as fracture of the total 
strain imposed and the rate of stretching, which are akin to an ideal homogeneous 
uniaxial elongation. The disadvantages of this approach are filament rupture and 
necking or elastic peeling from plain end plates, which in turn lead to viscoelastic flow 
instabilities. 99 

2.2.4 Tensile test 

The stress-strain curve obtained under constant velocity is usually used to evaluate 
the mechanical properties of polymer materials.100,101 Stress refers to the internal 
tensile force generated on the unit cross-section of the sample, and strain refers to 
deformation of the sample under external force, i.e. relative deformation relative to its 
original size.102 Different types of materials have different stress-strain curves. In a 

perfectly elastic body in which volume is conserved, this also means L(0)·D(0) 
2=L(t)·D(t) 2 during the deformation process. L (0) and D (0) were defined as the 

original length and diameter, and L(t) and D(t) were defined as the length and diameter 
under constant tensile load at time t (Figure 2.8). 
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Figure 2.8. Deformation of an ideal elastomer during the stretching process 

Based on the hard-soft thiol-ene material, the material was in the form of a hard length 
and a soft length, L =2 L H (0) + L S (0) with diameter D= DH (0) = Ds (0) (Figure 2.9). 
The hard segments had better tensile resistance than the soft segment. LH (0) and DH 

(0) were considered constant during the stretching process103, and so for this reason, 
deformation of the soft segment increased in line with the distance away from the hard 
segments, as shown by the necking effect in the center of the sample. 

 

Figure 2.9. Deformation of the hard-soft material during the stretching process 

The true Hencky strain εh and the engineering strain εe were used to investigate the 
mechanical properties of the materials, which were obtained from: 

𝜺𝒉 = 𝟐𝒍𝒏
𝑫(𝟎)

𝑫(𝒕)
  eq. 2.1 

𝜺𝒆 =
𝑳(𝒕) − 𝑳(𝟎)

𝑳(𝟎)
 eq. 2.2 

The strain rate was defined as �̇� = 𝒅𝜺𝒉 𝒅𝒕⁄ . For the thiol-ene hard-soft martials shown 
in Figure 2.9, the true stress and engineering stress on the sample were defined as: 

𝝈𝒉 =
𝑭

𝑨(𝒕)
 eq. 2.3 

𝝈𝒆 =
𝑭

𝑨(𝟎)
 eq. 2.4 
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Here, F is the tensile force recorded by FSR, 𝑨(𝟎)denotes the initial cross-sectional 
area of the sample and 𝑨(𝒕) is calculated from 𝑫(𝒕). As shown in Figure 2.11b, the 
length of the sample increased linearly over time during stretching. The 10mm soft 
segment sample was chosen in order to study tensile and fracture properties. 
Elongation of the sample was 21.0%, and the cross-sectional area reduced by 34.4% 
before breaking. 94 

 

 

Figure 2.10. True Hencky strain-stress and engineering strain-stress curves 

 

a                                 b 

Figure 2.11. Curves for a. cross-sectional area reduction and b. length elongation 

2.2.5 Fracture process 

Fracture occurs at the end of the stretching process; however, it cannot be clearly 
recorded by a conventional camera, due to the short period of time involved in the 
actual event. Hence, a high-speed camera (Photron Mini UX100 with a Navitar 
Zoom6000 lens) was used to study the motion while capturing images and videos of 
the whole tensile and fracture process. As shown in Figure 2.12, a small crack 
appeared in the soft segment surface initially and not at the interface of the hard and 
soft materials. Crack spacing increased as time progressed. 
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Figure 2.12. Image of a 10mm soft segment alternate material fracturing (blue line 
shows the bottom interface, red the top) 

In order to analyze the dynamic quantities of the fracture process, MATLAB software 
was used to collect data on the outline of the fracture. The length of the crack tip was 
represented as the y-axis in the vertical direction, while depth was the x-axis in the 
horizontal direction. Time for fracture completion was set at 0s, and -95s was the 
fracture start time. Crack propagation was divided into two stages: the first stage was 
slow, with a duration ranging from -95s to -15s (Figure 2.13a), and the fast stage ran 
from -10s to 0s, as shown in Figure 2.13b. In the first stage, the outline appears as an 
isosceles triangle, because the crack tip had a higher velocity in the vertical direction 
than the horizontal velocity. The second fracture process was fitted by using different 
parabolas. The parabolic fit is shown by the black solid line. The overall fracture fitted 

the equation 𝑢(𝑥) = 𝑥0.5. 94 

 

a 

 

b 

Figure 2.13. Fracture profile of the thiol-ene hard-soft soft segment. a. from -95s to -
15s and b. from -10s to 0s 
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The thiol-ene hard-soft materials were prepared by PETMP, TATATO and TMPDE. The 
hard segment was prepared by PETMP and TATATO, and the soft segment was 
obtained in the same way but with different ratios (molar ratio of TEPMB and PETMP) 
except for replacing the TATATO with TMPDE. To obtain soft segment materials with 
different grades of hardness, 11 kinds of PETMP with different ratios (0.5, 0.75, 0.8, 
0.9, 1, 1.25, 1.5, 1.75, 2, 3 and 4) were used in this study. By observing the products 
visually, it was found that when the ratio was 0.5 and 0.75, products in a liquid state, 
failed to meet the requirements of the material. Materials prepared at a ratio of 0.8 and 
0.9 were viscous on the surface, which again did not meet requirements. Furthermore, 
according to the FTIR test, there was a large amount of unreacted SH in material 
prepared at a ratio of 0.5, 0.75, 0.8 and 0.9, and a large amount of unreacted C=C in 
those materials prepared at a ratio of 3 or 4. Based on the TGA test, materials prepared 
at a ratio of 3 and 4 began to lose weight at a temperature of about 130°C, which 
corresponded to the boiling point of TMPDE (135°C/13 mmHg), implying that there 
was a significant amount of unreacted TMPDE in this particular material. This could 
therefore have a negative impact on the strength of the material, so we prepared the 
hard-soft material at ratios of 1, 1.25, 1.5, 1.75 and 2. An ARES-G2 rheometer was 
applied to test the cross-linking degree of the materials, the results of which showed 
that this metric increased when the ratio increased, albeit materials prepared at a ratio 
of 1.75 and 2 had a similar cross-linking degree. 
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3 Interfacial mechanical properties 

FGMs have a gradual composition grading which is not like the conventional 
composites as it utilizes the properties of different materials within the same body. 
Regardless of these advantages, the sharp property transitions of these composite 
materials at the interface may led to component failure by delamination in extreme 
working conditions. The interface plays a crucial role in overall mechanical 
performance, and interfacial mechanical properties are particularly important, as they 
essentially determine the usability of the FGMs.104 FGM mechanical performance can 
be improved in two ways: one is to reinforce the interfaces by using copolymers to 
increase the bond strength between the two polymer phases, and the other is similar 
to metal tempering, in that it enhances interface strength by increasing the temperature 
to above the glass transition temperature or melting point after material preparation. In 
this project, a new step growth method was used to prepare a thiol-ene FGM with a 
hard interface, by controlling illumination time. 

3.1 The effect of illumination times 

From Chapter 2, where we discussed the preparation of the hard-soft alternate sample 
part, the different illumination times x and y were selected to create different interfaces 
with different mechanical properties. The photopolymerization rate of PETMP with 

TATATO was six times faster than PETMP and TMPDE under UV light (λ=365nm).36 

Table 3.1. Different illumination times of the polymerization process 

No. x(s) y(s) Success/Failure 

1 10 5 Failure 

2 5 10 Failure 

3 5 15 Success 

4 5 20 Failure 

x=10s, y=5s, the first hard segment was exposed to UV light for 10 seconds. The hard 
segment compounds were almost completely polymerized, which resulted in the first 
hard segment and the soft segment separating during demolding. 

x=5s, y=10s, the first hard segment was exposed to UV light for 5 seconds, and the 
soft segment was exposed for 10 seconds. The secondary addition of a hard segment 
liquid mixed with the soft segment liquid led to a sample with a single mechanical 
property, and no obvious interface was obtained. 

x=5s, y=15s, the first hard segment was exposed to UV light for 5 seconds, and the 
soft segment was exposed for 15 seconds. In this case, the hard-soft thiol-ene material 
was also successfully prepared. 

x=5s, y=20s, the first hard segment was exposed to UV light for 5 seconds, and the 
soft segment was exposed for 20 seconds. In this case, the hard-soft thiol-ene material 
was also successfully prepared. 

Reaction time is the key factor in the polymerization process, and in this study, it was 
strictly controlled (to ensure sufficient chemical bonding at the interface). If the 
illumination time in the first instance is too long, the hard segment surface will become 
completely cross-linked and will not produce a solid interface, thus leading to interface 
cracking or separation during demolding. Three conditions (10s, 15s, 20s) were set to 
study the effect of illumination time on the mechanical strength of the materials. 
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An illumination time of 10s led to a mix of hard and soft liquids, resulting in an 
undesirable sample. 

At 15s, hard-soft thiol-ene materials without interfacial weakness were successfully 
prepared. As shown in Figure 2.12, the fracture occurred first on the surface of the soft 
segment and not at the interface. 

When the illumination time was 20s, the soft segment surface became completely 
cross-linked, resulting in the second hard segment separating at the interface during 
FSR tensile testing. As shown in Figure 3.1, the fracture occurred first at the top 
interface. 

In summary, the reaction times of 5 seconds for the hard segment and 15 seconds for 
the soft segment offered effective conditions, and because the hard segment and soft 
segment were not completely cured, the interface between the two polymers consisted 
of PETMP/TATATO/TMPDE.94 

 

Figure 3.1. Different lengths (a. 1mm, b. 2.5mm, c. 5mm and d.10mm) of soft segment 
thiol-ene hard-soft materials fracturing (blue and red lines show the surface of the hard 
segment, while green represents the upper interface of the soft segment) 
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3.2 Mechanical properties of hard-soft interface 

At the same diameter (5mm), the length of the soft segment was changed from 10mm 
to three other values, namely 1mm, 2.5mm and 5mm. The soft segment aspect ratio 
was defined as ΛS= Ls (0)/ D (0). In Figure 3.2, the fracture process is shown for the 
cases of ΛS≤1 (Ls (0)=1,2.5,5mm, D(0)=5mm), while ΛS >1(Ls (0)=10mm, D(0)=5mm) 

is shown in the earlier Figure 2.12. (1) For ΛS＜1, Figures 3.2 a and b show the 

fracture process for the soft segment at lengths of 1mm and 2.5mm, respectively. The 
necking effect is almost invisible, but this feature was not apparent at the soft segment 
interface, which was still a cohesive fracture in the soft segment. (2) When ΛS=1, the 
material had a weak necking effect at the beginning of the stretch (Figure 3.2 c), while 
an oblique fracture was observed once again.94 

 

Figure 3.2. Different lengths (a. 1mm, b. 2.5mm and c. 5mm) of soft segment thiol-
ene hard-soft materials fracturing (blue line shows the lower interface, red for the upper 
interface) 

Atomic force microscopy (AFM) was used to characterize the interface of the hard-soft 
material. This type of scanning probe microscopy (SPM) can be used to study the 
surface structure of solid materials. When scanning the sample, the sensor is used to 
detect the micro force- sensitive micro-cantilever’s deformation and state transition, 
the surface topography structure information and the surface roughness information at 
a nanometer resolution can be obtained by the force distribution information.105,106 

A specimen piece was cut off from the interface of the hard-soft thiol-ene material, as 
shown in Figure 3.3a. It was washed three times with ethanol and then dried at room 
temperature. 

The images are shown in Figure 3.3. The AFM cantilever scans the material surface 
from hard (left) to soft (right) across the interface with a conic tip at a half angle of 20º 
under 1.5 ± 0.5 MPa. As shown in the height images of Figure 3.3c, the hard segment 
surface has a height similar to the soft segment surface, but the interface is about 2 
µm higher than the plane of hard segment and the soft segment, due to the swelling 
effect. Variations in the modulus are shown in Figure 3.3e, and the hard segment 
(orange) is in significant contrast to the soft segment (black), with a 2.16N/m modulus 
larger than the soft segment. In addition, the interface shows red with an intermediate 
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modulus, which varies continuously versus the distance between the hard and soft 
segments. Figure 3.3d has a similar shape to Figure 3.3e and indicates the change 
in adhesion.94  

 

Figure 3.3. Junction surface of the hard-soft material. a, the sampling position for AFM, 
b. AFM images, c. height channel, d. adhesion. Obtained in quantitative imaging (QI) 
mode from the interface, e. slope (measure of modulus). 

There are two reasons why the step growth co-cross-linked method improves interface 
strength. 

Taking the first step as an example, many thiol and vinyl groups were not cross-linked 
completely in the hard segment. Due to the 2D geometry of the surface, these residual 
thiol and vinyl groups are free to react with new thiol groups and vinyl groups when the 
soft liquid is poured onto the surface. This results in the formation of covalent bonds at 
the hard-soft interface, and this has a significant impact on avoiding interfacial fracture. 

Reaction mixtures from the hard and soft segments were added before the surface 
was fully cured, which resulted in inter-diffusion of the boundary layer. Analogously, the 
hard segments can therefore be considered to hold the interface together as a cement, 
while the soft segments increased interface resilience as a steel rebar. Based on the 
above two points, the interface had a structure like reinforced concrete, as well as high 
mechanical performance, supported by polymer chains for both the hard and the soft 
segments (Figure 3.4).94 
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Figure 3.4. Soft-hard alternate material structure 

Through the above-mentioned study, it is evident that the interface of differently sized 
alternate materials was strong enough to prevent premature fracture during stretching. 
By contrast, the interface of conventional LBL (layer-by-layer) materials is narrow and 
connected by physical interactions, resulting in weak materials which easily fracture 
when stretched or bent.94 
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4 Preparation of 3-segments cylindrical thiol-ene materials with 

different ratios 

Following on from Chapter 2, in which hard and soft segment materials were 
successfully obtained, the mechanical and chemical properties of 11 kinds of soft 
segments with different ratios (TEPMB: PETMP) are now investigated. The different 
ratios are listed in Table 4.1. 

4.1 Experiments 

Cylindrical samples with different soft segment (10mm) ratios (PETMP: TMPDE = 1, 
1.25, 1.5, 1.75 and 2) were prepared, using the same method as in Chapter 2. The 
soft liquid was obtained in the same way but with different ratios (molar ratio of TEPMB 
and PETMP) (Table 4.1, soft segment) except for replacing the TATATO with TMPDE. 

Table 4.1. Ratios for the hard and soft segments 

Soft segment 

Name NO. n(TEPMB): n(PETMP) 

R-0.5 a.2(L) 0.5:1 

R-0.75 b.3(L) 0.75:1 

R-0.80 c.4(S) 0.80:1 

R-0.9 d.5(S) 0.9:1 

R-1 e.6(S) 1:1 

R-1.25 f.7(S) 1.25:1 

R-1.5 g.8(S) 1.5:1 

R-1.75 h.9(S) 1.75:1 

R-2 i.10(S) 2:1 

R-3 j.11(S) 3:1 

R-4 k.12(S) 4:1 

4.2 Results and discussions 

4.2.1 Fourier-transform infrared spectroscopy (FT-IR) 

The Fourier-transform infrared spectroscopy of different parts of the thiol-ene material 
is shown in Figure 4.1. The peak reaches 2509cm-1, which is assigned to the thiol 
group (-SH), and intensity decreases in line with ratio increases. Indeed, the ratio 
peaks at -1.75, R-2, R-3 and R-4 disappeared at 2509cm-1. This means that the thiol 
group completed the reaction. Conversely, the peaks at 1645m-1 and 3019.5cm-1, 
assigned to the ene group, increased in line with an increase in the ratios.  
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Figure 4.1. FT-IR spectra of different ratios of soft segment materials 

4.2.2 Differential scanning calorimetry (DSC)  

Differential scanning calorimetry is a thermal analytical method employed for 
measuring the difference in energy between a sample and a reference as a function of 
temperature under temperature-programmed conditions.107,108 

With a variety of ratios, the glass transition temperatures (Tg) of samples were 
examined by using DSC, conducted by a Discovery series from TA Instruments. In an 
N2 atmosphere (100 mL/min flow rate), the ca. 10 mg samples were examined. In 
addition, a study was also done of dynamic curing, from -80 to 300°C, with a heating 
rate of 10ºC/min. The results are shown in Figure 4.2. 

 
Figure 4.2. DSC curves for different soft segment material ratios 

4.2.3 The thermal stability  

A thermal gravimetric analyzer is an instrument that uses thermogravimetry – a method 
for measuring mass changes via programmed temperature rises, to detect the 
temperature-mass relationship of a substance. This measurement provides 
information about physical properties, such as melting, evaporation, sublimation and 
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adsorption, as well as chemical phenomena including dehydration, dissociation, 
oxidation and reduction. The TGA curve is obtained by the thermogravimetric method 
and uses mass as the ordinate. Mass decreases from top to bottom, temperature (or 
time) is used as the abscissa and the temperature from left to right indicates the 
temperature (or time).109–112 

By using thermogravimetric analysis (TGA), the cured samples’ thermal stability was 
determined. Those tests were done at an inert atmosphere (N2 at 50 mL/min). The 
cured samples, at an estimated 10 mg in mass, were degraded between 25 and 900°C 
at a heating rate of 10°C /min. The results are shown in Figure 4.3. Materials R-3 and 
R-4 started to lose weight at 130°C, most likely due to an amount of unreacted TEPMB. 

 
Figure 4.3. TGA curves of different soft segment material ratios 

4.2.4 The linear viscoelastic (LVE) properties 

The linear viscoelastic (LVE) properties of soft segments at different ratios were 
obtained via a small amplitude oscillatory shear flow by utilising an 8 mm plate−plate 
geometry on a TA Instruments ARES-G2 rheometer. All measurements were carried 
out in a nitrogen atmosphere at room temperature.113 

 

Figure 4.4. The frequency response of soft segment of different ratios 
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In summary, cross-linking always enhances the storage modulus (G’). PETMP and 
TEPMB materials with R-1.75 and R-2 have a higher cross-linking degree. In FT-IR 
spectra, there are no peaks at 1645m-1, 2509cm-1 or 3019.5cm-1, thus indicating that 
all the ene and thiol groups have completed the reaction. Combining DSC and TGA 

results, the sequence of the mechanical properties is R-2≥R-1.75＞R-1.5＞R-1.25＞
R-1. In Chapter 5, a 7-segment cylindrical sample with five soft segments of different 
ratios are prepared in this order. 

4.2.5 The reaction kinetics of PETMP and TMPDE 

To investigate the reaction kinetics of PETMP and TMPDE, we used a simple UV 
spectrometer, as it is a quick way to test concentration changes in the cuvette and can 
track specific peak changes. It also has the advantages of being simple to operate and 
convenient to test. However, the disadvantage is its test accuracy in general. Since 
this instrument uses low-power ultraviolet light for scanning, it provides light conditions 
to promote an ultraviolet photocatalytic reaction. On the other hand, the detector 
absorbs the wavelength absorbed by the material. Reaction kinetics are analyzed by 
testing concentration changes in the reactants on the final characteristic peaks. The 
conventional thiol-ene reaction is mainly analyzed via infrared spectroscopy, in order 
to identify changes in the double bonds and sulfhydryl groups in the reactants over 
time and then conduct kinetic investigations114–116. However, the reaction speed of the 
reaction and the infrared test process used in this project are too fast, and it takes too 
much time to test accurately. As such, combined with the laboratory conditions, we 
chose a simple UV spectrometer.  

Since the L1 test height of the ultraviolet light wave for the simple ultraviolet tester is 
lower than the reactant height L0, and the ultraviolet light power of the simple ultraviolet 
tester is very low, the reaction speed is much lower than the rate in the ultraviolet 
lightbox. The overall process consisted of four parts, and the maximum peak value of 
each stage was lower than that of the previous stage, while the peak value remained 
unchanged until the reaction was completed. When the reaction started, the thiol group 
and the vinyl group reacted under the ultraviolet light, and the peak value decreased 
periodically over time, as shown in Figures 4.5 a and b. 

 

a                                          b 

Figure 4.4 a. The UV spectrum of R-1.75 and b. absorption curve over time at 
374.2nm 

As shown in Figure 4.5, after the first reaction stage, due to the reactants cross-linking, 
the volume of the reacted part shrank and the height changed, from L2 to L3. The 
upper unreacted solution L4 dropped into the test range, causing the peak value to 
rise. Then, through the reaction, the TMPDE concentration periodically decreased. The 
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last stage was the same, but L6 was shorter than L4. With the increases seen over 
time, the reactant was completely cross-linked, the curve tended to be horizontal and 
there was no obvious change. The final product had a 1 cm ditch in the center of the 
material top, as shown in Figure 4.5b, thereby proving that the volume of the material 
shrank during the reaction, while the upper liquid flowed downward. 

 

  

a       b    c     d            e         f 

Figure 4.5 Reaction kinetics of PETMP and TMPDE 

By analyzing the R-1.75 with the highest degree of cross-linking, an empty polystyrene 
(PP) cuvette must first be scanned as a blank, to provide a spectral background. First, 
the empty PP cuvette was scanned. As shown in Figure 4.4a, all the impurity peaks 
were concentrated below 300nm. Then 1cm of the R-1.75 reaction liquid was added 
and scanned, and it was found that the sample had a higher absorption peak at 374nm, 
which is a characteristic peak of TMPDE containing double bonds. By tracking the peak 
change at 374nm, it was found that the peak value gradually decreased, from 0.53 to 
0.36, in the initial 140s, and then it began to rise to 0.60 at 140s before decreasing 
periodically. At 530s, the peak increased to 0.55, the cycle of starting a new round 
decreased until the 1500-second mark, when the peak value tended to be stable and 
constant at 0.45. It is evident from the figure that before and after the reaction, the 
peak value of the double bond in the TMPDE in the sample decreased from 0.73, 
before the reaction to the complete cross. The 0.45 of the joint time. We selected the 
highest point of each cycle and recorded them in a graph, finding that the double bond 
changes were parabolic, as shown in Figure 4.4b (blue line). However, due to the low 
light density of the simple UV tester, the kinetics of the thiol-ene reaction in this project 
cannot be fully described. 

4.2.6 Fracture surface morphology 

linear elastic fracture mechanics (LEFM) covers many situations, such as brittle 
fracture and ductile fracture in polymers, impact tests, fatigue, delamination of 
composites and adhesive joint failure. 117–119 In contrast to metal testing, this is a useful 
and simple method, whereby plasticity and non-linear effects are important in most 
tests. There are three fracture crack modes for defining relative displacements when 
analyzing crack behaviors: 

1. Mode I crack (opening mode): tensile stress perpendicular to the plane of the crack. 

2. Mode II crack (Sliding mode): shear stress parallel to the direction of crack. 

3. Mode III crack (Tearing mode): shear stress perpendicular to the direction of the 
crack. 

A Mode I crack, which can be divided into two distinct categories, namely a brittle 
fracture and a ductile fracture, is used to study the fracture behavior and toughening 
mechanisms of hard-soft materials in this chapter. The cracks that propagate at the 
breaking point follow the Mode I type of crack growth, whereby the crack faces move 
apart, with displacement being normal to the crack faces. At the end of each tensile 
test, the samples broke into two parts and the morphology of the fracture surfaces was 
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characterized by optical microscopy (OM) and a scanning electron microscope (SEM). 
An SEM is classed as a type of electron microscope which scans a surface in order to 
produce images of materials or samples via a focused electron beam. In the scanning 
electron microscope tube, the electron beam emitted by the electron gun is focused by 
an electromagnetic lens and electric field acceleration. The electrons in the sample 
combine with atoms, producing a variety of signals which hold information related to 
the surface composition and topography of the sample. The materials in this study 
were investigated with an FEI Quanta 200E-SEM environmental scanning electron 
microscope, equipped with a field emission gun. Zoom factors are described as 200x, 
500x or 2000x. 

After tensile strength testing (TST), a 1mm-thick sample was obtained by knives 
entering the sample from the fracture surface. A 2mm-wide strip sample, which was 
divided into three parts (bottom, middle and top), was cut from the flake through the 
break point (Figure 4.6). The samples were then coated with 5 nm-thick gold by means 
of a sputter coater (Q150R ES, Quorum Technologies, UK) under vacuum conditions 
and with a current of 20 mA for 20s. 

 

Figure 4.6. Specimen preparation for SEM 

As seen from the OM images in Figure 4.7, representing the five materials with 
different TEPMB/PETMP ratios under 100mm/min, surface roughness decreased 
when the ratio increased. The crack propagation mode and the fracture surface 
patterns are described in Table 4.2. There are two different kinds of fracture surface 
morphologies for the R-1 sample, in the form of an equal mix of fine cracks and river 
patterns. The morphology of the R-1.25 sample also shows fine cracks and river 
patterns, but the finely cracked area is very small. The R-1.5, R-1.75 and R-2 fracture 
surfaces are as smooth as a mirror, except for the obvious river patterns, which are 
typical brittle. 

 

Table 4.2 Crack propagation and fracture surface modes 

 

 

Materials Mode of Crack Propagation Fracture surfaces 

R-1 ductile fracture and brittle fracture  River patterns and Finely cracked surface 

R-1.25 ductile fracture and brittle fracture  River patterns and Finely cracked surface 

R-1.5 brittle fracture Mirror-smooth and River patterns 

R-1.75 brittle fracture Mirror-smooth and River patterns 

R-2 brittle fracture Mirror-smooth and River patterns 
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a                       b                       c 

 
d                        e 

Figure 4.7. Optical microscopy of five different materials under 100mm/min (break 
direction down to up) (a. R-1, b. R-1.25, c. R-1.5, d. R-1.75 and e. R-2) 

The SEM was selected to characterize the fracture surfaces, in order to acquire more 
detailed information. As shown in Figure 4.8, the fracture surface of the R-1 sample 
had many dimples and small, finely cracked fissures, which suggests that a ductile 
fracture occurred in this sample. By contrast, the fracture surface of the R-1.75 sample 
only had some obvious cracks in river patterns, which indicates that a brittle fracture 
happened, since most of the remaining surface was mirror-smooth.  

       

a                                 b 

Figure 4.8. SEM images of the different parts of the fracture surface of a. R-1 and b. 
R-1.75 under 100mm/min at 500x 
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In order to learn more about the effect of the cross-linking degree on fracture behavior, 
we defined polymer chains which were parallel to the tensile direction as “vertical 
chains,” and the others were classed as horizontal. As shown in Figure 4.9a, the R-1 
sample is a typical ductile fracture which takes place in cases of extensive deformation. 
At the beginning of the fracture, a small fraction of that energy is consumed in plastic 
deformation, and the remaining energy is used for crack formation and propagation.  

The vertical chains pull in a straight line, to absorb a large amount of energy before 
cracking, which causes the horizontal chains to break, at which point many tiny voids 
typically form around the crack tip. As a result, many dimples and small fissure cracks 
appear in the fracture surface during the tensile process. This phenomenon can be 
observed in Figure 4.8. Conversely, the vertical chains of the R-1.75 sample do not 
allow for any apparent plastic deformation before fracture, because many horizontal 
chains limit vertical chain movement, which leads to the R-1.75 sample having the 
lowest strain of the five samples. 

 
a 

 
b 

Figure 4.9. The linear cohesive fracture model, a. ductile fracture and b. brittle fracture 

Optical microscopy images of the ratio 1 material at different tensile rates are shown 
in Figure 4.10. It is clearly evident that the ductile area decreased in line with an 
increase in the tensile rate. As noted in Chapter 4, the fracture process lasted a short 
time, especially the second part of the process, and so the horizontal chains did not 
have enough time to break before the vertical chains broke. Therefore, brittle fractures 
occurred in the second part of the process. 
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a                            b 

       
c                            d 

Figure 4.10 Optical microscopy images for R-1 at different tensile rates a. 50mm/min, 
b. 100mm/min, c. 200mm/min and d. 300mm/min (breakage direction from down to 
up) 

4.2.7 Stress-strain behavior 

Stress-strain behavior is obtained by stretching the sample, and any stress variations 
are recorded until the sample actually fractures.120,121 All samples presented herein 
were investigated with an Instron 6800 series Universal Testing Machine instrument, 
which can determine a series of strength and plasticity indicators and calculate the 
maximum tensile force on the initial cross-section until the specimen breaks. Due to 
the extreme hardness of the hard section material, it had little effect on the mechanical 
properties of the material during the stretching process, but in order to test better the 
mechanical properties of the soft segment, and eliminate interference factors, the 
fixture completely covered the hard segment material, as shown in Figure 4.11. 

 

Figure 4.11 Schematic view of the sample fixing on the Instron fixture, a. Instron fixture, 
b. hard segment, and c. soft segment. 
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Hard-soft thiol-ene material can be used in the Instron directly after preparation. Four 
stretch rates (50,100,200 and 300mm/min) were used in the tensile test. 

 

a                                    b 

Figure 4.12. Bar chart of strain and stress of breaking of cylindrical samples with 
different ratio of TEPMB and PETMP under different tensile rates 

As evident in Figure 4.12a, the breaking strain of R-1 was higher than the other 
samples for all stretch rates. The breaking strain of R-1 increased in line with an 
increase in stretching speed, from 32.03% to 47.57%. When it was lower than 
200mm/min, from then on, it hit the peak across the board on 200mm/min. However, 
when it reached 300mm/min, the breaking strain decreased, due to high-speed 
stretching, and so the polymer chain broke before it was fully stretched. R-2 exhibited 
a similar phenomenon. The breaking strain of R-1 was 2-3 times higher than that of R-
1.75 and R-2. As shown in Figure 4.12b, the breaking stress for R-1.75 was higher 
than the other samples for all stretch rates, which reached a peak of 1.23MPa. The R-
1 sample had the lowest breaking stress, due to the low degree of cross-linking and 
stretch increasing along with the stretch rates. The R-1.25, R-1.5 and R-2 samples 
saw similar breaking stresses at around 0.63MPa,1.02MPa and 1.08Mpa for the four 
stretch rates. 

 

Figure 4.13. Bar chart of the Young's modulus of cylindrical samples with different 
TEPMB and PETMP ratios and tensile rates. 

As shown in Figure 4.13, the Young's modulus of cylindrical samples with different 

TEPMB and PETMP ratios and tensile rates were obtained at around 5%-10% strains. 
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Even though the stretching rate was different, each ratio had a similar Young's modulus. 
From R-1 to R-1.75, the Young's modulus increased significantly as the ratio increased, 
whilst for the R-1.75 sample it was six times higher than that of R-1, albeit R-1.75 was 
slightly higher than R-2. The Young's modulus at a tensile speed of 100m/min came 
closest to the average value, so we also used 100mm/min for the following 7-segment 
materials. 

“Poisson's ratio” is a term employed in material and elastic mechanics. It is defined as 
the deformation of a material when said material is subjected to tensile or compressive 
forces, and the ratio of its transverse strain to longitudinal strain is a dimensionless 
physical quantity, as shown in Eq.4.1: 

𝒗 = −
𝒅𝜺𝒕𝒓𝒂𝒏𝒔

𝒅𝜺𝒂𝒙𝒊𝒂𝒍
 eq. 4.1 

𝒅𝜺𝒕𝒓𝒂𝒏𝒔 =
𝑳𝒕 − 𝑳𝟎

𝑳𝟎
 eq. 4.2 

𝒅𝜺𝒂𝒙𝒊𝒂𝒍 =
𝑫𝒕 − 𝑫𝟎

𝑫𝟎
 eq. 4.3 

where 𝒗 is the Poisson’s ratio, 𝜺𝒕𝒓𝒂𝒏𝒔 is the transverse strain (axial tension is negative, 
axial compression is positive, Eq. 4.2) and  𝜺𝒂𝒙𝒊𝒂𝒍  is axial strain (positive for axial 
tension and negative for axial compression, Eq. 4.3). Material hardness is negatively 
correlated with the Poisson's ratio, which varies from 0 to 0.5. The calculated Poisson’s 
ratios of five different ratios are shown in Table 4.3.  

Table 4.3 The Poisson’s ratio of different ratios 

 

In this chapter, we studied PETMP and TMPDE with 11 different proportions as soft 
segment materials and analyzed their chemical and mechanical properties. Cylindrical 

and cuboid hard-soft materials with different ratios (1, 1.25, 1.5, 1.75, and 2), which 

were prepared step by step. According to the Instron experimental analysis, at a ratio 
of 1.75 and 2, the material is characterized by strong fracture deformation at a ratio of 
1. The fracture section was characterized by SEM, and it was found that the materials 
experienced brittle fracture at a ratio of 1.5, 1.75, and 2, the fracture surface presented 
a mirror-smooth state, and river patterns were found on the fracture surface at a ratio 
of 1 and 1.25. 

 

 

 

 

 

 

 

Materials 𝜺𝒕𝒓𝒂𝒏𝒔 𝜺𝒂𝒙𝒊𝒂𝒍 𝒗 

R-1 0.13 0.32 0.41 

R-1.25 0.089 0.23 0.38 

R-1.5 0.067 0.20 0.34 

R-1.75 0.048 0.37 0.32 

R-2 0.046 0.27 0.29 
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5 Preparation of 7-segments cylindrical thiol-ene FGMs 

5.1 Experiments 

The new step growth technology was used in Chapter 2 to prepare the materials with 
multi-mechanical properties and strong interfaces. For studying the monolithic thiol-
ene materials with more drastically different mechanical properties, samples 
composed of 7-segments with different ratios of TEPMB and PETMP were prepared. 
The cylindrical samples with 7-segments were prepared for simulating a material with 
continuously changing mechanical properties. The preparation process was similar to 
2.1, except for the five different ratios of PETMP and TEPMB. From the bottom to top, 
the sequential injection was a to e (Table 4.1), on the other hand the sequence was e 
to a (Figure 5.2b).  

 

Figure 5.1. Production process for 7-segments cylindrical thiol-ene FGMs. (a.R-

2, b.R-1.75, c.R-1.5, d.R-1.25, and e.R-1) 

 

a       b 

Figure 5.2. The two kinds of 7-segments hard-soft samples with two sequential 
injection (a.R-2, b.R-1.75, c.R-1.5, d.R-1.25, and e.R-1) 

Seven-segment cylindrical FGMs were prepared, in order to study the composites of 
materials with different mechanical properties. Two kinds of 7-segment hard-soft 
samples were prepared by two sequential injections to study how the order of 
component addition affected mechanical properties. After the tensile test, we found 
that both samples started to break at the surface of the R-1 segment during the tensile 
process.  
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5.2 Results and discussions  

5.2.1 Stress-strain responses of 7-segments materials  

The stress-strain responses of the 7-segment cylindrical sample were obtained under 
the tensile rate of 100mm/min, as shown in Figure 5.3. The R-1.75 sample had the 
highest breaking stress, due to its high degree of cross-linking; however, its 
deformation-resistant property was low. Conversely, the R-1 sample had good 
extensibility, since its molecular chains can extend before breaking. The low degree of 
cross-linking led, however, to breaking at low stress. The results for each segment are 
also plotted in the same figure for comparison. The breaking strain of the new 7-
segment sample saw a great increase, higher than the individual segments with R-1.5, 
R-1.75 and R-2. The breaking stress of 7-segment materials increased by 50% 
compared to the R-1. 

 

Table 5.3. Breaking strain, breaking stress and Young's Modulus of six kinds of 
cylindrical samples with 100mm/min 

5.2.2 Mechanical analysis  

It is common that FGMs are under simple uniaxial tension and bending in engineering 
applications, as shown in Figure 5.4. For the convenience of later analysis, D and L 
are used to express its diameter and length.122 

From the overall point of view of the material, it belonged to a quasi-continuous FGM, 
but at the junction of two adjacent soft segment materials, it belonged to a continuous 
FGM, and the material modulus was composed of continuous and quasi-continuous 
parts.  
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a             b           c        

Figure 5.4. Deformation of FGM transition zone under simple tension; a. before 
deformation, b. after deformation, c. after deformation for two-different materials 
without functionally-graded transition zone. 

5.2.2.1 The quasi-continuous parts: 

We can use the parallel model to study the material, in which case the Poisson's ratio 
and the Young’s modulus of every material can be determined by Eqs. 5.1 and 5.2:93 

𝑬 = 𝑬𝐑−𝟏𝑽𝐑−𝟏 + 𝑬𝐑−𝟏.𝟐𝟓𝑽𝐑−𝟏.𝟐𝟓 + 𝑬𝐑−𝟏.𝟓𝑽𝐑−𝟏.𝟓 + 𝑬𝐑−𝟏.𝟕𝟓𝑽𝐑−𝟏.𝟕𝟓 + 𝑬𝐑−𝟐𝑽𝐑−𝟐 eq. 5.1 

𝒗 = 𝒗𝐑−𝟏𝑽𝐑−𝟏 + 𝒗𝐑−𝟏.𝟐𝟓𝑽𝐑−𝟏.𝟐𝟓 + 𝒗𝐑−𝟏.𝟓𝑽𝐑−𝟏.𝟓 + 𝒗𝐑−𝟏.𝟕𝟓𝑽𝐑−𝟏.𝟕𝟓 + 𝒗𝐑−𝟐𝑽𝐑−𝟐 eq. 5.2 

where 𝒗 refers to Poisson's ratio and 𝑽 refers to volume fraction, the length of the 
different part of the material is shown: 

𝑳𝐑−𝟏 = 𝑳𝐑−𝟏.𝟐𝟓 = 𝑳𝐑−𝟏.𝟓 = 𝑳𝐑−𝟏.𝟕𝟓 = 𝑳𝐑−𝟐 = 𝟏𝟎𝒎𝒎  

𝑳𝐑−𝟏/𝐑−𝟏.𝟐𝟓 = 𝑳𝐑−𝟏.𝟐𝟓/𝐑−𝟏.𝟓 = 𝑳𝐑−𝟏.𝟓/𝐑−𝟏.𝟕𝟓 = 𝑳𝐑−𝟏.𝟕𝟓/𝐑−𝟐 = 𝟏𝒎𝒎  

𝑽𝐑−𝟏 = 𝑽𝐑−𝟏.𝟐𝟓 = 𝑽𝐑−𝟏.𝟓 = 𝑽𝐑−𝟏.𝟕𝟓 = 𝑽𝐑−𝟐 = 𝟏𝟗. 𝟖𝟒%  

𝑽𝐑−𝟏/𝐑−𝟏.𝟐𝟓 = 𝑽𝐑−𝟏.𝟐𝟓/𝐑−𝟏.𝟓 = 𝑽𝐑−𝟏.𝟓/𝐑−𝟏.𝟕𝟓 = 𝑽𝐑−𝟏.𝟕𝟓/𝐑−𝟐 = 𝟎. 𝟐%  

It can be calculated that, 𝑬𝐪𝐮𝐚𝐬𝐢−𝐜𝐨𝐧𝐭𝐢𝐧𝐮𝐨𝐮𝐬 = 𝟒𝟑. 𝟓𝟗𝑴𝒑𝒂, 𝒗𝐪𝐮𝐚𝐬𝐢−𝐜𝐨𝐧𝐭𝐢𝐧𝐮𝐨𝐮𝐬 = 𝟎. 𝟑𝟒. 

5.2.2.2 The continuous parts: 

Consider in a Cartesian coordinate system where FGM occupies a two-dimensional 
region, oxy, and with its Young's modulus following the exponential gradient, and where 

𝑬（𝟎） is set Young's modulus value for reference at the origin of the Cartesian 

coordinate system (x = 0, y = 0), as shown in Figure 5.5.122 
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Figure 5.5. Schematic of an FGM with gradient indices 𝒙 𝑎𝑛𝑑 𝒚. 

The Poisson's ratio and Young’s modulus of every material can be determined by Eqs. 
5.3 and 5.4:123 

𝑬(𝒚) ≈ 𝑬𝒊(𝒚) = �̅�𝒊(𝒂𝒊 + 𝒃𝒊𝒚) eq. 5.3 

𝒗(𝒚) ≈ 𝒗𝒊(𝒚) = �̅�𝒊(𝒄𝒊 + 𝒅𝒊𝒚) eq. 5.4 

�̅�𝒊 = 𝑬(𝑳𝒊) eq. 5.5 

�̅�𝒊 = 𝒗(𝒊) eq. 5.6 

𝒂𝒊 =
𝑳𝟎 − 𝑳𝒊�̅�𝟎/�̅�𝒊

𝑳𝟎 − 𝑳𝒊
 𝒃𝒊 =

�̅�𝟎 �̅�𝒊⁄ − 𝟏

𝑳𝟎 − 𝑳𝒊
 

𝒃𝒊 =
�̅�𝟎 �̅�𝒊⁄ − 𝟏

𝑳𝟎 − 𝑳𝒊
 𝒄𝒊 =

𝑳𝟎 − 𝑳𝒊�̅�𝒊−𝟏/�̅�𝒊

𝑳𝟎 − 𝑳𝒊
 

Table 5.1 The Poisson’s ratio of different ratios 

It can be calculated that, 𝑬𝐜𝐨𝐧𝐭𝐢𝐧𝐮𝐨𝐮𝐬 = 𝟎. 𝟑𝟕𝑴𝒑𝒂. Combined with Eq. 5.1, the Young’s 
modulus of the FGM is 𝑬 = 𝟒𝟒. 𝟗𝟔𝑴𝒑𝒂 . There is a big difference between the 
measured value and the calculated value, which proves that the parallel structure 
model cannot easily solve the complex FGM problems. 

5.2.3 Fracture surface morphology 

Comparing the fracture surface of the R-1 sample and the segment of R-1 under 
different tensile rates, we find them unchanged, although the 7-segment hard-soft 
materials’ strains and stresses did actually change (Figure 5.3). 

Materials 𝑬(Mpa) 𝒗 

R-1/R-1.25 19.34 0.40 

R-1.25/ R-1.5 39.91 0.36 

R-1.5/R-1.75 59.45 0.33 

R-1.75/R-2 65.37 0.31 
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a                 b                 c                 d 

Figure 5.6. Optical microscopy images of the (a, b) ratio 1 and (c, d)7- segments under 
(a, c) 100mm/min and (b, d) 200mm/min  

The tensile properties and fracture behavior of five pure kinds of ratios soft segment 
material were studied in Chapter 4. The R-1.75 and R-2 samples had the highest 
Young's modulus, but the strain was the lowest. A new 7-segment hard-soft material 
prepared by step growth UV photopolymerization under the sequences 2, 1.75, 1.5, 
1.25 and 1 was used as an approximate model to study the monolithic thiol-ene 
materials with drastically different mechanical properties. The 7-segment hard-soft 
material had a Young's modulus more than twice as large as the R-1 sample, but it had 
a similar fracture surface morphology with the R-1 sample. 
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6 Preparation of thiol-ene FGMs by different UV wave length 

6.1 Experiments  

Besides the step growth method, another novel approach can be used to prepare thiol-
ene FGM. In this chapter, alkyne coumarin (Figure 6.1a) and trimethylolpropane tris(3-
mercaptopropionate) (Figure 6.1b) occur in a thiol-yne/ene reaction and cycloaddition 
with thiol compounds, to prepare the alkyne coumarin/thiol-ene materials. Mechanical 
properties were controlled by different UV lengths. 

Since their discovery, photosensitive polymers have seen a wide range of applications, 
such as controllable mechanical properties materials, and they have gained 
increasingly more and more attention124,125. The photosensitive groups in the main or 
pendant chains of photosensitive polymers can polymerize or cleave under irradiation 
from light or an electron beam126,127. In general, four common photocleave groups are 
widely used: cinnamate groups128, coumarin groups129, diazo groups130,131 and azide 
groups132. 

The thiol-yne reaction can be considered a thiol-ene reaction under UV wave lengths 
greater than 300nm. Part of the yne group reacts first with thiol groups to form sulfides, 
followed by the subsequent reaction of the sulfide with the second thiol to obtain the 
1,2-disubstituted adduct. Compared with the traditional thiol-ene reaction, the thiol-yne 
reaction significantly enhances cross-link density and the degree of substitution in 
these polymers.  

 

a 

 

b 

Figure 6.1. Chemical formulas of the reactants, a. alkyne coumarin, b. 
Trimethylolpropane tris(3-mercaptopropionate) 

Coumarin readily dimerizes to dimer at high yield when subjected to photoirradiation 
via a 300nm UV light. In general, the coumarin dimer symmetrically splits into the 
original coumarin upon irradiation with a shorter 240nm UV light, as shown in Scheme 
6.5, while the other is an asymmetric fission forming a 12-membered ring. One 
photopolymerization followed by one photocleavage is defined as one cycle. The 
symmetric or asymmetric photocleavage of cyclobutene rings in coumarin dimers is 
interpreted in terms of the compound structure and the effect of the substituent. 
Accordingly, the mechanical properties of the sample tend to stabilize after several 
cycles. However, the products of the alkyne coumarin and thiol compounds rarely 
exhibit asymmetric photocleavage because of a significant steric hindrance effect. 
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Scheme 6.1. 

The reaction of the alkyne coumarin and thiol compounds includes thiol-ene and 
cycloaddition reactions, which take place simultaneously under a UV light with a 
300nm wavelength. Thus, the degree of polymerization increases and decreases 
according to increases and decreases in the UV light’s wavelength. The mechanism is 
shown in Scheme 6.2.  

 

Scheme 6.2. 

In order to prepare a thiol-ene FGM, a 1:1 mixture of alkyne coumarin and 
Trimethylolpropane tris(3-mercaptopropionate) is poured into a PDMS mould. The 
homogenous thiol-ene material is obtained by cross-linking under the 300nm UV laser. 
The bottom is irradiated with a 240nm ultraviolet laser to reduce its mechanical 
properties (Figure 6.2c). Analogously, irradiation is carried out at different locations, 
and the degree of reduction in mechanical properties is determined by illumination time. 
This method can be used to prepare materials with continuously changing mechanical 
properties. 

 

 

UV 

300nm 

UV 

300nm 

UV 

300nm 
UV 

240nm 

Scheme 7.2. 
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a        b        c        d        e         f          g 

Figure 6.2 The production process for thiol-ene FGMs with different UV lengths.   

6.3 Results and discussions 

6.3.1 Fourier-transform infrared spectroscopy  

The FT-IR spectrum of a sample of trimethylolpropane tris(3-mercaptopropionate) and 
alkyne coumarin at a ratio of 1:1 was irradiated under different UV wavelengths until 
the reaction was completed. As shown in Figure 6.5, the peak at 3380.54 cm−1 is 
associated with the C-H stretching of alkyne, the 3080.42 cm−1 peak is associated with 
C-H stretching of alkene and the 2110.72 cm−1peak is the CΞC stretching of alkyne. 
The peak at 2999.30 cm−1 is associated with the C-H stretching of coumarin. Based on 
this situation, the CΞC groups of alkynes coumarin have an almost complete reaction, 
which can be proven by the weakness of the CΞC group’s peaks at 3380 cm−1and 2110 
cm−1.  

 

Figure 6.5. The FT-IR spectrum of produces of trimethylolpropane tris (3-mercapto 
propionate) and alkyne coumarin with ratio of 1 under different UV wavelength. 

6.3.2 A study of photocleavage and photopolymerization 

Information about the amount of structure present in a material can be obtained by the 
storage modulus (G’), which represents energy stored in the elastic sample. The 
material can be regarded as mainly elastic, when the storage modulus G’ is higher 
than the loss modulus (G’’), which represents the viscous energy dissipated in the 
sample. Tan(δ) is the ratio of the loss modulus (G’’) to the storage modulus (G’), and it 
indicates the relative degree of energy dissipation or damping of the material.133 The 
effects of UV wavelengths on mechanical properties were studied herein by the 
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following route. A mixture of trimethylolpropane tris(3-mercaptopropionate) and alkyne 
coumarin at a ratio of 1:1 was irradiated, using two alternative wavelengths (240nm 
and 300nm) of UV light, and the mechanical properties were tested by using a 20 mm 
plate-plate geometry on an ARES-G2 rheometer from TA Instruments. 

Table 6.2. Experiment routs 

 

  

a 

 

b 

Figure 6.6. a. The frequency response and b. Tan(δ) of the first experiment rout 

Step 0. Cross-linking did not take place, so the G’Step0 and G’’Step0 were the lowest in 
the four steps, and Tan(δ)step0 was the highest of the four steps. 

Step1. The degree of cross-linking increased under irradiation by 300 nm wavelengths 
of UV light for 20 min, which occurred in the thiol-yen/ene reaction and cycloaddition 

(G’Step0＜G’step1, G’’Step0＜G’’step1,and Tan(δ)step1＜ Tan(δ)step0 ). 

Step 2. The degree of cross-linking decreased following photocleavage under UV at 
240 nm for 20 min. In this condition, the rate of thiol-yen/ene was lower down, and 
some side reactions took place. Thus, G’ and G’’ from step 2 were lower than those in 

Step 0 Step 1 Step 2 Step 3 Step 4 Step 5 Step 6
Dish 1# 0 300nm 240nm 300nm 240nm 300nm

0 20min 20min 60min 120min /
LVE Temperature 20℃（RT） 20℃ 20℃ 20,50,70,100℃

Dish 2# 0 240nm 240nm 240nm 240nm 240nm after100℃
0 20min 60min 60min 60min 120min

LVE Temperature 20℃ 20℃ 20℃ 20℃ 20,50,70,100℃ 20,50,70,100℃
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step 1. 

Step 3. The degree of cross-linking increased significantly when irradiated by 300 nm 
UV for 60 min. 

Step 4. The cross-linking degree decreased again with the photocleavage reaction 
under UV irradiation of 240 nm for 120 min. 

In summary, thiol-yne and cycloaddition reactions occurred simultaneously under a 
300nm UV light wavelength, and the degree of cross-linking was changed by 
photocleavage and photopolymerization of the coumarin part. There is therefore 
potential to prepare novel FGMs with a controllable wavelength ultraviolet laser. 
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7 Conclusions 

Functionally-graded materials (FGMs) are composite materials in which compositions 
or microstructures are varied on a local basis so that a certain variation in the local 
material properties is achieved, which may find wide use in many fields because of 
their special properties. The thiol-ene material is one of the most advantageous, due 
to its incomparable features such as low shrinkage, low optical absorbance and 
homogeneous cross-linked network. In this study, two possible continuous and efficient 
preparation thiol-ene FGM methods with the outstanding interfacial property are 
proposed, and their application is introduced. 

First, 3-segment cylindrical thiol-ene materials with different lengths without interfacial 
weakness presented herein were prepared by employing a novel continuous step-
growth photopolymerization method. Hard-soft thiol-ene materials are composed of 
three parts (two hard segments and one soft segment), shown as a hard-soft-hard 
structure. PETMP and TATATO were selected as the hard segment at a ratio of 1:1, 
and a PETMP and TMPDE mixture constituted the soft segment at the same ratio. The 
thiol-ene hard-soft materials as a 10mm length of soft segment served as an example 
to study the tensile process and fracture behavior, and they were tested by using an 
FSR. The results indicate that the soft segment fractured at a strain of 21%. The 
interface of different material lengths was strong enough to prevent cracking.  

Next, interfacial mechanical properties are important, as they essentially determine the 
usability of the FGMs, and since different ultraviolet irradiation durations exert a great 
influence on the polymerization degree of the material, the interface strength of hard-
soft material was affected. The experiment showed that reaction times of 5 seconds 
for the hard segment and 15 seconds for the soft segment were effective in achieving 
an optimal strength interface. Moreover, through the analysis of the interface of the 
product by AFM, it was found that the material modulus at the interface changes 
continuously to ensure that a fracture will not occur at the interface. The appropriate 
preparation conditions were selected to provide the right conditions for preparing the 
thiol-ene FGM. 

Thereafter, 3-segment cylindrical thiol-ene materials with different ratios were prepared 
with 11 kinds of soft segments with different ratios (TMPDE: PETMP), following which 
their mechanical and chemical properties were investigated. The amount of thiol 
groups reduced according to the ratios, and the ene groups increased in this regard in 
relation to the FTIR spectrum. After tensile testing was carried out with the Instron 
instrument, the breaking strains, breaking stresses and Young's modulus of different 

ratios were obtained, and it was established that the sequence of hardness was R-2≥

R-1.75＞R-1.5＞R-1.25＞R-1. The fracture section was characterized by SEM, and it 

was found that the materials experienced a brittle fracture at R-1.5, R-1.75 and R-2, 
the fracture surface presented a mirror-smooth state and river patterns were found on 
the fracture surfaces of the R-1 and R-1.25 samples. The 7-segment hard-soft 
materials were successfully prepared by these five ratios, which had a Young's 
modulus more than twice as large as the R-1 sample but a similar morphology of the 
fracture surface with R-1. 

Finally, a novel thiol-ene FGM was prepared by trimethylolpropane tris(3-
mercaptopropionate) and alkyne coumarin through a thiol-yne reaction and a 
cycloaddition reaction. The main chains consisted of the alkyne of alkyne coumarin 
and the thiol groups of Trimethylolpropane tris(3-mercaptopropionate) through a thiol-
yne reaction under a 300nm ultraviolet light. By increasing the cross-linking degree of 
the reactants, the hardness of the materials was enhanced. Since cyclobutene 
produced by cycloaddition will break under a 240nm ultraviolet light, the cross-linking 
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degree of the reactants might be reduced and the hardness of the materials will decline. 
Therefore, the hardness of such materials can be adjusted by different ultraviolet light 
wavelengths, but the number of adjustments is limited.  

This study provides new thinking approaches and methods for the preparation of thiol-
ene FGMs, and this interesting and promising research will therefore expand the 
realms of industry and academia. 
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8 Future work and preliminary results 

8.1 Preparation of 5-layers electroactive thiol-ene FGMs  

8.1.1 Background 

An electroactive polymer (EAP) is a type of intelligent material that can change shape 
or volume when excited by an external electric field134,135, and when this external 
electric field is removed, it can return to its original shape or volume. Therefore, an 
EAP can be used as an actuator. Compared with piezoelectric and ferroelectric 
materials, EAP materials can produce greater strains and forces, and they have the 
advantages of being lightweight, low in price, flexible in terms of movement, easily 
processed and simply formed136–138. In recent years, many researchers have given 
significant research attention to a type of intelligent material with great application 
potential, from the first artificial muscles139 and robotic fish140, to the subsequent 
applications of EAPs in aviation, automobiles, medicine, robotics, smart clothing, touch 
sensors and other aspects141. Since EAPs can produce significant deformation in 
power plants, they are mainly used in actuators, whilst some are also used in sensors. 
In this chapter, we design a fast and effective method to prepare electroactive thiol-
ene FGMs, which is achievable due to the continuity and high efficiency of the thiol-
ene reaction. 

Figure 8.1 illustrates the effect of applying voltage to the most basic element of an 
EAP actuator, namely an elastomeric polymer film sandwiched between two compliant 
electrodes. The polymer is squeezed in thickness and stretched in length and width by 
the electrostatic forces. 

 

Figure 8.1 Principle operation of an EAP actuator.  

8.1.2 The designing concepts 

Despite large bending displacement prevalent with homogenous EAP, there exists a 
large stress field induced by the large misfit strain at the interface between the top and 
the bottom plates, thereby limiting the useful life of the EAP actuator. A novel 
electroactive FGM actuator for bending is made from thiol-ene FGMs, where the top 
and bottom material are mounted with electrodes. To reduce the induced stress field 
at the interface between the top and bottom plates in the EAP actuator, we propose 
the use of an FGM. The actuator examined herein was prepared via multilayer film 
deposition, and mechanical properties were increased in the transversal direction.  
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Figure 8.2 Schematic of the 5-layers electro-strictive FGMs actuator structure  

Under the same applied electric field, material deformation decreased in line with an 
increase in the mechanical properties of the material, so the material bent in the 
direction of the harder material. The top material had greater deformability, so in the 
bending process, it produced greater strain and reduced stress concentration. In the 
repeated bending and recovery process, this greatly increased the strength of the 
driver, thus extending its service life. 

8.1.3 Experiments 

8.1.3.1 Materials 

The different types of soft segment liquids were obtained by mixing the PETMP and 
TMPDE, as shown in Table 4.1.  

8.1.3.2 Homogenous film with different ratios  

An 8 ml mixture of PETMP and TMPDE in different ratios was dropped separately into 
a 5 cm-diameter and 1 cm-high flat-bottomed round aluminum foil container to prepare 
a 1mm-thick round film. The thickness of the film can be controlled according to the 
volume of added liquid. The containers were moved to a UV box and exposed to 
ultraviolet light for 1 min. 

8.1.4 Results and discussions 

The dielectric relaxation spectroscopy (DRS) technique is a potent tool to probe the 
molecular dynamics of polyesters versus temperature. It is used in an extensive 
frequency window (10-3 to 106 Hz) for the analysis of samples. This is employed to 
describe electrical polarizability and molecular dynamics of networks, similar to the 
standard techniques employed to measure mechanical and thermal performance. 
When polarizable element interacts with a fluctuating applied electric field (f) at a set 
point temperature, it responds to dielectric results. The required quantity is the 
multifaceted dielectric permittivity given by Eq. 8.1. 

𝜺∗(𝝎) = 𝜺′(𝝎) − 𝒊𝜺′′(𝝎) eq. 8.1 

where 𝝎  is the angular frequency = 2πƒ. 𝜺′  is known as the real permittivity and 
defines material polarizability attributable to dipole reorientation, deformation of 
delocalized electron distributors or interfacial polarization, internal to the sample or at 
the sample/electrode interface. 𝜺′′, the imaginary, or loss permittivity is proportionate 
to the energy/ dissipated per cycle during any of the processes. The dielectric constant 
is the real part whereas dielectric loss is an imaginary part. The ratio between dielectric 
loss and the dielectric constant is quantified as 𝒕𝒂𝒏𝜹. 

𝒕𝒂𝒏(𝜹) =
𝜺′′

𝜺′
 eq. 8.2 
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DRS was also performed on NoVo control Alpha i.e., A high-performance frequency 
analyzer (Novocontrol technologies GmbH & Co) operating at multiple frequencies 
ranging from 10-1~ 107 at room temperature and under an electric field of ~1 V nm -1. 
The samples tested had a diameter of 25 mm, and their thickness ranged from 0.8 to 
1.1 mm.   

 

a 

 

b 

Figure 8.3. Relative permittivity (up) and electric loss tangent (down) of the different 
thiol-ene film ratios 

As shown in Figure 8.3a, the variation in relative permittivity (εr) is presented as a 
function of the frequency at 20°C for all the examined systems. As seen in the curve, 
εr decreases in line with increasing frequency, as expected, thus reflecting the levelling 
off of polarization, since dipoles fail to follow the rapid alternation of the field. In the first 
stage, high dielectric constant values can be attributed to the interfacial polarization 
effects. In the region of 10-1 -102 Hz frequencies, E' receives contributions from 
orientation, atomic and electronic polarization. Above 102 Hz, the curves become 
smooth while frequencies grow. 
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The electric loss tangent and relative permittivity of different thiol-ene film ratios are 
shown in Figure 8.3. In Figure 8.3a, the variation in relative permittivity (εr) is 
presented as a function of the frequency at 20 °C for systems examined. As the curve 
shows, εr drops in line with the expected increasing frequency. It reflects the flattening 
of polarization as  dipoles fail to obey the quick alternation of the field. In the first stage, 
high dielectric constant values can be for interfacial polarization effects. In the region 
of 10-1–102 Hz frequencies, E' receives contributions from orientation, atomic and 
electronic polarization. Above 102 Hz, the curves become smooth while frequencies 
grow. 

Figure 8.3b shows the investigated elastomer’s dissipation factor at 20°C as the 
dielectric loss tangent (tan δ). The dissipation factor of all samples decreases following 
an increase in frequency between 10-1 and 102 Hz. The dissipation factors of R-0.8, R-
0.85, R-3 and R-4 decreased dramatically at low frequencies, whereas the descending 
rate became relatively small and plateaued above 100Hz, respectively. Moreover, the 
influence of active double bond groups on the dissipation factor was obvious and much 
higher than the thiol groups. It was also observed that at a certain low frequency of 10-

1 -102 Hz, the R-4 sample had a higher loss tangent, compared to R-0.8 and R-0.85, 
but the influence of both free thiol and free vinyl was much higher than the degree of 
cross-linking. Consequently, increasing the number of active groups ultimately led to 
an increase in dielectric loss. The R-2 dissipation factor was the lowest in all samples. 
An actuator was made from R-2 film and electrode, but it could not move in an electric 
field, thus, in order to prepare, available electroactive thiol-ene FGMs need doping with 
nanoparticles (carbon nanotubes, metal nanoparticles) to reduce dielectric loss by 
coulomb blockade effects142. 

8.2 Technological improvements of 3D printing 

After more than 30 years of development, 3D printing technology has remarkably 
improved in terms of its application range and printing accuracy143–147. Nonetheless, it 
only supports the printing of uniform materials, whether they are polymer materials or 
metal materials, which greatly limits its application scope. Through this study of uniform 
materials with different mechanical properties, it was found that stereolithography (STL) 
and fused deposition modelling (FDM) can be modified to adjust different ratios of raw 
materials, so as to prepare composite devices with different mechanical properties. 
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Figure 8.4 Technological improvements of FDM 

Compared with ordinary printers, FDM is like replacing ink with thermoplastic wire. 
When passing through the printer’s sprinkler, the plastic wire will be heated and melted 
into liquid, but upon meeting the air as the liquid comes out of the sprinkler, it will solidify. 
The sprinkler constantly moves to the designated position, spurts the plastic liquid and 
then spreads the melted material, layer by layer, onto the printing platform through the 
printing head, to achieve 3D printing. It is like making a decorative cake by piping icing 
in specific positions to make corresponding shapes. FDM technology can be applied 
to many materials, from common plastics in daily life, to edible chocolate and concrete, 
in order to achieve 3D printing.148–151 After years of development, the plastic wire has 
been replaced with plastic pipe, and under ultraviolet light, specific shapes are formed 
by spraying UV photocatalytic materials that can be solidified rapidly. We can modify 
the nature of the reaction solution. First of all, we tested the relationship between 
different ratios and mechanical properties of reactants. Next, the ratios of these 
reactants were adjusted by adjusting V1 and V2 (different velocities of the two 
reactants) according to the mechanical properties of different parts of the material, in 
order to spray different reaction solutions with different ratios in different parts, thereby 
preparing uniform materials with different mechanical properties. Temperature 
fluctuations might occur during the 3D printing of FDM materials, resulting in the slower 
or faster cooling of thermoplastic filament materials and surface layering. Faults and 
the warping of parts are also problems that may frequently occur, but such problems 
can be solved by studying the interface properties of materials with different strengths. 

 

 

Figure 8.5 Technological improvements of STL 
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With liquid photosensitive resin as the raw material, stereo lithography appearance 
(SLA) technology illuminates the pre-set area through the ultraviolet light source under 
the base plate, so that the photosensitive resin material in the selected area can be 
solidified, thereby printing out the desired products from point to line, and then from 
line to surface. Nevertheless, during the printing process, the liquid photosensitive 
resin can only print devices of the same material rather than any alternative. Therefore, 
we improved the FDM technology by adjusting the ratio of liquid photosensitive resin, 
in order to regulate the physical properties of the material in each layer152–154. The 
improved FDM technology can control mechanical properties at the point, line and 
surface, but the SLA technology can only control the mechanical properties of multi-
layer products, and so it is applicable in the large-scale preparation of LBL materials. 
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Appendix 2 Supporting information 

SI.1 Cylindrical and rectangular molds 

In order to prepare cylindrical and rectangular molds for the monoliths, the 
Polydimethylsiloxane (PDMS) was selected. PDMS also called dimethylpolysiloxane 
or dimethicone, belongs to the polymeric organosilicon compounds and it can be 
solidified as a crosslinked elastomer at room temperature (Figure S.1)155,156. 
Compared to other polymers, PDMS has a low glass transition temperature(Tg<-
100°C), low chemical reactivity, high transmittance ,high flexibility, high compressibility, 
and high gas permeability157–159. Because of PDMS's many merits, Sylgard 184 
elastomer kit was selected as model material for the project. Sylgard 184 elastomer 
kit, which is a common PDMS, consists of two parts Sylgard 184 silicone elastomer 
base and Sylgard 184 silicone elastomer curing agent160,161. 

 

Figure S.1. the Chemical formula of Polydimethylsiloxane 

The SpeedMixer is based on the DAC (dual asymmetric centrifugal) technology to 
defoam and causes the material to be uniformly mixed. The biggest difference of DAC 
and conventional centrifugation is an additional rotation of the sample around its 
vertical axis. The conventional centrifugation constantly pushes the sample material 
outwards, whereas the additional rotation constantly forces the sample material 
towards the center of the centrifuge. Under the interaction of two forces, deairing and 
degassing while mixing made easy. The revolution controllable rate is from 1500rad/s 
to 3500rad/s, and the constant rotation rate is 900rad/s. The different capacity and 
materials containers (PP/PC) are used to contain samples, the PP containers can be 
used for photoreactive material. This combination of centrifugal forces acting on 
different levels enables very rapid mixing of the entire cup in bubble-free mixing. 
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Figure S.2. The photo of SpeedMix 

 

Figure S.3. The revolution(blue)and the rotation(green) of the container 

 
Figure S.4. The different capacity pp containers and Max containers of SpeedMix 
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Figure S.5. The different size holder for fixing the containers on the SpeedMix 

SI.1.1 Preparation of Cylindrical sample mould 

With the ratio of 10:1, the base and the curing agent were mixed by the SpeedMixer at 
a speed of 3000r/min for 3 mins. And then, the mixture liquid was poured into a flat-
bottomed glass test tube (D=1cm, L=7cm), and a glass rod (D=0.5cm, L=10cm) was 
inserted into the tubes. A small plastic plate (THK=0.1cm) with a hole (D=0.5cm) was 
used to keep the glass rod in the center of the tube. After keeping at room temperature 
for 2h to remove the air bubbles, the tube with the PDMS liquid was transferred to the 
oven for 24h at 80°C to complete crosslinking. The hollow cylinder PDMS mould was 
obtained by removing the tube and rod. 

 

Figure S.6 The production process of Cylindrical sample PDMS mould 

SI.1.2 Preparation of Rectangular sample mould 

A piece of rectangular PMMA sample (L=9cm, W=1cm, H=0.3cm), which was cut by 
laser beam cutting machine, was put at the bottom of the plastic petri dish (D=12cm, 
H=1cm). In view of such conditions, a 20g weight was put on top of the sample to make 
the sample have a good contact with the plastic petri dish. Then the Sylgard 184 
silicone mixture liquid was poured in the plastic petri dish slowly, and controlled to keep 
the liquid level just over the PMMA sample. The set-up was put in the oven for 12h at 

80°C.The first step was complete, after the dish was taken out from the oven and the 

weight removed. The liquid was poured into the dish again to fill the hole caused by 
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removing the weight .The dish was again put in the oven for 24h at 80°C. The 

rectangular PDMS mould was obtained by removing PMMA sample and plastic dish. 

 

Figure S.7 The production process of Rectangular sample PDMS mould 

SI.1.3 Discussions 

The PDMS mold can be easily prepared by commercial 184 resin and initiator at a ratio 
of 10:1. A high-speed mixture is used to fully mix the resin with the initiator and remove 
the bubbles, so as to ensure that there will be no air bubbles after molding to affect UV 
exposure. Besides, when the resin and initiator are mixed at a ratio of 10:1, the 
prepared 184 molds almost contain no active groups. Hence, compared with the 
PMMA mold, the PDMS mold does not participate in the thiol graphene reaction when 
the thiol graphene reaction occurs in the sample, which helps to maintain high stability 
and avoid contamination of the sample. Due to its plasticity, molds of different shapes 
and sizes can be easily prepared per the requirements. Such molds feature high 
toughness as well as certain hardness. After the thiol-ene reaction, the volume of the 
product will expand to some extent, leading to difficulties in demolding. Unlike the glass 
mold, the PDMS mold with great toughness is able to better solve this problem, making 
it easy to demold and reuse. The PDMS mold features high light transmittance 
because when the sample is synthesized by ultraviolet, its absorptivity of ultraviolet 
light is quite low, and the reaction rate is slightly affected. Therefore, in this project, all 
the molds were prepared by PDMS, and the samples prepared by PDMS fully satisfied 
relevant requirements in shape. 
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SI.2 The frequency response of the 2# rout under the UV light wavelength of 

240nm  

 

 

Table S.1 The list of experiment routs 

 

 

 

 

 

 

 

 

 

Step 0 Step 1 Step 2 Step 3 Step 4 Step 5 Step 6
Dish 2# 0 240nm 240nm 240nm 240nm 240nm after100℃

0 20min 60min 60min 60min 120min
LVE Temperature 20℃ 20℃ 20℃ 20℃ 20,50,70,100℃ 20,50,70,100℃
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SI.3 The SEM images of fracture surface of ratio of 1, 1.25, 1.5, 1.75, and 2 soft segment 
materials under different tensile rates (100mm/min,200 mm/min, and 300 mm/min) of 200X,500, 

and 2000x，scale length=50μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 2 Supporting information  

85 

 

Rates  200x 500x 2000x 

R1-100 

Bottom 

   

Middle 

   

Top 

   



Monolithic Thiol-ene Materials with Drastically Different Mechanical Properties 

86 

 

R1-200 

Bottom 

   

Middle 

   

Top 

   



Appendix 2 Supporting information  

87 

 

R1-300 

Bottom 

   

Middle 

   

Top 

   



Monolithic Thiol-ene Materials with Drastically Different Mechanical Properties 

88 

 

R1.25-100 

Bottom 

   

Middle 

   

Top 

   



Appendix 2 Supporting information  

89 

 

R1.25-200 

Bottom 

   

Middle 

   

Top 

   



Monolithic Thiol-ene Materials with Drastically Different Mechanical Properties 

90 

 

R1.25-300 

Bottom 

   

Middle 

   

Top 

   



Appendix 2 Supporting information  

91 

 

R1.5-100 

Bottom 

   

Middle 

   

Top 

   



Monolithic Thiol-ene Materials with Drastically Different Mechanical Properties 

92 

 

R1.5-200 

Bottom 

   

Middle 

   

Top 

   



Appendix 2 Supporting information  

93 

 

R1.5-300 

Bottom 

   

Middle 

   

Top 

   



Monolithic Thiol-ene Materials with Drastically Different Mechanical Properties 

94 

 

R1.75-100 

Bottom 

   

Middle 

   

Top 

   



Appendix 2 Supporting information  

95 

 

R1.75-200 

Bottom 

   

Middle 

   

Top 

   



Monolithic Thiol-ene Materials with Drastically Different Mechanical Properties 

96 

 

R1.75-300 

Bottom 

   

Middle 

   

Top 

   



Appendix 2 Supporting information  

97 

 

 

 

 

R2-100 

Bottom 

   

Middle 

   

Top 

   



 

 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    

 

 

 

 

 

 

 

 

 

 

 

 

、、 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


