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ABSTRACT: Thiol-ene materials are a series of materials that can be crosslinked 

using a suitable photo-initiator and a UV light source. An advantage of thiol-ene 

materials is that they can be tailored to have specific mechanical properties by 

controlling the stoichiometry of the mixtures. By combination of different reactants, it 

is therefore, in principle, possible to prepare monoliths with greatly varying 

mechanical properties from essentially the same material. In this paper, we prepared 

an alternating hard and soft thiol-ene material with a sharp solid interface. Tetrakis (3-

mercaptopropionate) (PETMP) with 1, 3, 5-triallyl-1, 3, 5-triazine-2, 4, 6(1H, 3H, 

5H)-trione (TATATO) as the hard segment exhibited strong tensile and compressive 

strength but had low elongation and weak bending stiffness. A mixture of PETMP 

and trimethylolpropane diallyl ether (TMPDE) was selected as the soft segment. After 

stretching at 0.001s-1 using a filament stretching rheometer (FSR), the soft segment 

fractured at the strain of 21%, while the interface of the materials was strong enough 

to prevent cracking. 

 

KEYWORDS: thiol-ene materials, solid interface, filament stretching 
rheometer 
 

INTRODUCTION 
The layer-by-layer (LBL) technique has received significant scientific and 

technological interest as an effective and powerful approach to prepare materials with 

specific properties[1–3]. It has been widely used in biomedical materials[4], eco-

materials[5], and energy materials[6], to mention a few. Polymer materials with a 

LBL structure are usually composed of two polymers with different physical and 

chemical properties. The combined system takes advantage of both components, 

which results in improved performance, and thus extends the application area 

compared to the respective homopolymers. 

 

The interface between the two polymers in LBL systems, as the junction surface, 

plays an essential role for the overall mechanical performance of such systems. In 

particular, the mechanical properties of the interface are crucial to the usability[7]. 

Insufficient interfacial adhesion between the two polymers leads to fracture during 

elongation or impact; such materials often exhibit initial fracture at the interface or 

near the interface. Typically, such interfaces can be reinforced by use of copolymers 
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to increase the bond strength between the two polymer phases. A.R. Kamdar et al.[8] 

examined the effect of chain microstructure on the adhesion of the interface of a 

PP/HDPE blend, which was compatibilized with a copolymer. They observed that all 

the failures occurred at the PP–copolymer interface, indicating that the copolymer 

exhibited better adhesion to HDPE than to PP, though the interfacial strength was 

improved by addition of the copolymer. T. Ebeling et al.[9] used 0.5% maleic 

anhydride as a compatibilizer in the tie layer to increase the interfacial toughness. 

After peel tests, they found that the crack tip reduced the stress concentration at the 

interface and increased the toughness, but the tie layer began to crack when the 

materials were subjected to a tensile load. The poor mechanical properties were 

caused by an unstable phase morphology and poor interfacial adhesion. Another 

procedure applied is to reinforce interfaces to increase the temperature above the glass 

transition temperature or melting point after the LBL materials were prepared, so that 

the interface of the two materials fuse together. Yang et al.[10] employed this method 

and contacted two similar pieces of bulk polymers at a temperature above the glass 

transition, but the chain diffusion across the interface was insufficient, and the 

strength of the interface was not strong enough. In order to solve this problem, we 

designed a chemical method of step-by-step pre-crosslinking to prepare new hard-soft 

alternate thiol-ene material, which had a similar structure as LBL polymer systems, 

but results in a significantly stronger interphase. 

 

Thiol–ene materials can be obtained through thermal crosslinking with common azo-

initiators such as 2,2-azobis(isobutyronitrile) (AIBN) or with little or no added photo-

initiators through photochemical thiol–ene[11–15]. During the last century, thiol-ene 

materials have received significant attention because of the highly efficient reactions 

of thiols with reactive C=C bonds in allyl or acrylate systems. Thiol-ene materials 

have been applied in hydrogels, coatings, adhesives, particles, optical applications, 

dendrimer synthesis, all-solid-state electrolyte, high strength laminates, dental resins 

and electroluminescent films[11,16–19]. There are two typical thiol reactions, 

including thiol–ene free-radical addition to electron-rich/electron-poor C=C bonds, 

and the catalyzed thiol Michael addition to electron-deficient C=C bonds[20,21]. 

Unlike typical chain-growth free-radical polymerizations, thiol-ene polymers form in 

a stepwise manner [22,23], through a rapid and highly efficient free-radical chain-

transfer reaction. Thus, crosslinked thiol-ene polymerizations proceed very rapidly 

but due to the step-growth characteristics of polymerization would not reach the gel-

point until relatively high functional group conversions, resulting in a material with 

very low shrinkage and low inherent stresses[24,25]. 

 

 

LBL alternating materials have a unique structure, which contains both hardness of 

solid materials and toughness of soft materials. Aziz et al.[7] have used a photo-

clickable poly (ethylene glycol) hydrogel to form bilayer hydrogels by sequential 

cross linking addition of new pristine reagents and final cross linking of the second 

layer. They studied the relation of soaking time and hydrogel crosslinking density on 

the LBL structure. By controlling the processing conditions, the thickness of the 

interface can be tuned without affecting the mechanical properties of the bulk 

hydrogel. Huang et al.[26] demonstrated a facile and scalable method to fabricate 

spine-like Li-ion batteries with remarkable flexibility, mechanical stability, and 

electrochemical performance. The hard part was used for storing energy while the soft 

part provided excellent flexibility for the battery. Based on this hard-soft alternating 
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structure, the maximum strain (≈0.08%) was markedly reduced compared to 

traditional stacked cells (≈1.1%). Thus, the hard-soft materials have great potential in 

applications of multitudinous mechanical properties for engineering constructions. 

The interfacial strength of hard and soft segments was the pivotal factor for the 

mechanical properties of such alternating materials, requiring that the interface should 

be rigid and of sufficient strength to prevent cracking during the deformation. In this 

paper, we prepared new monolithic thiol-ene materials containing both a soft and hard 

segment with a seamless integration of the two phases. 

 

EXPERIMENTAL METHODS 
 
Materials 

Sylgard 184 elastomer kit used for the Poly (dimethyl siloxane) (PDMS) mold was 

purchased from Dow Corning. Ethyl (2, 4, 6-trimethylbenzoyl) phenyl phosphinate 

(TPO-L) used as UV initiator was supplied from BASF. The Chemical structures of 

Tetrakis (3-mercaptopropionate) (PETMP) (Figure 1a), 1, 3, 5-Triallyl-1, 3, 5-

triazine-2, 4, 6(1H, 3H, 5H)-trione (TATATO) (Figure 1b), and trime-thylolpropane 

diallyl ether (TMPDE) (Figure 1c) were obtained from Tokyo Chemical Industry Co., 

Ltd. 

       
a 

      
                   b                               c 

Figure 1. Chemical structure of (a) tetrakis(3-mercaptopropionate), (b) 1,3,5-triallyl-1,3,5-

triazine-2,4,6(1H,3H,5H)-trione and (c) trimethylolpropane diallyl ether 

 

Mold preparation 

PDMS is a vinyl terminated liquid silicone rubber and it can be solidified as a 

crosslinked elastomer at room temperature. PDMS molds were prepared by using the 

ratio (10:1, wt.) of elastomer to curing agent. After these two materials were mixed in 

a SpeedMixer at a speed of 3000r/min for 3 mins, the homogenous liquid mixture was 

poured into a flat-bottomed glass test tube (Ø=1cm, H=7cm), and a glass rod 

(Ø=0.5cm, H=10cm) was inserted into the tube. For fixing the rod in the center of the 

tube, we used a small plastic plate with a hole (Ø=0.5cm). The tube with the PDMS 

liquid was kept at room temperature for 2h to remove the air bubbles; the mold was 

cured for 24h at 80℃ in an oven. The hollow cylinder PDMS mold was obtained by 

removing the tube and rod.  
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Step-by-step sample preparation 

Preparation of rods with hard-soft interface 

For preparing the column shaped sample with sandwich structure, we made the hard 

and soft segment polymer, respectively. The hard segment polymer liquid was 

prepared by using the ratio (1:1) of PETMP to TATATO. The two chemicals were 

mixed in a SpeedMixer at the speed of 3000r/min for 2 mins; in addition, all 

processes should be completed in total darkness for preventing the mixture from 

premature polymerization. The soft liquid was obtained in the same way except for 

replacing the TATATO with TMPDE. 

 

 
Figure 2. The production process (a-c.) for a 10mm soft segment hard-soft alternate 

sample, The structure of soft-hard alternate material (d). 
 

A syringe needle was impaled into the bottom of the mold through the diameter 

(Figure 2a), and then the hard segment polymer liquid was slowly poured into the 

mold by using a 10mL syringe. The mold was placed in a vacuum drying oven to 

remove air bubbles at room temperature, when the liquid level raised to 1cm (base of 

the needle). After that, the mold was exposed by ultraviolet light (5-10mW/cm2, λ
=365nm) for 5seconds (Figure 2b). Then 1cm soft liquid and 1cm hard liquid were 

injected into the mold in turn by the same procedure. 

 

The soft segment polymer has a lower polymerization rate, so the exposure time was 

increased to 15seconds. After that, the remaining hard segment polymer liquid was 

added to the mold in the same way. The mold was placed in the UV-light（λ

=365nm） box for 2mins to complete the process. A cylindrical hard-soft-hard 

alternate sample could be obtained after removing the needles and demolding.  

 

Linear viscoelastic (LVE) properties 

The linear viscoelastic properties of the soft segment material (PETMP/TMPDE) 

were obtained by small amplitude oscillatory shear flow measurements. An 8mm 

plate–plate geometry was used on an ARES–G2 rheometer from TA instruments. The 

measurements for the material were performed at 25°C. 

 

Differential scanning calorimetry (DSC) analysis 

DSC analysis was conducted by a Discovery series from TA Instruments to analyze 

the thermal properties of the hard polymer segment and soft polymer segment, 

respectively. Each kind of specimen was placed in an aluminum pan with the weight 
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of 5 mg for the DSC analysis. The DSC scan was carried out with heating rate of 

10°C /min from -80 °C to 150 °C under nitrogen atmosphere (50mL/min). 

 

 

 

Surface Characterization by atomic force microscope (AFM) 

The surface properties of hard segment, soft segment, and the interface were 

evaluated by AFM (Nano Wizard 3, JPK Instruments AG, Berlin, Germany). 

Quantitative Imaging (QI) mode was employed to obtain topographical, hardness, and 

adhesion images over the interface. A rectangular cantilever (HQ:CSC18/Al BS, 

MikroMasch) with normal spring constant of 0.03N/m and a conic probe of 8 nm 

radius was used. The sensitivity of the cantilever was calculated based on a 

measurement against bare silicon wafer surface, while the accurate spring constant 

was obtained using thermal noise method.[27]  The surface modulus was measured 

by DMA model based on indentation test over 50 points on a 10 × 10 µm2 by using 

the conic tip of half-angle 20 º under 1.5 ± 0.5 MPa.  The surface modulus of the 

hard and soft segments were estimated by conducting force measurements on each 

area. A set point force of 50 nN and relative velocity of 0.3 μm/s were used to collect 

36 measurements over a 5 × 5 μm surface area (three replicas on new sampling areas 

were measured). A Hertzian model for the conic probe (half angle of 20 ˚, Poisson’s 

ration of 0.5) was used to estimate the surface elastic modulus.  Before the test, the 

hard-soft material surface was cleaned with ethanol (99%) and rinsed copiously with 

deionized water and then blown dry with nitrogen. 

 

Tensile and fracture experiments 

The rheological measurements were carried out using a filament stretching rheometer 

(VADER 1000 from Rheo Filament ApS) with a strain rate of 0.001s-1 (See 

supporting information 2)[28–31]. Meanwhile, a high-speed camera (Photron Mini 

UX100 with a Navitar Zoom6000 lens) was used to capture the fracture process; and 

the captured optical images were used to measure the local strain of the deformed 

sample accurately during the crack propagation. A pair of stainless-steel fixtures were 

made as add-ons to the filament stretching rheometer. There were two small 

holes(Ø=3mm) on the side of each fixture, which were used to keep the sample ends 

in the container during the stretching process. All experiments were performed at 

room temperature. (See supporting information 3). 

 

 

RESULTS AND DISCUSSION 
Thermal behavior  

DSC analysis was used to determine the thermal behavior of the pure hard and soft 

segment polymers, respectively. The DSC thermograms are shown in Figure 3, where 

each of these two samples show one glass transition temperature in the -80°C-150°C 

range. The cross-linked polymers exhibit no melting point because of the high 

crosslinking degree. The glass transition temperature of the hard segment polymer 

was 55.7°C, while the glass transition temperature of the soft segment was -35.4°C, 

sufficiently below room temperature to provide high flexibility. 
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Figure 3. DSC curve of hard segment(H) and soft segment(S). 

 

Material structure 

The hard segment was prepared by photoinitiated thiol-ene cross-linking of 

PETMP/TATATO at a stoichiometric ratio of 1:1. The soft segment was prepared by 

PETMP/TMPDE using the same method. In both cases, it is possible to identify 

residual functional groups (vinyl and thiol) in the FT-IR spectra of the fully cured 

samples (supporting information). The photopolymerization rate of PETMP/ 

TATATO(3-arms vinyl) was almost six times faster than PETMP/ TMPDE(2-arms 

vinyl) under the identical curing conditions[23]. It was very important that the 

reaction time of the polymerization process in Figure 2b and 2c was strictly 

controlled (to ensure a sufficient chemical bonding at the interface). If the time was 

too long, the hard segment surface would become completely crosslinked and 

generate a weak interface, leading to interface cracking or separation during 

demolding. Oppositely, short exposure time would lead to a mix of the hard and soft 

liquids resulting in an undesired sample. The reaction time with 5seconds for the hard 

segment and 15seconds for the soft segment was a workable condition. As the hard 

segment and soft segment were not completely cured, the interface of the two 

polymers consists of PETMP/TATATO/ TMPDE (Figure 2d). 

 

Stress-strain responses during mechanical testing 

The VADER 1000 was used for measuring the stress-strain responses in the start-up 

of uniaxial elongational flow with a constant strain rate[32–34]. The volume of an 

idealized elastic material was conserved during deformation as shown in Figure 4a; 

therefore, we can conclude that L0D0
2= L(t)D(t)2, where L0 and D0 were the initial 

length and diameter, and L(t) and D(t) were the detected length and diameter at time t. 

While the length of the alternate material was L=2LH+LS with diameter D=DH0=DS0 

(Figure 4b), the length and diameter of the hard segments were considered constant 

during the stretching[32,35–37], and the diameter variation of the soft segment, DS(t), 

was recorded by the laser micrometer in the VADER 1000. Due to the necking effect 

on the center of the soft segment, DS0≥DS(t). 
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Figure 4. The stretch process of an idealized elastic (a) and hard-soft alternate sample (b) 

 

Under the assumption of a constant sample volume during deformation, the true 

Hencky strain and the engineering strain could be used in this study. The true Hencky 

strain εh and the engineering strain εe were obtained from[38,39,40]: 

 
𝜺𝒉 = 𝟐𝒍𝒏

𝑫𝟎

𝑫(𝒕)
 ，𝜺𝒆 =

𝑳(𝒕) − 𝑳𝟎

𝑳𝟎
 (1) 

We defined the strain rate as 𝜀̇ = 𝑑𝜀ℎ 𝑑𝑡⁄ . For the alternate material shown in Figure 

4b, L0=2LH0+LS0, D0=DS0, L(t)=2LH(t)+LS(t), and D(t)=DS(t). The true stress and 

engineering stress on the sample were defined as: 

 𝝈𝒉 =
𝑭

𝑨(𝒕)
，𝝈𝒆 =

𝑭

𝑨𝟎
 (2) 

Here, F is the tensile force recorded by the VADER 1000, A0 denotes the initial cross-

sectional area of the sample, and A(t) is calculated from D(t). Figure 5 shows the 

stress-strain curve for 𝝈𝒉, 𝜺𝒉 and 𝝈𝒆, 𝜺𝒆 respectively. As shown in Figure 6, the 

length of the sample increased linearly with time during stretching. The elongation of 

the sample was 21.0% and the reduction of the cross-sectional area was 34.4% before 

the crack appeared. 
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Figure 5. The curve for true Hencky strain-stress and the engineering strain-stress 

  

 
Figure 6. The curves for the reduction of cross-sectional area (a) and elongation of length (b) 

 

Fracture process 

The fracture process was too fast to be recorded by a conventional camera. We used 

the high-speed camera for recording the images of the fracture process[41–43]. As 

shown in Figure 7, the crack was generated in the soft segment surface, not in the 

interface between the hard and soft materials. 

 

 
Figure 7. The image of 10mm soft segment alternate materials fracture process (blue line 

shows the bottom interface, red the top) 

 

The dynamic quantitative analysis of the fracture process is shown in Figure 8. The 

distance from the crack tip, represented in the x-axis, was collected by image analysis 

using MATLAB[31,35,44–46]. We set 0s as the time for complete fracture, and -95s 

as the fracture start time. The crack propagation can be divided into two stages: a 

slow stage from -95s to -15s (Figure 8b) and a fast stage from -10s to 0s (Figure 8a). 
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The second fracture process could be fit using a parabola. The parabolic fit is shown 

by the black solid line. The overall fracture fitted the equation 𝑢(𝑥) = 𝑥0.5 (x 

represents distance from the fracture tip while 𝑢(𝑥)was the fracture opening). 

[29,30,43,45,47] Associated with the frequency-dependent linear viscoelasticity 

(Figure 9), the storage modulus G’ was bigger than loss modulus G’’. That explains 

why the crack profile showed typical parabola (for elastic fracture with little 

dissipation) when the crack propagates faster in Figure 8a. 

 

 
Figure 8. Fracture profile for entangled polymer soft segment alternate materials from (a) -

10s to 0s,(b)-95s to -15s  

 
Figure 9. Frequency-dependent linear viscoelastic moduli for soft segment at 25℃ 

 

We also changed the length of the soft segment from 10mm to three different values 

(a.1mm, b.2.5mm and c.5mm) with the same diameter(5mm). The aspect ratio of the 

soft segment is defined as ΛS=LS0/D0. Figure 10 shows the fracture process for the 

cases of ΛS≤1, while the case of ΛS >1 has already been shown in Figure 7. (1) When 

ΛS＜1, Figure 10 a and b show the fracture process for the soft segment with length 

1mm and 2.5mm, respectively. The necking effect was almost invisible, the feature 

was still a cohesive fracture in the soft segment. The crack did not take place in the 

soft segment interface. (2) When ΛS=1, the material had a weak necking effect at the 

beginning of the stretch (Figure 10c), while again an oblique fracture was observed 
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Figure 10. The image of 1mm (a), 2.5mm(b) and 5mm(c) soft segment alternate materials 

fracture process, (blue line shows the lower interface, red for upper interface). 

 

Interface enhancements 

Atomic force microscopy (AFM) images of hard-soft interface part are shown in 

Figure 11. The AFM cantilever scans the material surface from hard (left) to soft 

(right) across the interface. As shown in the height image of Figure 11b, the hard 

segment surface has the similar height with soft segment surface, but the interface is 

about 2µm higher than the plane of hard segment and soft segment because of 

swelling effect. The variation of modulus is shown in Figure 11c, the hard segment 

(orange) has significant contrast to the soft segment (black), suggesting a relatively 

larger surface modulus. The interface shows and intermediate modulus, which varies 

continuously versus the distance of the hard and soft segment. Similarly, Figure 11d 

indicates the change of adhesion across the interface. 

 

 
Figure 11 The junction surface of hard-soft material; (a) camera image, (b) height channel, (c) 

slope channel (measure of modulus), (d) adhesion channel. Obtained by Quantitative Imaging 

(QI) mode from the interface.  
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Through the above-mentioned study, it is evident that the interface of the alternate 

materials with different sizes was strong enough to prevent premature fracture during 

stretching. By contrast, the interface of conventional LBL materials is narrow and 

connected by physical interactions, resulting in weak materials which easily fracture 

when stretched or bent. 

 

There are two reasons for the step-by-step co-crosslinked method to improve the 

strength of interfaces: 

1. Taking the first step as example, as shown in Figure 2, there were many thiol and 

vinyl groups, which were not crosslinked 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 formation of covalent bonds at the hard-soft interface, 

which have a significant impact on avoiding the interfacial fracture. 

2. The 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. 

In analogy, the hard segments can then be considered to hold the interface as a 

cement, while the soft segments increased the interface resilience as a steel rebar. 

Based on the above two points, the interface had a structure similar to reinforced 

concrete, and had high mechanical performance supported by polymer chains of both 

hard and soft segments. 

 

 

CONCLUSIONS 
 
In summary, a new step-by-step pre-crosslinking method was designed to prepare 

hard-soft alternating thiol-ene materials. The overall mechanical properties of these 

materials are controlled by the interface between hard and soft segments. Compared 

to traditional LBL materials, the method significantly improved mechanical properties 

of the interface, hence, it can expand the application range of LBL materials 

considerably. The results provide a better understanding of how to improve the 

mechanical properties and a novel insight into rational design of controllable LBL 

materials. The alternate thiol-ene materials will be a new promising strategy to 

develop multifunctional material. The materials can also be utilized in other fields, 

such as artificial joints and flexible robots. 
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