
 

 
 

 
 

warwick.ac.uk/lib-publications 
 

 
 
 
 
Manuscript version: Author’s Accepted Manuscript 
The version presented in WRAP is the author’s accepted manuscript and may differ from the 
published version or Version of Record. 
 
Persistent WRAP URL: 
http://wrap.warwick.ac.uk/150940                                 
 
How to cite: 
Please refer to published version for the most recent bibliographic citation information.  
If a published version is known of, the repository item page linked to above, will contain 
details on accessing it. 
 
Copyright and reuse: 
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the 
University of Warwick available open access under the following conditions. 
 
© 2021 Elsevier. Licensed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International http://creativecommons.org/licenses/by-nc-nd/4.0/. 
 

 
 
Publisher’s statement: 
Please refer to the repository item page, publisher’s statement section, for further 
information. 
 
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk. 
 

http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/150940
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wrap@warwick.ac.uk


Enhanced properties of well-defined polymer networks prepared by a 

sequential thiol-Michael - radical thiol-ene strategy (STMRT) 

Sergio Cespedesa, Rachel A. Handb, Nikola Chmelb, Graeme Moadc, Daniel J. Keddied and Tara L. 

Schillera* 

aWMG, University of Warwick, Coventry, CV4 7AL, UK 

bDepartment of Chemistry, University of Warwick, Coventry, CV4 7AL, UK 

cCSIRO Manufacturing, Bag 10, Clayton South, VIC 3169, Australia 

dSchool of Sciences, Faculty of Science and Engineering, University of Wolverhampton, 

Wolverhampton, WV1 1LY, UK 

 

ABSTRACT 

A sequential thiol-Michael - radical thiol-ene (STMRT) strategy was used to produce 

poly(ethylene glycol)-based model networks and enable establishment of a structure-

property relationship from the network characteristics. Selective double thiol-Michael 

reactions on a series of poly(ethylene glycol) diacrylates (PEGDA), that differed in average 

chain length, with two molar equivalents of the trithiol trimethylolpropane tris(3-

mercaptopropionate) (TMPTMP) yielded well-defined telechelic poly(ethylene glycol)-based 

tetrathiols. These tetrathiols were in turn used to produce model (co-)networks by photo-

induced radical thiol-ene polymerization with either the same poly(ethylene glycol) 

diacrylates or with tri(ethyleneglycol) divinylether (TEGDVE). The properties of these 

networks were studied by Fourier transform infrared spectroscopy (FTIR), differential 

scanning calorimetry (DSC) and dynamic mechanical thermal analysis (DMTA). The STMRT-

produced model networks possess storage moduli (E′) up to 4-fold larger and glass transition 

temperatures (Tg) of up to 10 °C lower than conventionally produced counterparts. The 

STMRT strategy allows the properties of the model networks to be finely tuned by 

manipulation of crosslink density and average polymer chain length. 
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INTRODUCTION 

Radical-induced thiol-ene polymerization is a versatile and powerful reaction for the synthesis of 

polymer networks.1, 2 Network formation via thiol-ene polymerization is a polyaddition reaction in 

which the reaction progresses by addition reactions between species of all chain lengths.3 A 

consequence of this is that thiol-ene networks maintain relatively low viscosity throughout the 

polymerization until the gel point, which typically appears at much higher monomer conversions 

than for networks formed by chain polymerization (e.g. network formation from multifunctional 

(meth)acrylates).4-7 Thus resulting in a more homogeneous distribution of crosslink points, less 

shrinkage, and reduced internal stress, as the chains can rearrange freely in a low viscosity medium 

throughout much of the reaction.2 This results in improved adhesion of the thiol-ene network to all 

kinds of surfaces, which makes them ideal materials for use as adhesives and coatings.8  

Thiol-ene polymerization proceeds through alternating steps of: (1) thiyl radical addition to an 

alkene resulting in a C-centred radical; and (2) hydrogen abstraction from a thiol by the C-centred 

radical to form a new thiyl radical. Neither of these two reaction steps show significant oxygen 

inhibition.9 The rate of the reaction is often enhanced by the inclusion of a thermal or photoradical 

initiator.  

Low shrinkage, rapid curing kinetics and tolerance of oxygen combine to make thiol-ene 

processes suitable for photocuring and lithography.10-12 Despite the advantages described above, 

the thiol-ene reaction does have some limitations with respect to the substrate scope and the final 

materials properties. For example, the photo thiol-ene reaction can be very slow for substituted 

and/or conjugated olefins.13, 14 Therefore, the reaction is typically restricted to the use of alkenes 

with terminal, vinyl groups (e.g. R-CH=CH2). Due to the polyaddition nature of the thiol-ene reaction, 

thiol-ene networks generally have a low crosslink density. This directly influences the physical 

properties of the resulting materials; they are usually soft, flexible materials, displaying low but well-

defined glass transition temperatures (Tg,) high storage moduli (E'), and high thermal stability.15 

Many approaches for controlling the mechanical properties of thiol-ene-based networks have 

been explored.16-18 For example, introducing some thiols into polyacrylate-based resins combines 

both polyaddition and chain homopolymerization.9 However, it is not possible to control network 

architecture or to introduce enough thiol to significantly alter the Tg. However, more highly 

functionalized thiols and/or enes have been reported. For example, Wood et al. used hexathiols,19 

while Rehnberg et al.20 compared the effect of level of functionality by comparing a monomer 

bearing 16 terminal allyl ether groups with a triallyl compound. Bowman et al. have proposed thiol-

yne chemistry as an alternative to thiol-ene to increase functionality (each alkyne can add two thiol 

groups).20 Base-catalysed photo networks were introduced by the Bowman group in a step-wise 

procedure without further refinement prior to making networks.21 These approaches have shown 

some success; however, they demonstrate a decrease in conversion with an increase in 

functionality. 

Herein, we present a modular method to produce poly(ethylene glycol)-based model networks 

of defined structure using a combination of base-catalysed thiol-Michael addition and radical thiol-

ene (i.e. sequential thiol-Michael radical thiol-ene, STMRT). The resultant networks were analysed 

by photo infrared spectroscopy (FTIR) isothermal photo differential scanning calorimetry (DSC) and 

dynamic mechanical thermal analysis (DMTA) to provide insight into the effect of tetrathiol 



macromonomer chain length on the materials properties. Direct comparison between STMRT-

prepared materials and analogous polymers prepared via a traditional thiol-ene polymerization 

route reveals that the STMRT strategy delivers materials with both significantly higher storage 

moduli (E′) and lower Tg.  

EXPERIMENTAL 

Materials. 

Poly(ethylene glycol) diacrylate of Mn= 250 g/mol (Xn ≈ 3, PEG3DA, 1), Mn = 575 g/mol (Xn ≈ 10, 

PEG10DA, 2), and Mn = 700 g/mol (Xn ≈ 13, PEG13DA, 3), tri(ethylene glycol) divinyl ether (TEGDVE), 

trimethylolpropane tris(3-mercaptopropionate) (TMPTMP), benzoin ethyl ether (BEE), methanol 

and deuterated chloroform (CDCl3) were purchased from Sigma-Aldrich and used without further 

purification. 

Characterization. 

Nuclear magnetic resonance (NMR) spectra were recorded on a Joel 400 MHz JNM-ECZ400R/M1 

spectrometer at room temperature in deuterated chloroform (CDCl3). 1H and 13C NMR spectra were 

internally referenced to residual solvent.22 Gel permeation chromatography (GPC) was performed 

on an Agilent Infinity II MDS instrument equipped with differential refractive index (DRI), viscometry 

(VS), dual angle light scatter (LS) and variable wavelength UV detectors. The system was equipped 

with 2 x PLgel Mixed D columns (300 x 7.5 mm) and a PLgel 5 µm guard column. The eluent was N,N-

dimethylformamide (DMF) (containing 5 mmol/L ammonium tetrafluoroborate (NH4BF4) additive). 

Samples were run at 1 mL/min at 50 °C. Number (Mn) and weight-average (Mw) molar mass and 

molar mass dispersity (Đ) data was evaluated using Agilent GPC/SEC software. The GPC columns 

were calibrated with low dispersity poly(methyl methacrylate) (PMMA) standards (Agilent 

EasyVials) ranging from 550 to 955,000 g·mol-1 and molar masses are reported in PMMA equivalents. 

A 3rd order polynomial was used to fit the log Mp vs. time calibration curve, which was linear across 

the molar mass ranges. All GPC samples were filtered through a nylon membrane with 0.22 μm pore 

size before injection.  

Dynamic mechanical thermal analysis (DMTA) was performed with a PerkinElmer DMA8000 with 

single cantilever geometry on specimens of approximately 1 mm × 6 mm × 40 mm using a strain of 

0.02 %, at a frequency of 1 Hz and a heating rate of 2 °C min-1 over a temperature range of −80 to 

20 °C. The temperature when tan δ reaches maximum value (inflection point of E’) is recorded as 

the Tg of the polymer. 

Poly(ethylene glycol)-based tetrathiol macromonomer synthesis. 

The synthetic method provided for the PEG3-tetrathiol macromonomer (4) is typical. The diacrylate 

used, the yield and characterization data are listed below for the other PEG-tetrathiols 5 and 6. 

Synthesis PEG3-tetrathiol macromonomer (4):  

To a stirred mixture of PEG3DA 1 (1.250 g, 5.0 mmol, 1 equiv.) and TMPTMP (4.0 g, 10.0 mmol, 2 

equiv.) was added n-hexylamine (13.0 µL, 0.1 mmol, 0.02 equiv., 1 mol%). The reaction was stirred 

for a further 2 h to allow the reaction to proceed to completion. The resultant crude product was 

triturated with methanol (2 × 5 mL). Following removal of solvent under reduced pressure the PEG3-

tetrathiol macromonomer 4 was isolated as a viscous liquid (3.78 g, 3.6 mmol, 72 %); 1H NMR (400 



MHz, CDCl3): δ 0.88 (m, 6H, 2 × CH2CH3), 1.47 (m, 4H, 2 × CH2CH3), 1.61 (m, 4H, 4 × SH), 2.65 (m, 

16H, 8 × CO-CH2-CH2-S), 2.76 (m, 16H, 8 × O=C-CH2-CH2-S), 3.64 (br s, ~4H, ~1 × O-CH2-CH2-O), 3.69 

(m, 4H, 2 × O=CO-CH2-CH2O), 4.05 (m, 12H, 6 × CH2C*), 4.24 (m, 4H, 2 × O=COCH2CH2O); 13C NMR 

(50 MHz, CDCl3): δ 7.3 (2 × CH3), 19.7 (4 × CH2SH), 22.9 (2 × CH2CH3), 26.9 (2 × CH2SCH2), 26.9 (2 × 

CH2SCH2), 34.5 (2 × CH2SCH2CH2C=O), 34.6 (2 × CH2SCH2CH2C=O), 38.3 (2 × HSCH2CH2C=O), 40.7 (2 × 

H3CH2CC*), 63.8 (6 × O=COCH2C* & 2 × O=COCH2CH2), 69.1 (2 × O=COCH2CH2O), 70.5 (~1 × 

OCH2CH2O), 171.4 (4 × C=O), 171.5 (2 × C=O), 171.9 (2 × C=O). 

Synthesis PEG10-tetrathiol macromonomer (5):  

The reaction of TMPTMP and PEG10DA (2.87 g, 5.0 mmol, 1 equiv.) using the above procedure gave 

the PEG10-tetrathiol macromonomer 5 (5.6 g, 4.1 mmol, 83 %); 1H NMR (400 MHz, CDCl3): δ 0.88 (m, 

6H, 2 × CH2CH3), 1.47 (m, 4H, 2 × CH2CH3), 1.60 (m, 4H, 4 × SH), 2.63 (m, 16H, 8 × CO-CH2-CH2-S), 

2.76 (m, 16H, 8 × O=C-CH2-CH2-S), 3.64 (br s, ~32H, ~8 × O-CH2-CH2-O), 3.68 (m, 4H, 2 × O=CO-CH2-

CH2O), 4.04 (m, 12H, 6 × CH2C*), 4.24 (m, 4H, 2 × O=COCH2CH2O); 13C NMR (50 MHz, CDCl3): δ 7.3 

(2 × CH3), 19.5 (4 × CH2SH), 22.9 (2 × CH2CH3), 26.8 (2 × CH2SCH2), 26.9 (2 × CH2SCH2), 34.5 (2 × 

CH2SCH2CH2C=O), 34.6 (2 × CH2SCH2CH2C=O), 38.3 (2 × HSCH2CH2C=O), 40.7 (2 × H3CH2CC*), 63.8 (6 

× O=COCH2C* & 2 × O=COCH2CH2), 69.0 (2 × O=COCH2CH2O), 70.5 (~8 × OCH2CH2O), 171.2 (4 × C=O), 

171.4 (2 × C=O), 171.7(2 × C=O). 

Synthesis PEG13-tetrathiol macromonomer (6):  

The reaction of TMPTMP and PEG13DA (3.50 g, 5.0 mmol, 1 equiv.) using the above procedure gave 

the PEG13-tetrathiol macromonomer 6 (5.3 g, 3.55 mmol, 71 %); 1H NMR (400 MHz, CDCl3): δ 0.89 

(m, 6H, 2 × CH2CH3), 1.48 (m, 4H, 2 × CH2CH3), 1.61 (m, 4H, 4 × SH), 2.63 (m, 16H, 8 × CO-CH2-CH2-

S), 2.76 (m, 16H, 8 × O=C-CH2-CH2-S), 3.62 (br s, ~44H, ~11 × O-CH2-CH2-O), 3.68 (m, 4H, 2 × O=CO-

CH2-CH2O), 4.05 (m, 12H, 6 × CH2C*), 4.23 (m, 4H, 2 × O=COCH2CH2O); 13C NMR (50 MHz, CDCl3): δ 

7.3 (2 × CH3), 19.6 (4 × CH2SH), 22.9 (2 × CH2CH3), 26.8 (2 × CH2SCH2), 26.9 (2 × CH2SCH2), 34.5 (2 × 

CH2SCH2CH2C=O), 34.6 (2 × CH2SCH2CH2C=O), 38.3 (2 × HSCH2CH2C=O), 40.7 (2 × H3CH2CC*), 63.8 (6 

× O=COCH2C* & 2 × O=COCH2CH2), 69.0 (2 × O=COCH2CH2O), 70.5 (~11 × OCH2CH2O), 171.2 (4 × 

C=O), 171.4 (2 × C=O), 171.7(2 × C=O). 

Synthesis of poly(ethylene glycol)-based model networks  by isothermal thiol-ene 

photopolymerization 

Preparative synthesis of polymer networks for dynamic mechanical thermal analysis 

Network polymers were prepared via photopolymerization. A typical mixture was prepared as 

follows: the reaction mixture approximately 1 g in total with 1% w/w of photoinitiator (BEE) (see 

Table 1 for sample identities, and Table S4 in the supporting information for the masses of reagents) 

was injected into 1 mm × 6 mm× 40 mm mould covered with a PET film to ensure thermal stability 

of sample. The sample was cured at a power of 8.2 mW·cm-2 with a 320 nm-390 nm filter and fibre 

optic light guide attached to the light source (Omnicure S2000) for a total of 20 min. UV intensity 

was measured with a radiometer, setting the slit at 50% and a distance of 10 cm to the sample. The 

samples were stored in the dark for approximately 24 h at room temperature prior to analysis, to 

ensure reproducibility of the results.23 

Curing analysis via photo-differential scanning calorimetry  



Enthalpies of reaction for photopolymerization via in-situ photo-differential scanning calorimetry 

(photo-DSC)24 of duplicate reaction mixtures during cure were measured and analysed; 

photopolymerization of the monomers was performed on samples of ∼5 mg in open aluminium 

pans in a N2 flow at 20 °C with a Perkin Elmer DSC-6000 (Perkin Elmer, UK) equipped with an 

Intracooler. The irradiation intensity of the light source at the sample pans was 8.2 mW cm−2 with a 

320-390 nm filter in place, by setting the slit to 5% and distance to 2cm. Allowance for the thermal 

imbalance due to the irradiation was made by repeating the irradiation of the cured sample in a 

second isothermal photoDSC run and subtracting the data from the first run.25, 26 No further 

polymerization was observed for any sample during the repeated irradiation. Enthalpy of reaction 

was obtained by integration of the exotherm peak. 

Curing analysis via photo-Fourier transform infrared spectroscopy 

Consumption of the thiol and alkene functional groups of duplicate reaction mixtures during cure 

was measured by photo-FTIR using a Jasco 4200, equipped with ZnGeSe mirror and Mercury 

Cadmium Telluride (MCT-M) detector cooled by liquid nitrogen. The chamber and optics were 

constantly purged with a flow of nitrogen and the angle of incidence was set to 70°C. The instrument 

was ready for analysis when no CO2 peak could be observed. The chamber was kept open but 

covered with a handcrafted lid to protect it from light. Absorbance spectra were captured in single 

accumulation at a rate of one scan every 2 s. The final conversion was determined by averaging the 

values obtained after reaction has gone to completion, which correlates to the average of 15 data 

points. The mirror was cleaned with acetone between samples and air dried. The light source for 

the experiment was a mercury arc lamp (Omnicure S2000) equipped with a 365 nm filter and a light 

guide that pierces the FTIR lid. The distance from the light guide to the mirror was 2 cm, and the slit 

was open to 5% to obtain a radiance intensity of 8.2 mW/cm2 centred over the mirror. 

The heat of reaction can be estimated from photo-FTIR conversion data of thiol-vinyl ether-acrylate 

systems. Assuming that vinyl ether homopolymerisation does not take place, and neglecting 

acrylate to vinyl ether cross-propagation, it follows that all vinyl ethers have reacted with thiols, the 

remaining thiols have reacted with acrylates, and the remaining acrylates have homopolymerized. 

This results in Equation 1:  

 
 ∆𝐻 = ∆𝐻𝑎𝑑𝑑𝑉𝐸 · [𝑉𝐸]0 · 𝜇𝑉𝐸 + ∆𝐻𝑎𝑑𝑑𝐴𝐶𝑅 · ([𝑆𝐻]0 · 𝜇𝑆𝐻 − [𝑉𝐸]0 · 𝜇𝑉𝐸)  

+∆𝐻𝑝𝑜𝑙 · {[𝐴𝐶𝑅]0 · 𝜇𝐴𝐶𝑅 − ([𝑆𝐻]0 · 𝜇𝑆𝐻 − [𝑉𝐸]0 · 𝜇𝑉𝐸)} 
Equation 1: 

∆𝐻𝑝𝑒𝑟 𝑡ℎ𝑖𝑜𝑙 =
∆𝐻

[𝑆𝐻]0
 

 

where ΔHper thiol is the heat of reaction per mole of thiol in kJ/mol, ΔH is the heat of reaction in kJ/g, 

μi is conversion of the functional group i (as measured by FTIR), concentrations are expressed in 

mol/g, ΔHaddVE ≈ -43.9 kJ/mol27 is the standard heat of reaction for thiol-vinyl ether addition, ΔHaddACR 

is the standard heat of reaction for thiol-acrylate addition, -61.9 kJ/mol,27 and ΔHpol is the standard 

heat of reaction for acrylate homopolymerization, -86.2 kJ/mol.28 

The enthalpy estimated from the photoFTIR conversion data is presented in Table 1 along with the 

enthalpy obtained empirically by photoDSC measurements for direct comparison. Full details of the 

photo-FTIR set up and sample preparation can be found in the Supporting Information. 



Results and discussion 

Synthesis of PEG-tetrathiol macromonomers (4-6) 

PEG-based tetrathiols of differing chain lengths (4-6) were prepared via base-catalysed thiol-

Michael reaction (see Scheme 1); the reaction of two molar equivalents of the trithiol TMPTMP with 

the relevant PEG diacrylate precursors (1-3) in the presence of n-hexylamine delivered the 

macromonomers in moderate to high yields (~70-80 %). 

1H and 13C NMR analysis of the resulting materials indicates high purity, with no evidence of the aza-

Michael products observed (see Figures S1-S6 in the supporting information). Furthermore, 

oligomerization appears to be minimal; comparison of the integrals for the thiol-adjacent carbons 
 

Scheme 1: The synthesis of PEG-tetrathiol macromonomers (4-6) by n-hexylamine-catalysed selective 

double thiol-Michael addition of TMPTMP to PEG diacrylates (1-3) 

 

1 PEG3DA, Mn=250  4 PEG3-(SH)4, 72% yield 

2 PEG10DA, Mn=575  5 PEG10-(SH)4, 83% yield 

3 PEG13DA, Mn=700  6 PEG13-(SH)4, 71% yield 
 

(a) 

 

(b) 

 
Figure 1: Expansions of the (a) aliphatic and (b) ether regions of the 13C NMR spectra of 4 (black), 5 (red) and 

6 (blue). 

(i.e., 19.6 ppm) and sulphide-adjacent carbons (i.e. 26.8-26.9 ppm, see Figure 1 (a)) in the 13C NMR 

gives ratios very close to the expected 4:4 for each of the tetrathiol macromonomers.28,§ 

Additionally, the expected integral ratios are also observed for all the oxygen-adjacent carbon 

resonances (i.e. those between 60-75 ppm, see Figure 1(b))§§ indicating no fractionation occurred 

during sample purification. Due to the low molar mass of the PEG-tetrathiols, GPC was of limited 

utility in their analysis. 
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Preparation of binary model networks through trithiol/diacrylate copolymerization 

Prior to investigation of the materials prepared via the STMRT method, we sought to prepare 

benchmark systems for comparison using a standard thiol-ene polymerization methodology. To this 

end, we first investigated the photoinitiated radical copolymerization of the trithiol, TMPTMP, with 

a range of poly(ethylene glycol) diacrylates with various number average degrees of polymerization 

(1, Xn = ~3; 2, Xn = ~10; 3, Xn = ~13) (see samples A-C in Table 1). 

In order to assess the extent of reaction between the thiol and acrylate groups in these systems, 

kinetic analyses were obtained from time-resolved photo-IR spectra. A representative example of 

photo-IR data analysed for the reaction between PEG3DA 1 and TMPTMP (i.e. sample A, Table 1) is 

shown in the supporting information (for example see Figure S7 in the supporting information). The 

  



Table 1: Details of network polymers prepared via thiol-ene photopolymerization 

 Photo-FTIR DSCe DMAf 

Samplea diacrylate 
(DACR) 

divinyl 
ether 
(DVE) 

thiol 
(RSH) 

[DA]:[DV
E]:[RSH] 

Networkb 

% conversionc,g 
 

∆Hper thiol 

(kJ/mol) d g 
∆Hreaction 

(J/g) 

∆Hper thiol 

(kJ/mol) 

Tg 
(°C) 

FWHM 
(°C) 

E' 
(MPa) 

SH ACR VE 

A 1 — 
TMPTM

P 
3:0:2 

net-poly(PEG3DA-
co-TMPTMP) 

27% 94% - -74.5 -194.8 -50.8 -25.4 8.7 1.9 

B 2 — 
TMPTM

P 
3:0:2 

net-poly(PEG10DA-
co-TMPTMP) 

43% 92% - -68.9 -136.8 -57.8 -35.8 6.3 12.8 

C 3 — 
TMPTM

P 
3:0:2 

net-poly(PEG13DA-
co-TMPTMP) 

45% 98% - -73.5 -132.1 -64.5 -40.9 7.7 12.0 

D 1 — 4 2:0:1 
net-poly(PEG3DA-

co-TMPTMP) 
39% 93% - -70.7 -127.8 -50 -28.2 10.9 6.7 

E 2 — 5 2:0:1 
net-poly(PEG10DA-

co-TMPTMP) 
46% 89% - -65.5 -88.0 -55.9 -35.9 7.2 35.9 

F 3 — 6 2:0:1 
net-poly(PEG13DA-

co-TMPTMP) 
44.6 94% - -70.1 -86.8 -63.6 -40.8 9.9 42.8 

G 1 TEGDVE 
TMPTM

P 
1:2:2 

net-poly(PEG3DA-
co-TEGDVE-co-

TMPTMP) 
69% 94% 98% -54.8 -121.5 -29.8 -25.5 7.8 5.1 

H 2 TEGDVE 
TMPTM

P 
1:2:2 

net-poly(PEG10DA-
co-TEGDVE-co-

TMPTMP) 
93% 100% 90% -46.9 -124.6 -37.2 -36.4 5.8 12.7 

I 3 TEGDVE 
TMPTM

P 
1:2:2 

net-poly(PEG13DA-
co-TEGDVE-co-

TMPTMP) 
92% 99% 89% -46.6 -145.3 -46.6 -37.9 5.6 13.6 

J — TEGDVE 4 0:2:1 
net-poly(PEG3DA-

co-TEGDVE-co-
TMPTMP) 

86% - 98% -45.9 -71.6 -26.3 -35.7 6.2 21.6 

K — TEGDVE 5 0:2:1 
net-poly(PEG10DA-

co-TEGDVE-co-
TMPTMP) 

59% - 83% -42.3 -65.2 -29.3 -41.1 6.1 13.8 

L — TEGDVE 6 0:2:1 
net-poly(PEG13DA-

co-TEGDVE-co-
TMPTMP) 

78% - 82% -37.0 -58.8 -28.3 -44.2 5.7 22.0 

aAll reactions initiated with 1% w/w BEE, bstructure of the network in terms of commercially available monomer units, cConversion quantified by peak height in photoFTIR, as described in 

supporting information, d Values obtained from Equation 1, eenthalpy values obtained from photo-DSC experiments, fvalues obtained from DMTA analysis,  gthe presented values only 

account for conversion of the thiols during the radical thiol-ene photopolymerisation. The conversion of thiols during the thiol-Michael addition of STMRT is ignored in this table for both 

conversion and ∆H 

 

consumption of Csp2 vinyl groups can clearly be seen by the disappearance of the Csp2=Csp2 double 

bond stretching frequency at 1660-1600 cm-1 and increase in the Csp3-H stretching band(for example 

see Figure S8 in the Supporting Information).29 The reduction of the band Csp2=Csp2 out-of-plane 

stretch, at 820-800 cm-1 and the shift in the C=O stretching band at 1730 cm-1 to higher wavenumber 

is indicative of loss of conjugation and therefore consistent with acrylate consumption.30 The S-H 

peak is weak at 2560 cm-1. A decrease in intensity is observed, although the rate of conversion is 

lower than that seen for the acrylate functional groups (see Figure 2 (a), A-C).29 This is indicative of 

a faster consumption of acrylate than of thiols; concurrent acrylate homopolymerization occurs as 

expected.31, 32 The exact method for the quantification of peak height in FTIR is detailed in 

supporting information, and in figures S9 to S14 also in supporting information. 

The peak heights of the thiol peak at ≈2560 cm-1 and alkene at ≈1636 cm-1 were used to estimate 

conversion of the functional groups under conditions that mimic those of the moulding (sample 

used for DMA analysis), as described in Materials and Methods. The conversion of thiol and acrylate 



over time is shown in Figure 2 (a) for the samples A-C. The final conversion of acrylate groups is 

estimated as 94%, 92%, and 98% for samples A, B and C respectively (see Table 1). Thiol conversion 

is estimated as 27%, 43%, and 45% for samples A, B and C respectively (see Table 1). Theoretical 

heat of reaction per thiol, calculated using the photo-FTIR conversion data, corresponded well with 

that obtained experimentally via photo-DSC (see Table 1 and Figure S16 in the supporting 

information). 

The difference between the conversion of acrylate and thiol groups is caused by the concurrent 

consumption of acrylate groups via conventional radical polymerization.31, 32 Interestingly, an 

increase in PEG chain length appears to promote thiol-ene reaction as evidenced by thiol conversion 

(see Table 1, samples A-C and Figure 2).   

The materials properties of the networks A-C were analysed using DMA (see Table 1 and Figure 2(c), 

solid lines). These materials display the expected trends in Tg; the Tg was found to decrease with 

increasing PEG length.   
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Figure 2: Evolution of thiol (black squares) and acrylate (red triangles) functional group conversion with time 

measured by FTIR for (a) samples A-C, and (b) samples D-F (see Table 1), and (c) DMA of net-poly(PEGxDA-

co-TMPTMP) samples A to F, for x=3 (top), x =10 (middle), and x =13 (bottom). Continuous lines correspond 

to samples A-C prepared via TMPTMP/PEG diacrylate copolymerization. Dashed lines correspond to the 

analogous samples D-F synthesized via the STMRT strategy using the polymeric tetrathiols 4-6 and PEG 

diacrylates 1-3.  
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Stepwise synthesis of trithiol/acrylate binary model networks via Sequential thiol-Michael - 

radical thiol-ene (STMRT)  

The thiol-Michael reaction leads to selective, single addition of thiols to acrylates. In this way, we 

reacted the TMPTMP and PEGDA and we obtained the polymeric tetrathiols 4-6, as depicted in 

Scheme 1. Through thiol-ene copolymerization of tetrathiols 4-6 with PEGDA of the same Mn (i.e. 

the STMRT method) the model network systems D-F were obtained. As the precursors for D-F are 

the same as A-C, the polymers are inherently the same with respect to monomeric components (e.g. 

net-poly(PEGxDA-co-TMPTMP) with the exception that the sequential polymerization thiol-Michael 

step was employed. The properties of these networks are thus directly compared with A-C. 

It can be observed by photo-FTIR of the STMRT systems D-F, that the acrylate groups are consumed 

more rapidly than the thiols (see Figure 2 (b)). The final conversion of acrylate (and thiol) groups for 

samples D, E and F are estimated as 93% (39%), 89% (46%), and 94% (45%) respectively (see Table 

1). This difference in rate of consumption was also observed for the analogous samples A-C 

discussed above. Indeed, the acrylate and thiol conversions for the two types of systems are similar 

(see Figures 2 (a) and (b)). Again, the theoretical heat of reaction per thiol for sample D-F, calculated 

using the photo-FTIR conversion data, correlated well with the photo-DSC data (see Table 1 and 

Figure S16). 

The systems derived from the two synthetic methods differ in the heat released during 

photopolymerization (network formation). The thiol-Michael “pre-reaction” reduces the enthalpy 

of reaction per gram as observed in photo-DSC for the STMRT systems D-F (see Table 1). Note, the 

enthalpy per mole is similar in both systems (see Table 1). The differing synthetic approaches lead 

to differences in material properties. For example, the Tg shifted. This appears to be influenced by 

chain length and is most noticeable when comparing DMA profiles for the systems derived from the 

shortest PEG segments A and D (see Table 1 and see Figure 2(c)). The tan(δ) peaks are broader for 

the STMRT samples D-F, as evidenced by the increase in the full width at half maximum (FWHM) 

(i.e. 8.7 °C, 6.3 °C, and 7.7 °C for A-C respectively, and 10.9 °C, 7.2 °C, and 9.9 °C for D-F respectively). 

Networks through trithiol/diacrylate/divinyl ether terpolymerization 

Vinyl ethers and acrylates display different reactivity and reaction kinetics with respect to the radical 

thiol-ene reaction. To further probe the use of STMRT strategy, a combination of these two different 

alkene functionalities in a ratio of acrylate:vinyl ether 1:2 was investigated. 

Thiyl radical addition (the key addition step in radical thiol-ene) to electron-rich vinyl ethers is faster 

than to electron-poor acrylates. In contrast, radical homopolymerization of vinyl ethers is orders of 

magnitude slower than other possible reactions in the system. Indeed, some theoretical and kinetic 

studies on these ternary systems neglect vinyl ether homopolymerization in their models for this 

reason.4, 21 However, in copolymerization systems, there is evidence for cross-propagation, in which 

a vinyl ether derived radical reacts with acrylate, driven by the higher stability of acrylate-derived 

radicals and polar effects.9 Overall, reactions with vinyl ethers are more selective towards radical 

thiol-ene addition than are acrylates as there is little homopolymerization. 



Three network systems analogous to A-C were prepared, where PEGDA was replaced by 

TEGDVE:PEGDA 2:1 to yield samples G-I. To study ternary systems two plots from the photo-FTIR 

can be prepared. In Figure 3 (a) the conversion of thiol and total alkene (i.e. vinyl ether + acrylate) 

is plotted (for detailed comparison of vinyl ether and acrylate conversion see Figure S15 in the 

supporting information). The final conversion of total alkene (and thiol) groups for samples G, H and 

I are estimated as 97% (69%), 93% (93%), and 92% (92%), respectively (see Table 1; where individual 

conversions of acrylate and vinyl ether alkene groups are given). In these ternary systems, the trend 

is similar to that seen with binary acrylate/thiol samples, in which alkene homopolymerization is 

lower for increasing PEG chain length. There is also a higher (heat of reaction) enthalpy per mole 

with increased PEG chain length – indicating an increasing preference for the thiol-ene reaction 

pathway over radical polymerization of the alkene. Note, again the theoretical heat of reaction per 

thiol for sample G-I, calculated using the photo-FTIR conversion data, correlates well with the photo-

DSC data (see Table 1 and Figure S16). We hypothesise that increasing the PEG chain length delays 

the gel point, leading to higher conversions. This is also noticeable in a slight increase in Tg of sample 

I compared to C, but mechanical properties of the final networks A-C and G-I are very similar in 

terms of Tg, FWHM, and E’ (see Figure 3 (c), solid black lines).  
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Figure 3: Evolution of functional group conversion with time measured by FTIR for (a) samples G-I (thiols, 

black squares; alkenes (acrylates + ether vinyls), blue triangles) and (b) samples J-L (thiols, black squares; 

ether vinyls, red triangles) (see Table 1) and (c) DMA of net-poly(PEGxDA-co-TEGDVE-co-TMPTMP) samples G 

to L, for x=3 (top), x =10 (middle), and x =13 (bottom). Continuous black lines correspond to samples G-I 

prepared via TMPTMP/PEGxDA/TEGDVE terpolymerization. Dashed red lines correspond to the analogous 

samples J-L synthesized via the STMRT strategy using the polymeric tetrathiols 4-6 & TEGDVE. 
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Stepwise synthesis of ternary trithiol/diacrylate/divinyl ether model networks via sequential 

thiol-Michael - radical thiol-ene (STMRT) 

Similar to the STMRT copolymer samples D-F, for the synthesis of the STMRT terpolymers PEGDA 

was first reacted with two equivalents of TMPTMP by thiol Michael addition to yield 

macromolecular tetrathiols 4-6. This “pre-reaction” has an additional effect in these ternary systems 

of preventing kinetic competition between acrylate and vinyl ether alkenes. The samples obtained, 

J-L (see Table 1), are studied by photo-FTIR, DMA, and photo-DSC. These samples can be directly 

compared to the samples G-I discussed in the previous section as their constituent components are 

the same, and thus enable the direct examination of the effect of the STMRT process.  

The trend in the conversion of the thiol groups during the preparation of samples J-L (see Figure 3 

(b)) differs from that observed in G-I (see Figure 3 (a)), with the STRMT samples J-L displaying almost 

constant thiol conversion across all the systems. This is in contrast to the analogous ternary G-I 

samples, where the thiol conversion increased with PEG chain length (Figure 3 (a) and Table 1). The 

final conversion of alkene (and thiol) groups for samples J, K and L are estimated as 98% (86%), 83% 

(59%), and 82% (78%) respectively (see Table 1). This is due to the absence of the competing alkene 

homopolymerization in the absence of free acrylate groups, which, as stated previously, are prone 

to undergo this side reaction. The theoretical heat of reaction per thiol for sample J-L, calculated 

using the photo-FTIR conversion data, corresponded well with the photo-DSC data (see Table 1 and 

Figure S16). Despite thiol conversion being almost constant across the STMRT products J-L, 

differences in Tg are observed across the samples; the Tg, as expected, decreases with increasing 

PEG chain length (see Figure 3 (c) and Table 1). This observation is in contrast with binary 

TMPTMP/PEGDA systems, in which STMRT didn’t have a drastic impact on Tg. 

It is important to note that in STMRT samples J-L the difference between thiol and alkene conversion 

is  small. This shows these networks are mainly formed by radical thiol-ene addition and results in a 

more homogeneous blend of PEG and triethyleneglycol segments in the network structure. A 

network formed purely by thiol-ene addition displays lower crosslink density than one formed (even 

partially) by alkene homopolymerization; this is because alkenes only form one bond through thiol-

ene addition (functionality of one) but they form two by homopolymerization (functionality of two). 

This results (see Figure 3(c)) in a lower Tg and tan(δ) peaks in DMA that are as sharp as those 

observed in simple binary thiol-ene systems like A-C. 

These results from these ternary systems clearly show that a distinct difference in the 

thermomechanical properties is achievable through careful manipulation of network precursors. 

Conclusions 

Analysis of several photopolymerised thiol-ene networks comprising acrylate and/or vinyl ether 

systems was conducted by DMA, photo-DSC, and phot-FTIR. The stepwise preparation of the 

networks by sequential thiol-Michael - radical thiol-ene (STMRT) strategy was compared to the more 

traditional ’one pot’ approach, by examining the effects of altering the reaction components and 

the PEG chain length. 



We find that increasing the PEG chain length in binary PEGDA + TMPTMP (A-C) networks results in 

higher extent of thiol-ene reaction, and that the amount of acrylate homopolymerization heavily 

influences the material properties. Preparation of polymeric PEG-(SH)4 tetrathiols 4-6 before 

network formation (D-F) (i.e. STRMT) results in increased thiol-ene linkages within the networks. 

These systems displaye an increase in FWHM of tan(δ) peaks, implying the formation of networks 

comprise multimodally distributed polymer chain lengths. 

The ternary TMPTMP + PEGDA + TEGDVE systems (G-I) showed a similar trend for increased extent 

of thiol-ene addition as PEG chain length increases, as well as higher conversion of thiol than in 

binary thiol-acrylate systems due to the increased selectivity of vinyl ether alkene groups towards 

thiols compared to acrylates-based alkenes. The Tg again is seen to decrease with increasing PEG 

chain length, which indicates that crosslinks per unit of volume decreases with increasing wt% of 

PEG in the network. 

The preparation of analogous ternary networks via the STMRT approach using the polymeric 

tetrathiols 4-6 and TEGDVE delivered homogeneous networks of TEGDVE and PEGDA. These 

materials all displayed reduced Tg for all three PEG lengths and much narrower tan(δ) FWHM than 

the corresponding ternary systems G-I prepared through standard methods.  

We have shown that the STMRT strategy has a small effect on crosslink density and the resulting 

material properties of networks that display significant alkene homopolymerization during their 

preparation (i.e. acrylates), irrespective of whether they are binary or ternary monomer systems. 

Conversely, the stepwise STMRT strategy paves the way to the synthesis of thiol-ene 

photocrosslinked networks with a much wider variety of macromonomers of designed functionality, 

while preventing competition between thiol-ene addition and alkene homopolymerization; this is 

particularly pertinent for acrylic-based (and related) systems. Networks prepared in this stepwise 

manner are formed solely by thiol-ene addition and their properties can therefore be tailored to 

meet any desired crosslink density. The control over crosslink density and functionality is crucial for 

controlling mechanical properties of network materials. 
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Notes  

§ Quantitative analysis may be conducted using proton-decoupled 13C NMR provided resonances of the same 

type are compared (in this case methylenes, CH2); see Otte et al.28 for further information. 



§§ The two expected 13C NMR signals arising from the two different types of ester-adjacent methylene (CH2) 

groups are coincident at 63.8 ppm for each of the PEG-tetrathiols (4-6). This does not hinder the integration 

analysis discussed. 
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