% polymers

Communication

Exploring Aromatic S-Thioformates as Photoinitiators

Paul Rieger !, Sabrina Pueschmann

and Thomas Griesser 1'*

check for
updates

Citation: Rieger, P.; Pueschmann, S.;
Haas, M.; Schmallegger, M.; Guedes
de la Cruz, G.; Griesser, T. Exploring
Aromatic S-Thioformates as
Photoinitiators. Polymers 2023, 15,
1647. https://doi.org/10.3390/
polym15071647

Academic Editors: Annalisa

Chiappone and Stefania Porcu

Received: 20 January 2023
Revised: 14 February 2023
Accepted: 16 February 2023
Published: 26 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2(D, Michael Haas ?, Max Schmallegger 3, Gema Guedes de la Cruz *

Institute of Chemistry of Polymeric Materials, Montanuniversitit Leoben, Otto Glockelstrasse 2,
8700 Leoben, Austria

Institute of Inorganic Chemistry, Graz University of Technology, Stremayrgasse 9, 8010 Graz, Austria
Institute of Physical and Theoretical Chemistry, Graz University of Technology, Stremayrgasse 9,
8010 Graz, Austria

*  Correspondence: gemaguedes@gmail.com (G.G.d.1.C.); thomas.griesser@unileoben.ac.at (T.G.)

Abstract: Thiyl radicals were generated from aromatic S-thioformates by photolysis. The correspond-
ing photo-initiated decarbonylation allows initiating polymerization reactions in both acrylate- and
thiol-acrylate-based resin systems. Compared to aromatic thiols, the introduction of the photolabile
formyl group prevents undesired reactions with acrylate monomers allowing photoinitiators (PIs)
with constant reactivity over storage. To demonstrate the potential of S-thioformates as Pls, the
bifunctional molecule S,5'-(thiobis(4,1-phenylene))dimethanethioate (2b) was synthesized, providing
reactivity under visible light excitation. Consequently, acrylate-based formulations could successfully
be processed by digital light processing (DLP)-based stereolithography at 405 nm in high resolution.
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1. Introduction

The photochemistry of aromatic O- and N-acyl derivatives has been intensively studied
in polymeric materials over the last 3 decades [1-5]. The conversion of arylesters to
ortho- and para-hydroxyketones by the photo-Fries rearrangement was first observed by
Anderson and Reese in the 1960s [6]. Later, similar photoreactions were also described for
anilides, aryl carbonates, carbamates, sulfonates, sulfamates, thioesters, sulfonanilides, and
sulfenanilides [7,8].

Since the discovery, it has taken a long time to elucidate the mechanism of the photo-
Fries rearrangement. The generally accepted mechanism of the photoreaction of aryl esters
proceeds via free radical intermediates, whereby a cleavage of the C-O bond from the
excited singlet state (S1) occurs in a first step [9]. The radicals generated by the photolysis
can recombine and then yield ortho- and para-hydroxyketones “cage product”.

Due to the formation of stable photoproducts with high absorption in the UV range
(internal filter effect) the conversion of aryl ester groups in polymeric materials is limited
to 20-30% [2,10-12]. With the aim of achieving higher conversion rates and yields, the pho-
toreactions of aromatic esters of formic acid and N-formamides has been investigated [13].
Frechet and Tessier have shown that irradiation of poly[p-(formyloxy)styrene] leads to the
formation of poly(p-hydroxystyrene) in high yield. In this case, the formyl radical formed
decomposes rapidly in the solvent cage to carbon monoxide, preventing recombination of
the radical pair.

Interestingly, there are only a few reports that deal with the photoreactivity of aromatic
S-acyl derivatives [8]. In this reaction, the cleavage of the C-S bond leads to the formation of
aromatic thiyl radicals, which mainly recombine in the “solvent cage” to the corresponding
disulfides, while the acyl radicals decarbonylate.

In general, the chemistry of light-generated thiyl radicals has been intensively studied
over the last 2 decades in the context of the radical-mediated thiol-ene and thiol-yne
coupling reaction [14-25].
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Very recently, the group of C. Bowman showed that the unique photodynamics of
aromatic mercaptans allow their employment as effective visible light photoinitiators by the
photolysis of the S-H bond [26]. They demonstrated that aromatic thiols are useful initiators
in an acrylate polymerization, bulk thiol-ene polymerizations, solventless and initiatorless
small molecule thiol-ene reactions, and thiol-ene hydrogel polymerization reactions with
irradiation wavelengths up to 405 nm. Since these initiators will incorporate into polymer
networks, preventing leaching of unreacted PI, aromatic thiols are highly interesting for
the realization of biocompatible photopolymers. In addition, the mercapto groups of the PI
can reduce oxygen inhibition in (meth)acylate polymerisation, which decreases the amount
of non-polymerized monomers in the cured materials.

However, it is well reported that thiols can react with ene monomers also in the dark,
limiting the shelf-life stability of thiol-ene resins significantly [27,28]. Several initiation
mechanisms are discussed in the scientific literature, including (1) the decomposition of
peroxide impurities and subsequent initiation of a thermal free-radical reaction, (2) the
reaction of hydroperoxide impurities to form thiyl radical intermediates, (3) thiol-ene
reactions due to a base-catalyzed nucleophilic addition, or (4) the spontaneous initiation
of polymerization via the generation of radicals through a ground-state charge transfer
complex formed between the thiol and the ene components. In the context of thiol-based
PIs, a limited stability of mercapto groups in (meth)acrylate-based resins can reduce their
initiation efficiency with storage time.

Herein, the photochemistry of S-thioformates is investigated with the aim to exploit the
UV-induced photodecarbonylation reaction to generate thiyl radicals capable of initiating
polymerization reactions in acrylate- as well as thiol-acrylate-based resin systems. The
introduction of the photolabile formyl group prevents dark reactions, promising mercapto-
based PIs with constant reactivity over storage time.

2. Results and Discussion
2.1. Photoreactivity of S-Phenyl Thioformate

S-phenyl thioformate was synthesized using a mixture of formic acid and acetic anhy-
dride (yield: 90%) as described elsewhere [29]. The photoreaction of S-phenyl thioformate
was investigated by 'H-NMR spectroscopy (see Figure S1 in the Supplementary Materi-
als) in CD3CN (48.2 mM). Figure 1 shows the conversion of S-phenyl thioformate during
illumination with monochromatic UV light (254 nm, 5.08 mW cm~2). In these studies, the
decrease in the singlet H signal of the thioformate group (HCOS-, 10.24 ppm) was followed
revealing a conversion of 94% after 60 min of irradiation. The formed thiyl radicals can
react to a complex product mixture as reported by Grunwell et al. [8] The investigation
of the photoproducts was carried out by HPLC, determining diphenyl disulfide (appox.
40%) as the main product. The area of the UV-Vis detector signals was used to estimate the
composition of the product mixture. Besides the educt, i.e., S-phenyl thioformate (approx.
10%), and benzenethiol (approx. 10%), several other photoproducts, which have not been
identified, were detected (see Figure S2).

The mechanism of the photoreaction was established by spin-trapping electron param-
agnetic resonance (ST-EPR) spectroscopy, using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
as the trapping reagent. Figure 2 (left, grey spectrum) shows the EPR spectrum obtained
upon irradiation of S-phenyl thioformate in the presence of DMPO. The hyperfine data used
to simulate the experimental EPR spectra (Figure 2) reveal the formation of thiyl (PhS-),
formyl (CHO-), and hydrogen radicals (H-:, for details, see Table S1 in the Supplementary
Materials) [30-32].

In a further experiment, the formation of carbon monoxide was proven by analyzing
the formed gas by GC-MS coupling (Figures S6 and S7), confirming the proposed pho-
todecarbonylation mechanism shown in Figure 2 (right). The hydrogen radical formed is
assumed to undergo recombination reactions with the thiyl radical and the formyl radical,
resulting in the formation of benzenethiol and formaldehyde, respectively.
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Figure 1. Conversion of S-phenyl thioformate under UV illumination (right, 254 nm, 5.08 mW cm™2).
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Figure 2. (Left): experimental (grey) and simulated(red) EPR spectrum of S-phenyl thioformate
photocleavage in the presence of the spin trap DMPO. (Right): Mechanism of the generation of thiyl,
formyl, and hydrogen radicals by the photocleavage reaction of S-phenyl thioformate.

2.2. Photoinitiation of Acrylate Polymerization

Following the idea to exploit the photogenerated thiyl radicals for the initiation of
monomer polymerization, S-phenyl thioformate was added in a concentration of 1 mM to
hexyl acrylate as model monomer. For comparison, the initiation behavior of thiophenol
(I mM) as well as diphenyl disulfide (1 mM) was additionally studied in hexyl acrylate.
Both of those molecules are known to form thiyl radicals either by S-H or S-S fission upon
UV irradiation and have already been used for the initiation of acrylate polymerization [26].

The S-C, S-S, and S-H photocleavage reactions were initiated using multichromatic
UV-light (185-665 nm, 58.7 mW cm~2). While S-phenyl thioformate and diphenyl disulfide
show a similar initiation performance, leading to an acrylate conversion of 98 and 95%,
respectively, only 89% were reached with thiophenol, as depicted in Figure 3 (left). In this
context, it is important to mention that thiophenol provides the highest UV absorption (in
the range 290-360 nm, as shown in Figure S4) among these molecules. From these data, it
can be concluded that the effectiveness of photolysis follows S-C > S-S > S-H.
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Figure 3. (Left): conversion of the hexyl acrylate under UV illumination (185-665 nm, 58.7 mW cm~2)
(Right): photocleavage reaction of diphenyl disulfide, S-phenyl thioformate, and thiophenol.

With the aim to initiate photopolymerization under visible light, the bifunctional PI
S,S'-(thiobis(4,1-phenylene))dimethanethioate (2b, see Figure 4, left) was synthesized as
described in the Supplementary Materials (yield: 91%). This compound was chosen as
the corresponding thiol 4,4'- thiobisbenzenethiol (2a) provides reasonable initiation perfor-
mance under illumination of 405 nm [26]. Similar to S-phenyl thioformate, an illumination
of 2b with visible light of 405 nm leads to a decarbonylation reaction (conversion of 42%),
as shown in Figure 4 (left) and Figure S3 (in the Supplementary Materials). To evaluate and
compare the efficiency of thiyl radical formation, 2a and 2b were added in a concentration
of 1 mM to trimethylolpropane trimethacrylate (TMPTMA) as a model monomer. Although
2b shows a higher initial polymerization rate, similar double bond (DB) conversions (25%
vs. 28%) were obtained upon illumination with light of 405 nm, as shown in Figure 4 (mid-
dle). As in the case of S-phenyl thioformate, the formylated compound 2b shows a lower
UV-Vis absorption, as revealed in Figure S5 in the Supplementary Materials. The generally
lower DB conversions are explained by the chosen model monomer, which reaches the
glassy state faster than the monofunctional hexyl acrylate.
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Figure 4. (Left): photodecarbonylation reaction of 2b. (Middle): conversion of the acrylate groups of
TMPTMA under UV illumination (red line with open square: 1 mM 2b, 0 days of storage at 50 °C;
red line with filled square: 1 mM 2b, 7 days of storage at 50 °C; black line with open cycle: 1 mM
2a, 0 days of storage at 50 °C; black line with filled cycle: 1 mM 2a, 7 days of storage at 50 °C; green
line with filled triangles: without PI; 405 nm, 19.15 mW cm—2). (Right): photograph of the printed
test structure.
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An important prerequisite for photoinitiators is their stability in the resin formulation.
Consequently, the change in the initiation performance of 2a and 2b, respectively, in
TMPTMA during storage at 50 °C in the absence of light was investigated. As shown in
Figure 4 (middle), the reactivity of 2a (black lines) decreases significantly after 7 days of
storage (DB conversion: 8%), while the performance of 2b (red lines) is hardly affected upon
illumination with visible light of 405 nm (DB conversion: 24%). This behavior is explained
by the consumption of the mercapto groups of the aromatic thiol 2a by dark reactions. It is
well reported that basic as well as peroxide and hydroperoxide impurities can lead to the
formation of thiolate and thiyl radicals, respectively, which react with the ene monomer to
the corresponding thioether and thus are mainly responsible for the instability of thiol-ene
resins [33]. In order to supress radical initiated dark reaction, propyl gallate has been added
to the resin formulation. It is known that radical scavengers can reduce dark reactions, but
not completely prevent them [33].

In particular, due to the higher pk, of aromatic mercapto compounds (pk, (thiophenol):
6.62 vs. pk, (propanthiol): 10.6) and the resonance stabilization of aromatic thiyl radicals, it
can be expected that these compounds are more prone to undergo dark reactions compared
to aliphatic thiols.

Importantly, the formyl protective group of 2b offers an almost constant reactivity
over storage time, as shown in Figure 4 (middle, red curves). Additionally, a formulation
without PI (green line) shows no reactivity under illumination with visible light of 405 nm
that excludes direct excitation of the acrylate monomer at this wavelength.

To demonstrate the potential of S-thioformates as photoinitiators, 3D printing ex-
periments were carried out using DLP-based stereolithography. In these investigations,
0.01 wt% Sudan II G were added as light absorber to the formulation of TMPTMA con-
taining 0.5 wt% pyrogallol as stabilizer. Although a dose of 33.43 m] cm~2 was required
for the curing of a single layer, the investigated formulation could be printed successfully
in high resolution, as shown on the test structures illustrated in Figure 4 (right). The
relatively low sensitivity of the resin can be attributed to the lower initiation performance
of aromatic S-thioformates and thiols compared to type I PIs such as hydroxyketones or
phosphine oxides.

2.3. Photoinitiation of Thiol-Methacrylate Polymerization

To evaluate and compare the initiation efficiency of aromatic S-thioformates and thiols
in a thiol-ene reactive system, 2a and 2b were added in a concentration of
1 mM to a TMPTMA- pentaerythrit-tetrakis-(3-mercapto-propionat) (PETMP) formulation
([ene]:[SH] = 70 mol%:30 mol%) containing 0.5 wt% propyl gallate as radical scavenger. As
shown in Figure 5 left, both PIs provide similar initiation performance in the chosen system.
After illumination with a dose of 57.1 mJ cm 2, a DB conversion of 68% was obtained in
both cases.

It is important to note that the addition of the aromatic thiol to the TMPTMA /PETMP
significantly reduces the stability of the formulation, as shown by the rheological mea-
surements in Figure 5 (right). While the resin containing 2b shows no significant change
in storage modulus during the period considered (125 min) at 40 °C, the addition of 2a
destabilizes the thiol-ene system inducing gelation after 67 min.

This behavior can again be explained by the comparably high pk, of aromatic mercapto
compounds and the resonance stabilization of aromatic thiyl radicals. The added aromatic
thiols are more susceptible to the formation of thiyl radicals and thiolate anions, which can
initiate thiol-ene and thiol-Michael polymerisation reactions, respectively.
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Figure 5. (Left): conversion of the acrylate groups of TMPTMA in a TMPTMA /PETMP formula-
tion under UV illumination (red line with squares: 0.14 wt% (1 mM) 2b, black line with squares:
0.10 wt% (1 mM) 2a, green line with squares: without PI; 405 nm, 19.15 mW cm~2). (Right): results
of rheological measurements (black line: TMPTMA /PETMP with 0.10 wt% (1 mM) 2a; red line:
TMPTMA /PETMP with 0.14 wt% (1 mM) 2b).

3. Conclusions

In conclusion, the photoreaction of aromatic S-thioformates was investigated, which
showed a decarbonylation reactions upon excitation with UV light. Based on the idea
of using light-generated thiyl radicals to initiate monomer polymerization, the initiation
performance of S-phenyl thioformate was investigated in comparison with thiophenol and
diphenyl disulfide. These experiments revealed the superiority of the C-S fission in hexyl
acrylate. With the aim of initiating photopolymerization under visible light, the bifunctional
PI 2b was synthesized, providing similar initiation performance as 2a in an TMPTMA-
and PETMP-TMPTMA-based formulation, respectively. To highlight the potential of 2b,
acrylic formulations were processed by DLP-based stereolithography using light of 405 nm.
Although a comparatively high dose of 33.43 mJ cm ™2 was required to cure a single layer,
TMPTMA was successfully printed at high resolution.

Due to the high pk, of aromatic thiols and the resonance stabilization of aromatic thiyl
radicals, these compounds are prone to undergo dark reactions with acrylic monomers. The
introduction of the photolabile formyl group prevents undesired reactions with acrylate
monomers allowing mercapto based PIs with constant reactivity over storage.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ polym15071647 /s1, Figure S1: Spectra of S-phenyl thioformate
(1b) at different irradiation doses with monochromatic UV light (254 nm); Figure S2: HPCL chro-
matogram of photocleavage reaction of S-phenyl thioformate (1b); Figure S3: Conversion of S,S'-
(thiobis(4,1-phenylene)) dimethanethioate (2b) under visible light (405 nm, 1.55 W cm~2); Figure S4:
UV spectra of S-phenyl thioformate (black line), thiophenol (blue line) and diphenyl disulfide (red
line); Figure S5: UV-Vis spectra of 2a (left) and 2b (right); Figure S6: Chromatogram and MS spectra of
photodecarbonylation reaction (photocleavage of S-thioformate with generation of carbon monoxide);
Figure S7: Chromatograms and MS spectra of blanks samples. The upper figure corresponds to air
measurement and the lower figure to argon measurement; Figure S8: Spectrum signal assignment;
Figure S9: TH-NMR (200 MHz, CD3CN) of S-phenyl thioformate (1b); Figure S10: TH-NMR (200 MHz,
DMSO-dg) of S,S'-(thiobis(4,1-phenylene)) dimethanethioate (2b); Figure S11: '*C-NMR (50 MHz,
DMSO-dg) of S,S'-(thiobis(4,1-phenylene)) dimethanethioate (2b); Table S1: Simulation parameters of
the EPR spectra displayed in the paper, together with published reference data.


https://www.mdpi.com/article/10.3390/polym15071647/s1
https://www.mdpi.com/article/10.3390/polym15071647/s1

Polymers 2023, 15, 1647 70f8

Author Contributions: Conceptualization, T.G. and G.G.d.L.C.; methodology, P.R., S.P. and M.S;
investigation, PR., S.P. and M.S.; writing—original draft preparation, T.G., G.G.d.1.C.,, M.H. and M.S.;
writing—review and editing, T.G. and G.G.d.1.C.; supervision, T.G. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Data Availability Statement: Data is contained within the article and supplementary material.

Acknowledgments: The authors gratefully acknowledge the financial support of the Montanuniver-
sitaet Leoben and NAWI Graz. NAWI Graz was founded in 2004 and is a comprehensive cooperation
of the University of Graz and the Graz University of Technology in the natural sciences.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Griesser, T.; Wolfberger, A.; Edler, M.; Belzik, M.; Jakopic, G.; Trimmel, G.; Kern, W. UV-induced refractive index modulation of
photoreactive polymers bearing N-acylcarbazole groups. J. Polym. Sci. A Polym. Chem. 2010, 48, 3507-3514. [CrossRef]

2. Hofler, T,; Griefer, T.; Gstrein, X.; Trimmel, G.; Jakopic, G.; Kern, W. UV reactive polymers for refractive index modulation based
on the photo-Fries rearrangement. Polymer 2007, 48, 1930-1939. [CrossRef]

3. Hofler, T.; Griefser, T.; Gruber, M.; Jakopic, G.; Trimmel, G.; Kern, W. Photo-Fries Rearrangement in Polymeric Media: An
Investigation on Fully Aromatic Esters Containing the Naphthyl Chromophore. Macromol. Chem. Phys. 2008, 209, 488-498.
[CrossRef]

4.  Takahashi, A.; Watanabe, T.; Ando, S.; Kameyama, A. Refractive Index Modulation by Photo-Fries Rearrangement of Main
Chain-Type Aromatic Polyurethanes. J. Photopol. Sci. Technol. 2019, 32, 243-247. [CrossRef]

5. Zhao,],; Er, G.TK,; McCallum, FJ.; Wang, S.; Fu, C.; Kaitz, J.A.; Cameron, ].F; Trefonas, P; Blakey, I.; Peng, H.; et al. Photo/Thermal
Dual Responses in Aqueous-Soluble Copolymers Containing 1-Naphthyl Methacrylate. Macromolecules 2021, 54, 4860-4870.
[CrossRef]

6.  Anderson, ].C.; Reese, C.B. A photo-induced rearrangement involving aryl participation. Tetrahedron Lett. 1962, 3, 1-4. [CrossRef]

7. Ramamurthy, V.; Schanze, K.S. Photochemistry of Organic Molecules in Isotropic and Anisotropic Media; CRC Press: Boca Raton, FL,
USA, 2003. [CrossRef]

8.  Grunwell, J.R,; Marron, N.A.; Hanhan, S.I. Photochemistry of aromatic thiol esters. J. Org. Chem. 1973, 38, 1559-1562. [CrossRef]

9. Lochbrunner, S.; Zissler, M.; Piel, J.; Riedle, E.; Spiegel, A.; Bach, T. Real time observation of the photo-Fries rearrangement.
J. Chem. Phys. 2004, 120, 11634-11639. [CrossRef]

10. Bellug, D.; Slama, P,; Hrdkovi¢, P,; Mandsek, Z.; Duriginova, L. Photoumlagerung und Photoabbau des Poly(4-benzoyloxystyrols)
und Poly(p-kresylacrylats). J. Polym. Sci. C Polym. Symp. 1969, 22, 629-643. [CrossRef]

11. Li, SK.L.; Guillet, ].E. Studies of the Photo-Fries Reaction in Solid Poly(phenyl acrylate). Macromolecules 1977, 10, 840-844.
[CrossRef]

12. Griesser, T.; Kuhlmann, J.C.; Wieser, M.; Kern, W.; Trimmel, G. UV-Induced Modulation of the Refractive Index and the Surface
Properties of Photoreactive Polymers Bearing N -Phenylamide Groups. Macromolecules 2009, 42, 725-731. [CrossRef]

13.  Frechet, ].M.].; Tessier, T.G.; Willson, C.G.; Ito, H. Poly[p-(formyloxy)styrene]: Synthesis and radiation-induced decarbonylation.
Macromolecules 1985, 18, 317-321. [CrossRef]

14. Lowe, A.B. Thiol-yne ‘click’/coupling chemistry and recent applications in polymer and materials synthesis and modification.
Polymer 2014, 55, 5517-5549. [CrossRef]

15. Lowe, A.B. Thiol-ene “click” reactions and recent applications in polymer and materials synthesis. Polym. Chem 2010, 1, 17.
[CrossRef]

16. Lowe, A.B.; Hoyle, C.E.; Bowman, C.N. Thiol-yne click chemistry: A powerful and versatile methodology for materials synthesis.
J. Mater. Chem. 2010, 20, 4745. [CrossRef]

17.  Cramer, N.B.; Bowman, C.N. Kinetics of thiol-ene and thiol-acrylate photopolymerizations with real-time fourier transform
infrared. J. Polym. Sci. A Polym. Chem. 2001, 39, 3311-3319. [CrossRef]

18. Ye, S.; Cramer, N.B,; Smith, LR.; Voigt, K.R.; Bowman, C.N. Reaction kinetics and reduced shrinkage stress of thiol-yne—
methacrylate and thiol-yne-acrylate ternary systems. Macromolecules 2011, 44, 9084-9090. [CrossRef]

19. Reddy, S.K.; Cramer, N.B.; Bowman, C.N. Thiol— Vinyl Mechanisms. 2. Kinetic Modeling of Ternary Thiol—Vinyl Photopolymer-
izations. Macromolecules 2006, 39, 3681-3687. [CrossRef]

20. Lee, T.Y,; Carioscia, J.; Smith, Z.; Bowman, C.N. Thiol—Allyl Ether—Methacrylate ternary systems. Evolution mechanism of
polymerization-induced shrinkage stress and mechanical properties. Macromolecules 2007, 40, 1473-1479. [CrossRef]

21. Hoyle, C.E;; Lee, T.Y.; Roper, T. Thiol-enes: Chemistry of the past with promise for the future. J. Polym. Sci. A Polym. Chem. 2004,
42,5301-5338. [CrossRef]

22. Lowe, A.B. Thiol-X Chemistries in Polymer and Materials Science, 1st ed.; Royal Society of Chemistry: London, UK, 2013.


http://doi.org/10.1002/pola.24081
http://doi.org/10.1016/j.polymer.2007.01.041
http://doi.org/10.1002/macp.200700456
http://doi.org/10.2494/photopolymer.32.243
http://doi.org/10.1021/acs.macromol.1c00297
http://doi.org/10.1016/S0040-4039(00)62031-2
http://doi.org/10.1201/9780203014202
http://doi.org/10.1021/jo00948a023
http://doi.org/10.1063/1.1752885
http://doi.org/10.1002/polc.5070220208
http://doi.org/10.1021/ma60058a023
http://doi.org/10.1021/ma802126y
http://doi.org/10.1021/ma00145a002
http://doi.org/10.1016/j.polymer.2014.08.015
http://doi.org/10.1039/B9PY00216B
http://doi.org/10.1039/b917102a
http://doi.org/10.1002/pola.1314
http://doi.org/10.1021/ma2018809
http://doi.org/10.1021/ma0600097
http://doi.org/10.1021/ma0624954
http://doi.org/10.1002/pola.20366

Polymers 2023, 15, 1647 8of8

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.
33.

Lee, T.Y.; Roper, T.M.; Guymon, C.A.; Jonsson, E.S.; Hoyle, C.E. (Eds.) Copolymerization Mechanism of Photoinitiator Free
Thiol-Vinyl Acrylate Systems. ACS Symp. Ser. 2006, 941, 17-28. [CrossRef]

Resetco, C.; Hendriks, B.; Badi, N.; Du Prez, F. Thiol-ene chemistry for polymer coatings and surface modification—Building in
sustainability and performance. Mater. Horiz. 2017, 4, 1041-1053. [CrossRef]

Hoyle, C.E.; Bowman, C.N. Thiol-ene click chemistry. Angew. Chem. 2010, 49, 1540-1573. [CrossRef]

Love, D.M.; Fairbanks, B.D.; Bowman, C.N. Evaluation of Aromatic Thiols as Photoinitiators. Macromolecules 2020, 53, 5237-5247.
[CrossRef]

Kiihne, G.; Diesen, ].S.; Klemm, E. New results of the self-initiation mechanism of SH/En addition polymerization. Die Angew.
Makromol. Chem. 1996, 242, 139-145. [CrossRef]

Edler, M.; Mostegel, EH.; Roth, M.; Oesterreicher, A.; Kappaun, S.; Griesser, T. Enhancing the stability of UV-curable thiol /vinyl
carbonate resins. J. Appl. Polym. Sci. 2017, 134, 2237. [CrossRef]

Haraguchi, R.; Tanazawa, S.G.; Tokunaga, N.; Fukuzawa, S.I. Palladium-Catalyzed Formylation of Arylzinc Reagents with
S-Phenyl Thioformate. Org. Lett. 2017, 19, 1646-1649. [CrossRef] [PubMed]

Ito, O.; Matsuda, M. Flash Photolysis Study for Substituent and Solvent Effects on Spin-trapping Rates of Phenylthiyl Radicals
with Nitrones. BCS] 1984, 57, 1745-1749. [CrossRef]

Bauer, N.A.; Hoque, E.; Wolf, M.; Kleigrewe, K.; Hofmann, T. Detection of the formyl radical by EPR spin-trapping and mass
spectrometry. Free. Radic. Biol. Med. 2018, 116, 129-133. [CrossRef]

Buettner, G.R. Spin trapping: ESR parameters of spin adducts. Free. Radic. Biol. Med. 1987, 3, 259-303. [CrossRef]

Esfandiari, P; Ligon, S.C.; Lagref, ].].; Frantz, R.; Cherkaoui, Z.; Liska, R. Efficient stabilization of thiol-ene formulations in radical
photopolymerization. J. Polym. Sci. A Polym. Chem. 2013, 51, 4261-4266. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/bk-2006-0941.ch002
http://doi.org/10.1039/C7MH00488E
http://doi.org/10.1002/anie.200903924
http://doi.org/10.1021/acs.macromol.0c00757
http://doi.org/10.1002/apmc.1996.052420109
http://doi.org/10.1002/app.44934
http://doi.org/10.1021/acs.orglett.7b00447
http://www.ncbi.nlm.nih.gov/pubmed/28276691
http://doi.org/10.1246/bcsj.57.1745
http://doi.org/10.1016/j.freeradbiomed.2018.01.002
http://doi.org/10.1016/S0891-5849(87)80033-3
http://doi.org/10.1002/pola.26848

	Introduction 
	Results and Discussion 
	Photoreactivity of S-Phenyl Thioformate 
	Photoinitiation of Acrylate Polymerization 
	Photoinitiation of Thiol-Methacrylate Polymerization 

	Conclusions 
	References

