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Abstract: In this work, new partially substituted derivatives of octa(3-thiopropyl)silsesquioxane
(SSQ-8SH) were synthesized. The article compares the thiol-ene reaction using two methods:
radical mechanism, thermally initiated (AIBN), and in the presence of a photoinitiator (DMPA).
Both the crystalline and the oil forms of SSQ-8SH were functionalized. Olefins with nonpolar
alkyl groups (hexene, octene, and octadecene) and vinyltrimethoxysilane, allyl glycidyl ether, allyl
2,2,3,3,4,4,5,5-octafluoropentylether, allyl methacrylate, and styrene were used in the reactions, al-
lowing to obtain seven new derivatives. All compounds were characterized using spectroscopic
(1H NMR and 29Si NMR) and spectrometric (MALDI-TOF-MS) methods. The influence of functional
groups on the water contact angle value was determined. The functionalization of the compound led
to a contact angle value above 95◦ (SSQ-4SH-4OD). Density measurements and thermogravimetric
analysis (TGA) were carried out for all compounds. The highest onset temperature (357.4 ◦C) and
temperature at the maximum mass loss rate (377.3 ◦C) were observed for SSQ-SH-4OD. The addi-
tion of alkyl groups significantly decreased the density of compounds with increasing chain length
(1.198 g/cm3; 1.162 g/cm3; 1.095 g/cm3 for hexene, octene, and octadecene, respectively). Silsesquiox-
anes have potential applications in various materials, such as UV-curable resins, allowing to modify,
for example, their surface properties. Modification of a commercial photocurable resin with selected
derivatives was carried out to determine the impact on physicochemical properties (TGA, WCA).

Keywords: thiol-ene; silsesquioxane; resin; urethane–acrylate resin; photopolymerization; 8SH-POSS

1. Introduction

The reaction between a thiol group and a reactive carbon–carbon double bond has
been extensively studied in the literature for over a century. The reaction, known as a
thiol-ene, was first described by Theodor Posner in 1905, when he detailed the reactions
between mercaptans and aliphatic olefins, aromatic olefins, aliphatic diolefins, aromatic
diolefins, cyclic diolefins, and terpenes [1]. However, it was only after 2002 that there
was a surge in interest in thiol-ene reactions, resulting in scientific publications (based on
Scopus analysis, Figure 1). In the years 1972–2002, the number of articles available in the
Scopus database according to the search keyword “thiol-ene” is 51. From 2003 to 2022,
4373 scientific articles were published, which shows the scale of interest in the reaction
belonging to click-chemistry. The largest number of scientific articles was published in
2020 (432 publications). The analysis also revealed a niche in the use and modification of
octa(3-thiopropyl)silsesquioxane.

Hydrothiolation is a widely used process due to its fast reaction rate, relatively
mild conditions, high conversion, minimal or no by-products, variety of substrates, and
high selectivity [2,3]. It has numerous applications, including in protective coatings,
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peptides [4], preparation of dendrimers [5], modification of materials [6,7], optical
materials [8], ionogels [9], or hydrogels [10]. The thiol-ene reaction can be carried out
by either radical or ionic means. In 2010, Charles Hoyle and Christopher Bowman pub-
lished reviews [2] which described the mechanisms of the thiol-ene reaction. Reactions
carried out in an electrophilic manner with the use of an acid lead obtain branched products
according to Markovnikov’s rule [11,12]. The ionic reaction using a base as the initiator,
on the other hand, leads to products that do not follow Markovnikov’s rule (linear prod-
ucts) and is also called the Michael addition reaction. The use of primary amine [13] and
phosphines [14,15] as nucleophilic addition initiators is known in the literature. The ionic
mechanism can also proceed without the use of a catalyst, but for the reaction to occur,
the substrates must be characterized by high reactivity [16]. Radical synthesis leads to
obtaining linear products inconsistent with Markovnikov’s rule. They can take place in
the presence of a photoinitiator or a thermal initiator, but also, for highly reactive sub-
strates, without an initiator [17]. The radical reaction between the thiol and unsaturated
bonds proceeds similarly to the mechanism of chain transfer polymerization. The first
step involves the generation of the thiyl radical (initiation). The obtained thiyl radical
takes part in the second step (propagation), which consists of the direct addition of the
radical to the C=C bond, giving an intermediate radical on the carbon centre, and then
transferring the chain to the second thiol molecule, which gives the anti-Marcovnikov
addition product. At the same time, a new thiyl radical is generated, which can be used in
the propagation or termination step [18,19]. In a radical way, side reactions can also occur,
such as homopropagation, homopolymerization initiation, and disulfide formation. Simple
reaction mechanisms of thiol-ene in the presence of AIBN or DMPA are shown in Figure 2.
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Octa(3-thiopropyl)silsesquioxane (both crystalline and oil products of 3-thiopropyltrimethoxysilane
condensation) were functionalized through the thiol-ene reaction. Silsesquioxanes (SSQ)
belong to hybrid inorganic–organic compounds with the general formula (RSiO1.5)n, where
R is an organic group or hydrogen [22]. They consist of a stable inorganic Si-O core and
reactive or inert organic groups linked directly to the silicon atom or via a dimethylsiloxy
moiety. The attached functional group determines their physicochemical properties, e.g.,
melting point, hydrophilic–hydrophobic, and adhesive properties, as well as their catalytic
capabilities. Silsesquioxanes can have a random, ladder, or cage structure (fully or partially
closed), where the most popular is the T8 structure [23,24]. These compounds are used as
additives in (nano)composites [25–30], as precursors of porous materials [31,32], in electron-
ics [33], in catalysis [34,35], and as a flame retardant [36]. The preparation of octa-substituted
silsesquioxane with thiopropyl groups and its physicochemical characteristics are described
in the literature [37]; however, there are only few literature reports of its modifications.
Examples of the thiol-ene reaction between SSQ-8SH and allyl alcohol, 2-allyloxyethanol,
6-chloro-1-hexene, 6-bromo-1-hexene, styrene, and eugenyl methacrylate are known [38].
Other examples indicate a reaction between SSQ-8SH and 1,4-divinylbenzene, methacry-
late ethyl trimethyl ammonium chloride [39], 2-(perfluorooctyl) ethyl acrylate [40], 9-vinyl
carbazole [41], 1-methyl-3-butenylimidazolium bromide, 1-methyl-3-pentenylimidazolium
bromide, 1-pentafluorobenzene-4-allylpyridinium bromide, 1-butyl-4-allylpyridinium bro-
mide [42], 2-methacryloyloxyethylphosphorylcholine, or allylphosphorylcholine [43]. Our
previous work presents the functionalization of octa(3-thiopropyl)silsesquioxane (SSQ-8SH)
via radical reaction in the presence of azobisisobutyronitrile (AIBN) [44]. In Professor Ma-
ciejewski’s group, silsesquioxanes with sulfur atoms in the structure were obtained through
hydrothiolation of (ViSiMe2O)8Si8O12. The obtained products were used for the hydropho-
bization of fabrics [45].

This work presents the preparation of partially substituted octa(3-thiopropyl)silsesquioxane
derivatives and discusses the differences in the synthesis via the radical route using a
thermally activated initiator (azobisisobutrylonitriles-AIBN) and via photoaddition in the
presence of 2,2-dimethoxy-2-phenylacetophenone (DMPA). Figure 2 shows the general
mechanisms of the thiol-ene reaction activated by AIBN and DMPA. The tests were car-
ried out on a crystalline and oil product, which allowed to determine the influence of the
SSQ-8SH form on the course of the reaction. The functionalization was performed with the
following olefins: hexene (HEX), octene (OCT), octadecene (OD), vinyltrimethoxysilane
(VTMOS), allyl glycidyl ether (AGE), allyl 2,2,3,3,4,4,5,5-octafluoropentylether (Allyl-OFP),
allyl methacrylate (MA), and styrene (STYR). The obtained products were characterized
spectroscopically (1H NMR and 29Si NMR) and spectrometrically (MALDI-TOF-MS). Den-
sity measurements and thermogravimetric analysis (TGA) were performed to determine
the physicochemical properties. Tests with a goniometer apparatus were carried out to
determine the influence of functional groups on the water contact angle value. Modification
of a commercial photocurable resin with selected derivatives was carried out to determine
the impact on physicochemical properties (TGA, WCA).

2. Materials and Methods
2.1. Chemicals

The chemicals were purchased from the following sources: 3-mercaptopropyltrimethoxysilane
(99%) and vinyl(trimetoxy)silane (VTMOS) (97%) from UNISIL (Tarnów, Poland); methanol
p.a. from P.P.H Stanlab (Lublin, Poland); hydrochloric acid (35–38%), toluene, tetrahydrofu-
ran, and dichloromethane from Chempur (Piekary Śląskie, Poland); azoisobutyronitrile
(AIBN) (98%), hexene (HEX) (97%) and allyl methacrylate (MA) (98%), allyl glycidyl ether
(AGE) (98%) from Thermo Scientific Chemicals (Waltham, MA, USA); octene (OCT) (97%)
from ABCR (Karlsruhe, Germany), octadecene (OD) (97%), styrene (STYR), and dimethoxy-
α-phenylacetophenone (DMPA), chloroform-d from Merck Group (Darmstadt, Germany).
Allyl 2,2,3,3,4,4,5,5-octafluoropentyl ether (Allyl-OFP) was synthesized according to the
literature [46]. Toluene was degassed and dried by distilling it from P2O5 under an argon
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atmosphere. Difunctional aliphatic urethane-acrylate resin (Ebecryl 1271) was purchased
from Allnex (Frankfurt, Germany).

2.2. Analytical Methods and Methodology

The 1H NMR spectra were recorded on a Bruker Ultrashield 300 MHz. The 29Si
NMR spectra were recorded on a Bruker Ascend 400 MHz operating at 101 and 79 MHz,
respectively. Chloroform-d was used as a solvent.

MALDI-TOF mass spectra were recorded on a UltrafleXtreme mass spectrometer
(Bruker Daltonics) equipped with a SmartBeam II laser (355 nm) in the 500–4000 m/z range,
and 2,5-dihydroxybenzoic acid (DHB, Bruker Daltonics, Bremen, Germany) served as
the matrix.

Contact angle analysis (WCA) was performed using the sessile drop technique at
room temperature and atmospheric pressure, with a Krüss DSA100 goniometer (Krüss,
Hamburg, Germany). Three independent measurements were performed for each sample,
each with a 5 µL water drop, and the obtained results were averaged to reduce the impact
of surface nonuniformity.

Density measurement was performed on a Laboratory Density Meter DDM 2911 by
Rudolph Research Analytical (Hackettstown, NJ, USA). The apparatus made 3 measure-
ments at 25 ◦C for each sample, which were then averaged.

Thermogravimetry (TGA) was performed using a NETZSCH 209 F1 Libra thermo-
gravimetric analyzer (NETZSCH, Selb, Germany). Samples of 4 ± 0.2 mg were placed in
Al2O3 crucibles. Measurements were conducted under nitrogen (flow of 20 mL/min) in the
range of 30–950 ◦C and with a 10 ◦C/min heating rate.

Images of samples were taken with the digital light microscope Keyence VHX-7000
(Keyence International NV/SA, Osaka, Japan) with a VH-Z100R wide-angle zoom lens
(Keyence International NV/SA, Osaka, Japan) at 100× magnification.

Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet iS50 Fourier
transform spectrophotometer (Thermo Fisher Scientific, Warsaw, Poland).

2.3. Synthesis of Precursor Octa(3-thiopropyl)silsesquioxane

Octa(3-thiopropyl)silsesquioxane was prepared according to the literature [37,47] and
our previous article [44].

2.4. General Procedure for Thiol-Ene Tests with Octa(3-thiopropyl)silsesquioxane in the Presence
of AIBN

The thiol-ene reactions were carried out under an inert gas atmosphere in Schlenk
vessels equipped with a magnetic stirrer. A total of 0.04921 mmol (50 mg) of crystalline SSQ-
8SH, 1 equivalent of olefin per -SH group (4 groups), 3 mL of toluene, and 0.1 equivalents
of AIBN relative to the -SH group were placed in the reactor. The mixture was heated to
65 ◦C and vigorously stirred for 24 h. Then, the solvent was evaporated under a vacuum to
dryness. The progress of the reaction was controlled by 1H NMR. The NMR spectroscopy
confirmed the structures of the products, where the assigned signals were as follows:

SSQ-4SH-4HEX
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1.33–1.24 (m, 24H, SCH2CH2(CH2)3CH3, alpha product SCH(CH3)CH2(CH2)2CH3), 0.89–0.86
(m, 12H, chain end -CH3), 0.76–0.73 (m, 16H, SiCH2CH2CH2S)
29Si NMR (79,5 MHz, CDCl3): δ(ppm) = −67.05, −67.18 (Si-O-Si)
MALDI-TOF MS: [M] + Na+: 1375.3333 (measured), 1375.3339 (calculated);
[M] + H• + Na+: 1376.3370 (measured), 1376.3417 (calculated)

SSQ-4SH-4OCT
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SiCH2CH2CH2SCH2CH2Si(OMe)3), 1.70–1.63 (m, 16H, SiCH2CH2CH2SCH2CH2Si(OMe)3),
1.40–1.37 (m, 4H, SH), 1.00–0.97 (m, 8H, SiCH2CH2CH2SCH2CH2Si(OMe)3), 0.75–0.72 (m,
16H, SiCH2CH2CH2SCH2CH2Si(OMe)3)
29Si NMR (79,5 MHz, CDCl3): δ (ppm) = −44.72 (Si(OMe)3), −67.14 (cage)
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the resin/SSQ-4SH-4R weight were placed in the vials. The mixture was vigorously stirred 
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1H NMR (400 MHz, CDCl3): δ (ppm) = 7.28–7.14 (m, 20H, Ph), 2.87–2.83 (m, 8H, SCH2CH2Ar),
2.75–2.70 (m, 8H, SCH2CH2Ar), 2.55–2.48 (m, 16H, SiCH2CH2CH2S), 1.72–1.66 (m, 16H,
SiCH2CH2CH2S), 1.40–1.34 (m, 4H, SH), 0.76–0.73 (m, 16H, SiCH2CH2CH2S)
29Si NMR (79,5 MHz, CDCl3): δ (ppm) = −67.01 (cage)
MALDI-TOF-MS: [M] + H• + Na+: 1456.220 (measured), 1456.217 (calculated)

2.5. General Procedure for Thiol-Ene Tests with Octa(3-thiopropyl)silsesquioxane in the Presence
of DMPA

The thiol-ene reactions were carried out under an air atmosphere in vials equipped
with a magnetic stirrer. A total of 0.04921 mmol (50 mg) of crystalline SSQ-8SH, 1 equivalent
of olefin per -SH group (4 groups), 3 mL of DCM, and 1 wt.% relative to the SSQ-8SH
weight were placed in the vials. The mixture was vigorously stirred for 5 min under
365 nm UV radiation. Then, the solvent was evaporated under a vacuum to dry. The
progress of the reaction was controlled by 1H NMR.

2.6. General Procedure for Preparation Composites

The thiol-ene reactions were carried out under an air atmosphere in vials equipped
with a magnetic stirrer. SSQ-4SH-4R, resin, 3 mL of toluene, and 1 wt.% DMPA relative to
the resin/SSQ-4SH-4R weight were placed in the vials. The mixture was vigorously stirred
for 5 min. Then, the mixture was placed on a Petri dish and exposed to UV radiation with a
wavelength of λ = 365 nm for one hour. Coatings with different SSQ-4SH-4R concentrations
were obtained (Table 1).

Table 1. Composite systems.

Modifier Content [%] SSQ-4SH-4R [g] Resin [g] Initiator DMPA [g]

Reference 0 6.00 0.06

0.5 0.03 5.97 0.06

1.0 0.06 5.93 0.06

1.5 0.09 5.91 0.06

2.0 0.12 5.88 0.06

2.5 0.15 5.85 0.06

5.0 0.30 5.70 0.06

10 0.60 5.40 0.06

15 0.90 5.10 0.06

20 1.20 4.80 0.06

25 1.50 4.50 0.06

50 3.00 3.00 0.06

3. Results
3.1. Synthesis and Analysis of Derivatives

The functionalization of octa(3-thiopropyl)silsesquioxane was carried out via the
radical route, both with a temperature-activated initiator (AIBN) and a photoinitiator
(DMPA). A crystalline product with a defined cage structure and an oil product, which
is a mixture of condensed and incompletely condensed silanols, were used for the thiol-
ene reaction. Both products of octa(3-thiopropyl)silsesquioxane crystalline and oil were
obtained according to our previous work [44] (Figure 3). In accordance with the current
trend focused on green chemistry, the oil product, which is a by-product of the reac-
tion, has also been functionalized. The use of both AIBN and DMPA and two forms of
(3-thiopropyl)trimethoxy silane condensation products allowed to determine the influence
of the initiator and the SSQ-8SH form on the course of the reaction.
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According to literature data, the thiol-ene reaction mechanism starts with the genera-
tion of radicals. AIBN generates one 2-cyano-2-propyl radical (NC(CH3)2C•), while the
initiator DMPA produces a stable benzoyl radical (C6H5CO•) and an unstable dimethoxy-
benzyl radical (Figure 2). The instability of the dimethoxybenzyl radical causes its further
decomposition, resulting in methyl benzoate and the methyl radical (CH3

•). Both the
benzoyl and methyl radicals can participate in the thiol-ene reaction [18]. In the first
stage of the study, we prepared partially substituted SSQ-8SH derivatives using the AIBN-
initiated reaction, following the procedure outlined in our first paper [44]. Reactions
were carried out in toluene at 65 ◦C under an inert gas flow (Argon) for 24 h, then the
products were evaporated on a vacuum line. Reactions with olefins containing alkyl
groups differing in chain length, i.e., hexene, octene, and octadecene, both for the crys-
talline and oily SSQ-8SH product, proceeded with the desired complete conversion and
high yield >93% as oil products and wax products for compounds functionalized with
octadecyl groups. Then, vinyltrimethoxysilane (VTMOS), allyl glycidyl ether (AGE), al-
lyl 2,2,3,3,4,4,5,5-octafluoropentylether (Allyl-OFP), allyl methacrylate (MA), and styrene
(STYR) were hydrothiolated. Derivatives containing fluoroalkyl, phenylethyl groups, and
vinyltrimethoxysilane (VTMOS) and allyl glycidyl ether (AGE) lead to highly viscous
oils for crystalline SSQ-8SH and insoluble polymers for oily SSQ-8SH. The use of allyl
methacrylate in the modification process led to the formation of insoluble cross-linked
resin, regardless of the form of silsesquioxane used. Spectroscopic characterization of these
derivatives was not possible. In the next step of the process, thiol-ene photoaddition was
carried out with the DMPA photoinitiator, activated with UV light at a wavelength of
365 nm for 5 min. It was observed that regardless of the initiator used, crystalline and oily
SSQ-8SH derivatives were obtained in an analogous form as for AIBN. Compounds formed
by substituting 4HEX and 4OCT groups gave oil products, while substitution with four oc-
tadecyl groups gave wax. Substitution of SSQ-8SH by fluoroalkyl and phenylethyl groups
resulted in products in the form of viscous oils. Hydrothiolation of vinyltrimethoxysilane
and allyl glycidyl ether with crystalline SSQ-8SH resulted in the formation of crosslinked
resin products that were insoluble and not spectroscopically characterized. For the oil
derivative SSQ-8SH, during functionalization with allyl methacrylate, after about a minute
of reaction, the formation of a polymer structure and gelation were noticeable. The final
product was insoluble and could not be characterized spectroscopically or spectromet-
rically. The hydrothiolation products of vinyltrimethoxysilane and allyl glycidyl ether
were viscous oils which were analyzed with NMR spectroscopy. However, the compounds
spontaneously polymerized after 48 h of being left in air. This can be explained by the
presence of sensitive methoxy and epoxide groups that have been partially hydrolyzed by
atmospheric moisture.
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Density measurements were carried out for the physicochemical characterization
of the compounds obtained via the photoaddition of SSQ-8SH oil form with various
olefins, and the data are summarized in Table 2. Measurements were carried out at
25 ◦C. The non-functionalized SSQ-8SH has a density of 1.299 g/cm3. The addition of alkyl
groups significantly decreased the density of compounds with increasing chain length
(1.198 g/cm3; 1.162 g/cm3; 1.095 g/cm3 for hexene, octene, and octadecene, respectively).
The higher density of SSQ-8SH oil is due to the greater number of thiol groups (SH) present
in the compound, which allows for hydrogen interactions, and greater order in the structure,
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resulting in greater packing and higher parameters. The addition of alkyl groups causes
disorder to increase in the structures. The fluorine derivative has a higher density than
oil by 0.113 g/cm3. The derivative with aromatic groups was also characterized by high
density, similar to the organosilicon precursor.

Table 2. Density of SSQ-8SH and derivatives.

Sample Density [g/cm3]

SSQ-8SH oil 1.299

SSQ-4SH–4HEX 1.198

SSQ-4SH–4OCT 1.162

SSQ-4SH–4OD 1.095

SSQ-4SH–4OFP 1.412

SSQ-4SH–4STYR 1.256

The hydrothiolation process yielded the best results for simple olefins such as HEX,
OCT, and OD. The reaction proceeded smoothly with high conversion and yield, irrespec-
tive of the substrate and initiator used. Table 3 summarizes the products obtained via
thiol-ene reaction. Alkenes with an electron-rich double bond do not homopolymerize. The
reaction proceeded equally for all chain lengths. A research study by Todd M. Roper et al.
using real-time infrared spectroscopy (RTIR) demonstrated that 1-hexene, 1-octene, and
1-decene displayed similar reactivity with ethyl 3-mercaptopropionate [48], which was also
confirmed in our research.

Table 3. Derivatives obtained via thiol-ene reaction.

Sample Crystalline SSQ-8SH
AIBN

Oil SSQ-8SH
AIBN

Crystalline SSQ-8SH
DMPA

Oil SSQ-8SH
DMPA

SSQ-4SH-4HEX oil oil oil oil

SSQ-4SH-4OCT oil oil oil oil

SSQ-4SH-4OD wax wax wax wax

SSQ-4SH-4OFP highly viscous oil highly viscous oil highly viscous oil highly viscous oil

SSQ-4SH-4VTMOS oil resin/insoluble
polymer

resin/insoluble
polymer

resin/insoluble
polymer

SSQ-4SH-4AGE oil resin/insoluble
polymer

resin/insoluble
polymer

resin/insoluble
polymer

SSQ-4SH-4STYR oil oil oil oil

Hydrothiolation of allyl methacrylate with the crystalline/oil product SSQ-8SH in
the presence of both AIBN and DMPA resulted in the formation of an insoluble polymer.
According to literature data, non-stoichiometric polymerization occurs in thiol-acrylic
systems. During the thiol-ene reaction in the presence of initiators, there is competition
between the chain-growing acrylate homopolymerization and the mechanism of gradual
thiol-ene growth. Not only do acrylates homopolymerize in thiol-ene reactions, but they
can also detach a hydrogen from the SH group (chain transfer). The dominance of acry-
late homopolymerization affects the conversion of thiol and ene functional groups and
determines the final properties of the material [49]. According to the literature, methacrylic
and acrylic groups exhibit strong reactivity, even in homopolymerization, without re-
quiring harsh conditions. It has been suggested that a reaction can occur without an
initiator under the influence of UV light [50]. Thiol-ene synthesis was carried out between
octa(3-thiopropyl)silsesquioxane (oil) and allyl methacrylate. The mixture was vigorously
stirred for 5 min under 365 nm UV radiation. The compound was allowed to evaporate. An
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insoluble polymer was obtained which could not be characterized spectroscopically. Cross-
linking with allyl methacrylate is inevitable already in the early stages of the reaction [51].
In order to determine the influence of the different reaction conditions, thiol-ene tests were
carried out both in air and in an inert gas atmosphere (Ar). Based on the NMR analysis, no
effect of oxygen on the reaction was observed for simple olefins with alkyl groups (hexene,
octene, and octadecene), as well as for styrene or allyl octafluoropentylether. Oxygen in
thiol-ene reactions is not an inhibitor as in the case of acrylic polymerization [49]. However,
in the case of vinyltrimethoxysilane and allyl glycidyl ether, a significant effect of the
reaction atmosphere on the structure of the final product was noted. These olefins are
sensitive to moisture in the air and are subject to partially hydrolysis after 48 h. Due to the
presence of alkoxy and oxirane groups, both derivatives are sensitive to moisture in the air,
under the influence of which they may undergo partial hydrolysis. Therefore, the desired
derivatives with these functional groups were obtained via reaction carried out in an argon
flow. DMPA is superior to AIBN in terms of reaction time (5 min vs. 24 h). The reaction
proceeds without heating and allows for high conversions of substrates and yields.

3.2. Thermogravimetric Analysis

The analysis of thermal stability and decomposition of the compounds under the
influence of TGA temperature was carried out for the SSQ-8SH precursor in oil form
and for functionalized derivatives obtained via photoaddition in the presence of a DMPA
photoinitiator. Measurements were carried out in the temperature range of 30–950 ◦C in
an inert atmosphere with a 10 ◦C/min heating rate. Figure 4 show the mass change and
DTG curves. Determining the mechanism of thermal degradation of silsesquioxanes may
be difficult due to the complex structures of the compounds [52,53]. Thermal measure-
ments allow for estimating the influence of functional groups on the thermal stability of
compounds. Figure 4 schematically shows the individual stages of the decomposition of
compounds based on the organosilicon precursor SSQ-8SH oil. At initial temperatures, the
compound is thermally stable and does not decompose. Above 270 ◦C, the first stage of
decomposition begins, in which hydrogen sulfide gas is released, for which the temperature
at the maximum rate of decomposition is 372.8 ◦C. In the next step, the alkyl groups are
decomposed. Above 650 ◦C, the residual mass is silica and coke.
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By functionalizing with various groups, the course of thermal decomposition of
compounds can be altered. Figure 5 displays the mass change and DTG of SSQ-8SH
modified with alkyl groups containing fluorine atoms or aromatic groups. The residual
mass values show a significant difference, depending on the mass of the functional group
content relative to the total mass of the compound. This is demonstrated for different
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chain lengths of the alkyl groups, as residual mass increases with shorter alkyl chains.
Based on the 1% weight loss, possible degradation pathways of functionalized compounds
were estimated, and it was observed that the most stable compounds are SSQ-4SH-4OCT,
SSQ-4SH-4OFP, and SSQ-4SH-4HEX, with temperatures at 1% weight loss of 295.1 ◦C,
288.5 ◦C, and 275.3 ◦C, respectively. The individual stages of decomposition depend on
the breaking of bonds between Si-C, C-C, and S-C. For modified compounds, the first
decomposition involves the release of H2S and the formation of volatile decomposition
products of functional groups. The DTG curve for the derivative with aromatic groups
indicates that the elimination of benzyl radical and H2S can be observed at the beginning,
due to the presence of two peaks. The second stage of decomposition, in the tempera-
ture range of 400–600 ◦C for functionalized compounds, is associated with the release
of volatile products derived from propyl groups in the organosilicon precursor, and the
residual mass is silica and coke. The thermogravimetric analysis of samples functionalized
with vinyltrimethoxysilane, allyl glycidyl ether, and allyl methacrylate, which resulted
in a resin-like final product, is shown in Figure 6. The measurements indicate that the
temperatures at 1% and 5% weight loss are lower than in other functionalized compounds
and in the precursor. Table 4 summarizes the results of the thermogravimetric analysis of
new derivatives.
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3.3. Contact Angle Analysis

The contact angle analysis was performed for products obtained via photoaddition
of oil SSQ-8SH using the dip-coating method. In order to analyze the contact angle,
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5% solutions of modifiers in dichloromethane were prepared. Microscope slides were
immersed in the solutions, and then the slides coated with the solutions were left to
evaporate the solvent in the air. The measurement of the contact angle was carried out. For
the sulfur precursor and the products obtained, three independent measurements were
performed (Table 5).

Table 4. Results of thermogravimetric analysis of new derivatives.

N2
1% Mass Loss

[◦C]
5% Mass Loss

[◦C]
Onset

Temperature [◦C]

Temperature at
the Maximum
Rate of Mass

Loss [◦C]

Onset
Temperature [◦C]

Temperature at
the Maximum
Rate of Mass

Loss [◦C]

SSQ-8SH oil 243.0 337.5 343.6 372.8 465.9 506.5

SSQ-4SH-4HEX 275.3 341.9 356.2 377.2 470.6 507.6

SSQ-4SH-4OCT 295.1 340.5 355.1 347.4 471.4 512

SSQ-4SH-4OD 137.6 281.6 357.4 377.3 480.3 502.2

SSQ-4SH-4OFP 288.5 336.7 355.8 375.1 483.7 502.0

SSQ-4SH-4STYR 174.8 290.7 299.7 328.4 476.8 511.6

SSQ-4SH-4MA 123.9 251.5 352.6 372.1 480.0 487.1

SSQ-4SH-4AGE 126.1 291.9 336.5 363.5 492.5 503.5

SSQ-4SH-4TMOS 88.9 284.2 352.1 378.5 497.1 521.4

Table 5. The contact angle of new derivatives.

Sample Contact Angle [◦]

Reference 58.1 ± 0.5

SSQ-8SH oil 85.7 ± 1.5

SSQ-4SH-4HEX 63.7 ± 1.0

SSQ-4SH-4OCT 69.2 ± 1.2

SSQ-4SH-4OD 96.9 ± 2.1

SSQ-4SH-4OFP 79.1 ± 1.0

SSQ-4SH-4TMOS 60.5 ± 2.4

SSQ-4SH-4AGE 98.4 ± 2.6

SSQ-4SH-4STYR 74.2 ± 1.3

The reference sample-clear microscope slide has a contact angle of 58.1◦, indicating
hydrophilic properties. The SSQ-8SH oil has a contact angle of 85.7◦, indicating values
close to hydrophobic. The alkyl, fluoroalkyl, and phenylethyl groups in SSQ-8SH result in
lower contact angles of 22◦ (HEX), 16.5◦ (OCT), 6.6◦ (OFP), and 11.5◦ (STYR), respectively
compared to the SSQ-8SH sample. According to the literature, the alkyl and fluoroalkyl
groups determine hydrophobic properties. However, after applying compounds with alkyl
and fluoroalkyl groups, a smooth coating forms on the slide, which causes a decrease in
the value of the contact angle. The precursor SSQ-8SH have high viscosity, but the addition
of alkyl, fluoroalkyl, or aromatic groups lowers their viscosity, making them spread more
easily on the slide’s surface. The contact angle for the SSQ-4SH-4OD sample is 96.9◦ (11.2◦

increase compared to SSQ-8SH, 38.8◦ compared to reference sample) due to the length
of the alkyl chains determining the hydrophobic character. In addition, this compound,
after evaporation, is a wax, and its state of aggregation also causes a higher contact angle
compared to liquid oils with alkyl groups, i.e., SSQ-4SH-4HEX or SSQ-4SH-4OCT. SSQ-
4SH-4TMOS is characterized by a contact angle parameter of 60.5◦. This is a decrease in
relation to the SSQ-8SH of 25.2◦. The lower contact angle is caused by the presence of
methoxy groups, which have a higher affinity for water and lower the contact angle value.
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The highest value of the contact angle was obtained for the sample SSQ-4SH-4AGE (98.4◦).
The high contact angles suggesting a hydrophobic character for the obtained SSQ-8SH
derivative probably indicate the formation of a gelled, polymeric structure, as described in
the previous sections. The photos of the measurement are presented in Figure 7.
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3.4. Modification of UV-Curable Resin

Organosilicon compounds can be modifiers of plastics, including photo-curable resins.
Thanks to the presence of two types of functional groups, the designed new derivatives
can act as both factors interacting with the polymer matrix (the presence of reactive thiol
groups enables the modification of (meth)acrylic resins via a “click” reaction) and as factors
influencing the change of composite parameters. For this purpose, two derivatives were
selected, characterized by the presence of four hydrophobic functional groups and four
reactive -SH groups (SSQ-4SH-4OCT and SSQ-4SH-4OFP). A simplified scheme of the
network formation between the resin and derivatives is shown in Figure 8.
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A modification of the commercially available difunctional aliphatic urethane acrylate
(Ebecryl) resin was carried out. Composites with concentrations of 0.5%, 1.0%, 1.5%, 2.5%,
5.0%, 10%, 15%, 20%, and 50% by weight were obtained (Figure 9). Based on the photos
presented, it is evident that the composites made with Ebecryl/SSQ-4SH-4OCT show good
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miscibility of both components to each other. However, when the Ebecryl/SSQ-4SH-4OFP
modifier is used, visible air bubbles can be observed. This is attributed to the incompatibility
between the organosilicon modifier and the resin, which is caused by the high hydrophobic
nature of the fluoroalkyl groups.
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3.4.1. Thermal Analysis (TGA)

Thermal analysis (TGA) of both the reference Ebecryl resin and the composites was
performed in nitrogen to determine the thermal stability of the compounds (Figures 10
and 11). Based on TGA and DTG, the temperature of 5% mass loss, onset, the temperature at
the maximum rate of mass loss, and residual mass were determined (Table 6). Temperature
changes ∆T between composites and unmodified resin were also determined. Figure 10
shows TGA analysis of Ebecryl/SSQ-4SH-4OCT, and Figure 11 Ebecryl/SSQ-4SH-4OFP.
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Table 6. Results of thermogravimetric analysis of the modified resin.

The Temperature at 5% Mass
Change [◦C]

Onset Temperature
[◦C]

Temperature at the Maximum
Rate of Mass Loss [◦C]

N2 ∆T N2 ∆T N2 ∆T

Ebecryl 290.4 - 306.0 - 345.3 -

0.5% SSQ-4SH-4OFP 297.5 7.1 321.1 15.1 358.8 13.5

1.0% SSQ-4SH-4OFP 288.0 - 318.8 12.8 351.2 5.9

1.5% SSQ-4SH-4OFP 292.1 1.7 319.2 13.2 351.8 6.5

2.5% SSQ-4SH-4OFP 283.7 - 314.7 8.7 349.1 3.8

5% SSQ-4SH-4OFP 284.0 - 313.9 7.9 350.1 4.8

10% SSQ-4SH-4OFP 285.0 - 312.8 6.8 345.6 0.3

15% SSQ-4SH-4OFP 301.7 11.3 322.7 16.7 354.4 9.1

20% SSQ-4SH-4OFP 304.2 13.8 323.9 17.9 361.7 16.4

50% SSQ-4SH-4OFP 304.4 14.0 325.2 19.2 360.2 14.9

0.5% SSQ-4SH-4OCT 273.5 - 307.0 1.0 341.1 -

1.0% SSQ-4SH-4OCT 277.4 - 310.9 4.9 341.8 -

1.5% SSQ-4SH-4OCT 278.8 - 312.9 6.9 341.3 -

2.5% SSQ-4SH-4OCT 280.7 - 312.5 6.5 341.0 -

5% SSQ-4SH-4OCT 285.1 - 316.1 10.1 348.2 2.9

10% SSQ-4SH-4OCT 291.1 0.7 318.0 12.0 348.8 3.5

15% SSQ-4SH-4OCT 285.8 - 314.7 8.7 348.1 2.8

20% SSQ-4SH-4OCT 285.7 - 314.6 8.6 348.3 3.0

50% SSQ-4SH-4OCT 306.0 15.6 317.9 11.9 353.6 8.3

The conducted analyses show that the addition of derivatives causes a significantly
increased thermal stability of the composites. The addition of SSQ-4SH-4OCT increases the
temperatures of 1% mass loss and 5% mass loss and the onset degradation start temperature.
The temperature at the maximum rate of mass loss for the 50% composite is 353.6 ◦C, which
is an increase over the reference of 8.3 ◦C. As a result of the “click” reaction between the
acrylic resin and thiols group, new bonds are formed, creating a 3D polymer network.
This results in the strengthening of the materials, and thus better thermal stability. An
additional factor that increases T1%, T5%, and onset is the high stability of the organosilicon
precursor. With the increase in SSQ-4SH-4R concentration, the increase in residual masses
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is visible. Residual mass indicates silica and coke residue, which is the residue of the
organosilicon compound.

The Ebecryl/SSQ-4SH-4OFP composites also had higher values of T5%, onset, and
temperature at the maximum rate of mass loss, due to the similar chemical nature of the
compounds and the ability to perform a click reaction. However, from the determined ∆T,
it can be observed that the systems with the addition of SSQ-4SH-4OCT are characterized
by a linear trend, while the ∆T of the Ebecryl/SSQ-4SH-4OFP composites are characterized
by the spread of outcomes. This is due to the miscibility problem between SSQ-4SH-4OFP
and the resin due to the lack of compatibility between the modifier and Ebecryl. This is
noticeable in the pictures (Figure 9) where there are visible air bubbles in OFP composites.
We presented similar studies in our patent application, where we described the effect of
-SH groups on the thermal properties of photo-cured resins [54].

Microscopic Analysis

After the thermogravimetric tests, the composites were subjected to microscopic
analysis. The residual mass of samples after thermal decomposition occurring up to
950 ◦C was observed. Figure 12 shows images of samples with 1.0% and 50% concentrations
of modifiers in composites. The structure after decomposition of composites modified
with SSQ-4SH-4OCT (Figure 12A,B) and SSQ-4SH-4OFP (Figure 12C,D) was observed.
The residual mass is silica and coke. It is possible to form carbides (SiC), which are
characterized by a vitrified structure of the material, which is especially observed in the
case of the SSQ-4SH-4OFP modification. FT-IR and Raman analysis were performed to
confirm the composition of the residue.

Processes 2023, 11, x FOR PEER REVIEW 17 of 22 
 

 

noticeable in the pictures (Figure 9) where there are visible air bubbles in OFP composites. 
We presented similar studies in our patent application, where we described the effect of -
SH groups on the thermal properties of photo-cured resins [54]. 

Microscopic Analysis 
After the thermogravimetric tests, the composites were subjected to microscopic 

analysis. The residual mass of samples after thermal decomposition occurring up to 950 
°C was observed. Figure 12 shows images of samples with 1.0% and 50% concentrations 
of modifiers in composites. The structure after decomposition of composites modified 
with SSQ-4SH-4OCT (Figure 12A,B) and SSQ-4SH-4OFP (Figure 12C,D) was observed. 
The residual mass is silica and coke. It is possible to form carbides (SiC), which are char-
acterized by a vitrified structure of the material, which is especially observed in the case 
of the SSQ-4SH-4OFP modification. FT-IR and Raman analysis were performed to confirm 
the composition of the residue. 

 

Figure 12. Micrographs of composites after thermal analysis. 

FT-IR Analysis 
An FT-IR spectroscopy analysis of the residual mass of the selected concentration of 

SSQ-4SH-4R in the resin (50 wt%) were conducted. A total of 1.5 mg of the residue with 
200 mg of KBr were ground in a mortar, and measurements in transmittance mode were 
carried out. As shown in Figure 13, the residual mass spectra after thermal analysis re-
vealed bands occurring at 1100–1030 cm−1, indicating the presence of asymmetric Si-O-Si 
stretching vibrations. Additionally, bands from out of plane deformations (Si-O-Si) were 
responsible for the range of 450–420 cm−1. The peaks at 778 cm−1 are attributed to vibrations 
stretching the Si–C bonds, which may indicate the process of carbonization [55]. Bands in 
the range of 3300–3100 cm−1 were also found, which are characteristic of the presence of 
O-H groups. 

Figure 12. Micrographs of composites after thermal analysis.

FT-IR Analysis

An FT-IR spectroscopy analysis of the residual mass of the selected concentration of
SSQ-4SH-4R in the resin (50 wt%) were conducted. A total of 1.5 mg of the residue with
200 mg of KBr were ground in a mortar, and measurements in transmittance mode were
carried out. As shown in Figure 13, the residual mass spectra after thermal analysis
revealed bands occurring at 1100–1030 cm−1, indicating the presence of asymmetric Si-
O-Si stretching vibrations. Additionally, bands from out of plane deformations (Si-O-Si)
were responsible for the range of 450–420 cm−1. The peaks at 778 cm−1 are attributed to
vibrations stretching the Si–C bonds, which may indicate the process of carbonization [55].
Bands in the range of 3300–3100 cm−1 were also found, which are characteristic of the
presence of O-H groups.



Processes 2023, 11, 3285 17 of 21Processes 2023, 11, x FOR PEER REVIEW 18 of 22 
 

 

 
Figure 13. FT-IR of residual mass. 

RAMAN Spectroscopy 
A Raman spectroscopy analysis of the residual mass of the selected concentration of 

SSQ-4SH-4R in the resin (50 wt%) was conducted (Figure 14). Raman measurements were 
performed with integration of 5000 ms. The spectra shown are the average of three scans. 
The Raman spectra showed two obvious characteristic peaks of D and G bands, corre-
sponding to the typical amorphous carbon [56]. The G band (narrow) in the range of 1590–
1600 cm−1 corresponds to the in-plane stretching vibration E2g mode of sp2 carbon atoms. 
Also, in two cases, the D band (breathing mode) in the range of 1318–1345 cm−1 can be 
observed, which is characteristic of disordered carbon [57,58]. 

 
Figure 14. Raman spectra of residual mass. 

3.4.2. Contact Angle (WCA) 
The contact angle analysis was carried out for the reference sample and composites 

(Figure 15). The derivatives were characterized by the presence of hydrophobic groups 
(octyl, fluoroalkyl). The modification of Ebecryl with the SSQ-4SH-4OCT derivative re-
sulted in an increase in the value of the contact angle. This value changed linearly with 
increasing concentration of the modifier in the sample. The reference has an angle of 75.5°, 

Figure 13. FT-IR of residual mass.

RAMAN Spectroscopy

A Raman spectroscopy analysis of the residual mass of the selected concentration
of SSQ-4SH-4R in the resin (50 wt%) was conducted (Figure 14). Raman measurements
were performed with integration of 5000 ms. The spectra shown are the average of three
scans. The Raman spectra showed two obvious characteristic peaks of D and G bands,
corresponding to the typical amorphous carbon [56]. The G band (narrow) in the range of
1590–1600 cm−1 corresponds to the in-plane stretching vibration E2g mode of sp2 carbon
atoms. Also, in two cases, the D band (breathing mode) in the range of 1318–1345 cm−1 can
be observed, which is characteristic of disordered carbon [57,58].
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3.4.2. Contact Angle (WCA)

The contact angle analysis was carried out for the reference sample and composites
(Figure 15). The derivatives were characterized by the presence of hydrophobic groups
(octyl, fluoroalkyl). The modification of Ebecryl with the SSQ-4SH-4OCT derivative resulted
in an increase in the value of the contact angle. This value changed linearly with increasing
concentration of the modifier in the sample. The reference has an angle of 75.5◦, while the
composite 50% SSQ-4SH-4OCT has an angle of 100.1◦, which is an increase of 24.6◦. The
added SSQ-4SH-4OFP also caused an increase in the value of the contact angle, but there
are clear deviations and no linear trend. The SSQ-4SH-4OCT derivative was dispersed in
Ebecryl with ease, while the fluoro groups in the compound caused uneven mixing in the
resin, also resulting in air bubbles. Large deviations for SSQ-4SH-4OFP composites are
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caused by poor dispersion of the modifier in the material. The presence of reactive -SH
groups allows for the formation of a network with the resin, while hydrophobic functional
groups significantly affect the surface properties of materials.
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4. Conclusions

The presented paper showcases the synthesis of new SSQ-8SH derivatives with at-
tached alkyl groups of various chain lengths (hexyl, octyl, and octadecyl), (trimethoxysi-
lyl)ethyl, 3-glycidoxypropyl, phenylethyl, and fluoroalkyl groups. These products were
characterized spectroscopically (NMR) and spectrometrically (MALDI-TOS-MS). The ef-
fects of the initiator (thermal and photoinitiator) and the form of SSQ-8SH on the reaction
course were compared. The tests conducted revealed that the reaction in the presence of a
photoinitiator was more effective in terms of time and conditions (no heating). The products
substituted with alkyl, fluoroalkyl, and phenylethyl groups were obtained with high conver-
sions and yields towards the desired compounds. Hydrothiolation of vinyltrimethoxysilane
and allyl glycidyl ether resulted in obtaining oils only by reacting with crystalline SSQ-
8SH in the presence of AIBN in an inert gas atmosphere. Under other conditions, slow
cross-linking occurred, resulting in insoluble polymers. Tests conducted between SSQ-8SH
and allyl methacrylate resulted in insoluble polymers due to the nature of the methacrylic
groups. The physicochemical tests conducted confirmed the substantial impact of various
functional groups on the organization in the structure (decrease in density for derivatives
with alkyl groups), thermal stability (temperature increase for the parameter 1% mass loss
by 52 ◦C for SSQ-SH-4OCT, 45.5 ◦C for SSQ-SH-4OFP, and 32 ◦C for SSQ-SH-4HEX), or a
change in hydrophobic properties. This work presented attempts at the application of novel
compounds of the silsesquioxanes (SSQs) type as additives for controlling the properties
of resin. The effects of the additive molecular structure were discussed with respect to
the additive–resin miscibility and the thermal and surface properties of such obtained
materials. Thermal and contact angle analysis indicates the potential use of derivatives as
resin modifiers.
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Abbreviations

AIBN Azobisisobutyronitrile
DMPA 2,2-dimethoxy-2-phenylacetophenone
SSQ Silsesquioxane
HEX Hexene
OCT Octene
OD Octadecene
VTMOS Vinyltrimethoxysilane
AGE Allyl glycidyl ether
Allyl-OFP/OFP Allyl 2,2,3,3,4,4,5,5-octafluoropentylether
MA Allyl methacrylate
STYR Styrene
TGA Thermogravimetric analysis
WCA Water contact angle
FT-IR Fourier-transform infrared spectroscopy
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