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Abstract
Linear oligoethoxysiloxanes were hydrolyzed, and the resulting hydrolyzates were dimethylsilylated to
produce Si–H terminated ethoxysiloxanes (CLs). These CLs were characterized using gel permeation
chromatography, nuclear magnetic resonance, and Fourier-transform infrared spectroscopy. The results
indicated the formation of highly condensed cyclic siloxanes, four-membered cyclic siloxanes, and
linearly condensed cyclic siloxanes when derived from tetraethoxysilane, hexaethoxydisiloxane, and
octaethoxytrisiloxane, respectively. The CLs were subsequently reacted with vinyl-terminated
polydimethylsiloxane in the presence of the Karstedt catalyst to yield PDMS elastomers, which are
comprised of di- and quadra-functional silicones. Tests for transmittance, thermal properties, tensile
strength, and swelling in toluene were conducted to assess the impact of the molecular weight and
microstructure of the CLs on the final products. As the number of silicon atoms in the linear
oligoethoxysiloxanes increased, there was a noticeable rise in the secant modulus and a reduction in the
degree of swelling. These findings suggest that the structure of PDMS elastomers can be tailored by
varying the structure of the linear oligosiloxanes used as a cross-linking agent.

Highlights
Si–H terminated ethoxysiloxanes were synthesized from hydrolyzates of tetraethoxysilane,
hexaethoxydisiloxane, or octaethoxytrisiloxane and chloro(dimethyl)silane.

PDMS elastomers were synthesized via the hydrosilylation of the Si–H terminated ethoxysiloxanes
with vinyl-terminated polydimethylsiloxane.

Secant modulus increased, while the degree of swelling decreased, with an increase in the number of
silicon atoms in linear oligosiloxanes.

Mechanical testing and the swelling test in toluene demonstrated that the structure of PDMS
elastomers can be influenced by the structure of linear oligosiloxanes used as a cross-linking
agent.Top of Form

1 Introduction
Organic–inorganic hybrid materials are composed of organic and inorganic components, offering the
potential for novel functions and applications by combining the advantages of each component [1, 2].
Sanchez et al. proposed a classification for organic–inorganic hybrid materials based on the
hybridization of organic and inorganic components, ranging from a few Ångstroms to several
nanometers in length [3, 4]. Class I hybrid materials are characterized by weak interactions, such as van
der Waals forces, hydrogen bonding, coordination bonding, electrostatic forces, among others, between
the organic and inorganic segments. Conversely, Class II hybrid materials are formed through stronger
interactions, like covalent and ionic bonds.
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Our research has also delved into organic–inorganic hybrid materials. Examples include triethoxysilyl
modified C60, polyhedral oligomeric silsesquioxane, and titanium phosphonate clusters as inorganic
segments, combined with hydroxy-terminated polydimethylsiloxane (PDMS) as the organic segment,
resulting in Class II hybrid materials [5–7]. Notably, the siloxane/epoxy hybrid within Class II displayed
enhanced physical properties, exhibiting high mechanical strength when the organic and inorganic
polymers were joined through covalent bonds [8].

Recently, we discussed the hydrolysis-condensation reaction of linear ethoxyoligosiloxanes, known to
form during the early stages of the sol–gel reaction of tetraethoxysilane (TEOS) [9]. Our findings indicate
that TEOS, hexaethoxydisiloxane (HEDS), and octaethoxytrisiloxane (OETS) produce polymers with
distinct characteristics: network-type polymers containing cyclic siloxanes, polymers containing cyclic
siloxanes with four silicon atoms, and polymers containing various cyclic siloxanes, respectively. These
results shed light on the structural and chemical variations in the starting materials. This type of findings
suggest the potential application of linear ethoxyoligosiloxanes, both novel and conventional inorganic
polymers with varying structures, as integral inorganic components in organic–inorganic hybrid
materials. Moreover, to fine-tune the properties of PDMS-based hybrid materials, the structure of the
inorganic segment is considered pivotal [10].

In this study, we explore the preparation and properties of PDMS silicone elastomers—recognized hybrids
of di- and quadra-functional siloxanes. We realized this by cross-linking the vinyl-terminated PDMS with
hydrolyzates of linear–ethoxyoligosiloxanes, demonstrating their cross-linking capability, as illustrated in
Scheme 1.

2 Experimental sections

2.1 Measurements
Nuclear magnetic resonance (NMR) spectra were recorded using a JNM–ECZ 400 spectrometer (JEOL,
Japan; 1H: 399.00 MHz, 29Si{1H}: 79.00 MHz). The chemical shifts were reported in ppm relative to
residual chloroform in deuterated chloroform (CDCl3) (for 1H: 7.26 ppm) and tetramethylsilane (for
29Si{1H}: 0.00 ppm) as the internal standards. For 29Si{1H} NMR spectra, chromium(III) acetylacetonate
was added to the sample as a paramagnetic relaxation agent. Fourier–transform infrared (FTIR) spectra
were recorded on a FT/IR–6100 spectrophotometer (JASCO, Japan) via the neat method, in which the
sample is sandwiched between two KBr crystal disks, or via attenuated total reflectance (ATR) method
using a JASCO ATR PRO 0450–S (ZnSe prism). Thermal gravimetric analysis (TGA) was performed
using a TG-DTA analyzer 2000SE (Netzsch Japan, Japan) at a heating rate of 10°C min− 1 up to 1000°C
under nitrogen or air flow. Ultraviolet-visible (UV–Vis) transmittance spectra were recorded using a V-670
UV–VIS/NIR spectrophotometer (JASCO, Japan) with an integrating sphere (ISN–470 type). High-
resolution electrospray ionization time–of–flight mass spectrometry (HR–ESI–TOF MS) was performed
using a JMS-T100CS AccuTOF CS (JEOL, Japan). Gel permeation chromatography (GPC) was performed
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using a LC-20AD HPLC prominence liquid chromatograph (Shimadzu, Japan) attached to a Plgel 5-µm
Mixed–D column. Tetrahydrofuran (THF) was used as an eluent (1 mL min− 1), and a RID-20A was used
as the detector at 40°C. The number–average molecular weight (Mn), weight–average molecular weight
(Mw), and polydispersity (Mw/Mn) were calculated based on the standard polystyrene. The tensile
strength test of samples, which were cut to a size of 30 mm × 5 mm, was evaluated using a MCT-2150
(A&D, Japan) at a tensile speed of 10 mm/min at approximately 23°C. A swelling test was evaluated by
solvent uptake of samples immersed in toluene for 3 days. The degrees of swelling (DS) for the samples
were calculated using the following equation: DS (%) = 100 × (Wa−Wb)/Wb

where Wa and Wb denote the weight after and before sample immersion, respectively.

2.2 Materials
Ethanol (EtOH), THF, toluene, and diethylether were purified via standard processes and stored over
activated molecular sieves. Tetraisocyanatosilane was provided by Matsumoto Fine Chemical Co., Ltd
(Japan). Octamethylcyclotetrasiloxane (D4) was purchased from Shin–Etsu Chemical (Japan).
Ammonium carbonate ((NH4)2CO3) and potassium hydroxide (KOH) were purchased from Kanto
Chemical Co., Inc. (Japan). N,N–Dimethylformamide (DMF) and 6 M hydrochloric acid (HCl aq.) were
purchased from FUJIFILM Wako Pure Chemical Corporation (Japan). TEOS, thionyl chloride (SOCl2),
chlorodimethylsilane, and chlorodimethylvinylsilane were purchased from Tokyo Chemical Industry Co.
Ltd (Japan). Karstedt catalyst (0.1 M in xylene solution) was purchased from Sigma-Aldrich (Tokyo,
Japan). TEOS and tetraisocyanatosilane were purified by distillation. Hexaethoxydisiloxane (HEDS) and
octaethoxytrisiloxane (OETS) were synthesized according to previous report [10]. KOH powder was
prepared as follows: KOH pellets were dissolved in EtOH and reprecipitated with THF followed via drying
under vacuum at 90°C for 3 h [11]. Dimethylvinylsiloxy terminated polydimethylsiloxane (PDMS–Vi) was
prepared by the ring–opening polymerization of D4 with KOH powder followed by silylation using
chlorodimethylvinylsilane, and Mw and Mw/Mn of PDMS–Vi were 49,000 Da and 3.3, respectively. The
preparation methods and characterization are provided in Supporting Information.

2.3 Synthesis of Si–H terminated oligosiloxane cross–
linkers (CLTEOS, CLHEDS, CLOETS)
HCl aq. was slowly added to EtOH solution of ethoxysilane monomer (TEOS, HEDS, OETS). These molar
ratios were HCl/Si = 0.1 (HCl/TEOS = 0.1, HCl/HEDS = 0.2, HCl/OETS = 0.3), H2O/Si–OEt = 0.5 (H2O/TEOS 
= 2, H2O/HEDS = 3, H2O/OETS = 4), and EtOH/Si = 10 (EtOH/TEOS = 10, EtOH/HEDS = 20, EtOH/OETS = 
30). The mixture was stirred in an ice bath for 10 minutes. Then, the mixture was stirred for 3 h at room
temperature (approximately 23°C). Chlorodimethylsilane (equimolar ratio of added H2O) was added with
stirring in an ice bath for 10 min. The mixture was poured into a mixed solvent of THF/hexane (1/2 v/v)
followed by washing with water for twice and brine for twice. The organic layer was dried over anhydrous
sodium sulfate, filtered, and then evaporated. The resulting Si–H terminated oligosiloxane cross-linkers
were obtained as a colorless liquid.
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CLTEOS: Mw = 1,500 Da, Mw/Mn=1.1

CLHEDS: Mw = 1,400 Da, Mw/Mn=1.1

CLOETS: Mw = 1,200 Da, Mw/Mn=1.1

2.4 Preparation of PDMS-CLs
A 1-g mixture, containing PDMS–Vi and Si–H terminated oligosiloxane cross-linkers (at concentrations of
10wt%, 20wt%, and 40wt% relative to PDMS–Vi), was dissolved in 4 g of THF. To this solution, 10 µl of
Karstedt catalyst (0.1 M in a xylene solution) was added and the mixture was stirred for 30 min.
Subsequently, the mixture was poured into a 50-mm ϕ Teflon Petri dish. It was then cured at 50°C for one
day, followed by heating at 150°C for an additional day.

3 Results and discussion

3.1 Characterization of Si–H terminated oligosiloxane
cross–linkers (CLs)
The 29Si{1H} NMR spectra of the hydrolysis condensates of TEOS, HEDS, and OETS, before and after
silylation, are presented in Fig. 1. Prior to silylation, all hydrolysis condensates primarily displayed signals
corresponding to the 4-membered cyclic Q2(OEt)(OH) (-92.7 ppm) and 4-membered cyclic Q2(OEt)2 (-95.1

ppm). Minor signals associated with Q1(OEt)2(OH) (around − 86 ppm), cyclic Q2(OH)2 (-90.6 ppm), Q3–

OH (-99.6 to -101 ppm), and Q3–OEt (-101.5 to -103 ppm) were also observed [10, 12–14]. Small signals
due to 5- or 6-membered cyclic Q2(OEt)2 (-95.4 ppm) were evident in the hydrolysis condensates of TEOS
and OETS before silylation [11, 15]. Following silylation, complex signals attributed to the dimethylsiloxyl
group emerged between − 1 to -5 ppm [12]. All the silylated hydrolyzates—CLTEOS, CLHEDS, and CLOETS

included end-group Q1(OEt)3 (-89.0 ppm), 4-membered cyclic Q2(OEt)2 (-95.3 ppm), and linear Q2(OEt)2

(-96.5 ppm). The Q3 and Q4 units were evident between − 99 to -105 ppm and − 105 to -110 ppm,
respectively, but their detailed structures remained unidentified. Table 1 provides GPC results, OEt/Si-H
ratios, siloxane unit ratios, and the degree of crosslinking (DC). The OEt/Si-H ratios of the CLs showed no
discernible differences.
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FTIR spectra of CLs are shown in Fig. 2. The adsorption bands due to υSi–H (2139 cm− 1), δCH3

(approximately 1255 cm− 1), δSi–Me (approximately 1155 cm− 1), υCC (970 cm− 1), and ρSi–Me (903 cm− 

1) were observed, indicating the completion of the silylation process [12, 16]. The absorption bands due to
υasCH3 (approximately 2977 cm− 1), υsCH2 (approximately 2930 cm− 1), υsCH3 (approximately 2897 cm− 

1), υCO (approximately 1100 cm− 1), υasSi–O–Si (approximately 1080 cm− 1), ρCH3 in Si–CH3 (860 cm− 1),

υsSi–O–Si (795 cm− 1), and δCCO and δSiOSi (approximately 455 cm− 1) were also observed [11, 12, 17,
18].

Figure S1 presents the mass spectra of the CLs. These spectra indicate the presence of a variety of
chemical species, spanning from trisiloxane to octasiloxane. However, precise interpretations of the CLs'
mass spectra are challenging due to the existence of structures with overlapping molecular weights.

Figure 3 provides schematics of the anticipated structures of the CLs. Specifically, CLTEOS primarily

consists of cyclic siloxane derivatives, which, as a result of silylation, transition predominantly from Q1

and Q2 forms to Q4. CLHEDS is largely made up of 4-membered cyclic siloxane derivatives, transitioning

chiefly from Q2 to Q4 due to silylation. Meanwhile, CLOETS primarily consists of cyclic siloxane derivatives,

converting mainly from Q2 to both Q3 and Q4 as a result of the silylation process.

3.2 Properties of PDMS cross- linked with Si–H terminated
TEOS, HEDS, and OETS oligomers (PDMS-CLs)
Figure 4a presents the FT-IR spectra of PDMS-CLs and PDMS-Vi acquired using the ATR method.
Absorption bands corresponding to υasCH3 (2962 cm− 1), υsCH2 (2903 cm− 1), δCH3 in Si–CH3 (1258 cm− 
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1), υasSi–O–Si (1075 cm− 1), υO–Si–O (1010 cm− 1), ρCH3 in Si–CH3 (860 cm− 1), both υSi–C and υsSi–

O–Si (785 cm− 1), and υSi–C (700 cm− 1) were observed [11, 12, 17, 18]. Notably, no absorption band
attributed to υSi–H (2139 cm− 1) was detected [12, 16]. The difference spectra between PDMS-CLs and
PDMS-Vi, labeled as ΔPDMS–CLTEOS, ΔPDMS–CLHEDS, and ΔPDMS–CLOETS, are depicted in Fig. 4b. The

band corresponding to υC = C (1600 − 1500 cm− 1) exhibited a decrease, supporting the advancement of
the hydrosilylation reaction [12, 19]. The absorption bands of the ethoxy group were discerned at ρCH3

(1160 cm− 1), υC–O (1070 cm− 1), υC–C (970 cm− 1), and ρCH2 (848 cm− 1) [12, 20, 21]. Strong bands

associated with υasSi–O–Si (1060 cm− 1), υO–Si–O (1010 cm− 1), δSiCH3 and υSiO4 (780 cm− 1), and

υSi–O (750 cm− 1) emerged, with the υO–Si–O (1010 cm− 1) and υSi–O (750 cm− 1) bands aligning with
the PDMS chain [17, 18, 20].

Typically, the intensity and wavenumber of IR absorption are influenced by bonding angles, bond lengths,
and adjacent conjugative interactions [14, 22, 23]. Moreover, changes in the Si–O distance and O–Si–O
angle of the PDMS chain were observed following adsorption onto fumed silica [21]. Hence, PDMS–CLs
likely demonstrate both inter- and intramolecular interactions between PDMS and the Q–unit moiety. A
schematic detailing the preparation of PDMS–CLs is presented in Fig. 5.

The physical attributes of PDMS–CLs were assessed based on their transmittance, temperatures
corresponding to 5% weight loss (Td5), their swelling behavior in toluene, and tensile strength tests.
Although PDMS–CLs displayed good transparency (≥ 80% at 500 nm), their appearance was tinted due
to the inclusion of the Pt catalyst (as seen in Figure S2) [24].

Thermal properties were investigated using TGA in a nitrogen atmosphere. The TGA profiles of PDMS–Vi
and PDMS–CLs are depicted in Fig. 6. It is established that the thermal degradation of PDMS under a
nitrogen flow results in the formation of cyclic siloxanes like D3 and D4 through a depolymerization
process [25]. Moreover, the residual ethoxy groups in PDMS–CLs undergo decomposition between 250–
350°C [26–28]. Enhanced Td5 values were observed for PDMS–CLs in comparison to PDMS–Vi, an
outcome attributed to the increased crosslink density [29, 30]. A similar trend was noticed under aerobic
conditions, with Td5 results detailed in Table S1. The residual masses for PDMS–CLs followed the
sequence 20wt% > 40wt% > 10%, with the exception of PDMS–CLTEOS, which observed a sequence of
40wt% > 20wt% > 10%. When examining the 20wt% versions of the CLs, a minor peak around 600–700°C
was identified, absent in the 20wt% PDMS–CLTEOS variant. Given that PDMS primarily depolymerizes
from its chain ends, with heightened random main chain degradation at elevated temperatures in an inert
environment [29], this peak is likely a reflection of that random degradation. Typically, increased
crosslinking can inhibit random polymer main chain degradation [29, 31, 32]. Thus, it is inferred that
CLHEDS and CLOETS possess superior crosslinking efficacy compared to CLTEOS. However, variations in
thermal degradation appeared minimal, potentially due to the structural similarities of the CLs. It is
postulated that the thermal attributes of PDMS materials might be more influenced by the PDMS chain
length than by the degree of crosslinking [7, 33–36].
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To explore the mechanical reinforcement effects when incorporated with CLs, the tensile properties of
PDMS–CLs were evaluated. The outcomes of the tensile strength tests are presented in Figure S3. The
secant modulus value was determined from the tensile strength and strain values at the breaking point.
The PDMS–CLs displayed low secant modulus and tensile strengths, ranging from 0.67 MPa (with
10wt% of CLTEOS) to 1.4 MPa (with 40wt% of CLOETS) and from 0.06 MPa (with 10wt% of CLTEOS) to 0.96
MPa (with 40wt% of CLOETS), respectively. The behavior of the secant modulus for PDMS–CLs is depicted
in Fig. 7. As the content of CLs increased, the secant modulus values for PDMS–CLs also increased.
Mackenzie et al. highlighted that the mechanical properties of PDMS–SiO2 are influenced by the
composition ratio between PDMS and silicates [37]. Furthermore, the secant modulus and tensile strength
of PDMS materials are contingent upon the crosslinked network [33, 38]. Consequently, it is inferred that
CPHEDS and CPOETS exhibit superior crosslinking efficiency compared to CLTEOS, consistent with earlier
findings.

Swelling tests for PDMS-CLs were conducted by measuring solvent uptake while stored in toluene at
approximately 23°C for 3 days. The outcomes of these tests are presented in Fig. 8. No soluble fraction
was detected in the swelling test, which validates that all PDMS CLs underwent reaction and cross-
linking. The degree of swelling is inversely proportional to the extent of cross-linking; as the cross-linking
degree increases, the swelling degree diminishes [11, 39–41]. As the content of CL increased, there was a
corresponding decrease in the swelling degree. This trend suggests an escalation in the degree of cross-
linking with increasing CL content. The solvent uptake for CLs decreased in the sequence: CLTEOS <
CLHEDS ≤ CLOETS. Both CLHEDS and CLOETS are posited to exhibit superior cross-linking efficiency
compared to CLTEOS. This hypothesis stems from the presumed relation to the content of 4-membered

cyclic siloxane derivatives and silylation on Q3 silicon [10, 42].

All results are summarized in Table 2.
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4 Conclusion
The Si-H terminated ethoxyoligosiloxanes (CLs) were employed as cross-linkers for DQ silicone
elastomers. All CLs exhibited a similar Mw (around 1400 Da), Mw/Mn (1.1), and OEt/Si-H ratio (4).
However, their structures varied: CLTEOS was primarily composed of cyclic siloxane derivatives silylated

on Q4 silicon; CLHEDS mainly consisted of 4-membered cyclic siloxane derivatives silylated on Q4 silicon;

and CLOETS predominantly comprised cyclic siloxane derivatives silylated on both Q3 and Q4 silicon. The
effects of these distinct cross-linker structures were assessed in terms of transmittance, thermal stability,
tensile strength, and swelling in toluene. Based on these evaluations, CLHEDS and CLOETS appear to offer
superior cross-linking efficiency compared to CLTEOS. These differences are believed to arise from the

content of 4-membered cyclic siloxane derivatives and the silylation on Q3 silicon. Thus, it is inferred that
the properties of the elastomers are significantly influenced by the structures of the cross-linkers.
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Scheme 1 is available in the Supplementary Files section
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Figure 1

29Si{1H} NMR spectra of TEOS, HEDS, and OETS hydrolysis condensate (a) before and (b) after silylation.
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Figure 2

FTIR spectra of CLs. a) 4000–400 cm-1 region and b) 1600–400 cm-1 region.
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Figure 3

Schematics of estimated structures of a) CLTEOS, b) CLHEDS, and c) CLOETS.
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Figure 4

FTIR spectra of PDMS–Vi and 40-wt% PDMS–CLs via ATR method.
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Figure 5

Schematic of preparation of PDMS–CLs.
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Figure 6

TGA traces of PDMS–Vi and a) PDMS–CLTEOS, b) PDMS–CLHEDS, and c) PDMS–CLOETS under a nitrogen
flow.
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Figure 7

Secant modulus behavior of elastomers.
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Figure 8

Swelling behavior of elastomers after storage in toluene for 3 days.
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