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Abstract: A simple, efficient procedure has been employed to effect intra- and inter-chain crosslinking
of two commercially available thiolated poly(dimethylsiloxane) copolymers (T-PDMS) with 4–6%
or 13–17% of mercaptopropyl side-chains. The thiol functional groups were converted to disulfides
(D-PDMS) in chloroform solutions of I2. Importantly, the conditions employed avoid over-oxidation
to other types of sulfur-containing species, and the concentration of T-PDMS during the crosslinking
reaction dictated the rheological properties and liquid or solid nature of the D-PDMS. The procedure
for obtaining the crosslinked copolymers is simpler than other approaches in the literature used to
crosslink polysiloxane backbones and to modulate their properties. By changing the concentration
of T-PDMS during the treatment with I2, the degree of intra- and inter-chain crosslinking can be
controlled (as assessed qualitatively by the solid or liquid nature of the products and their viscoelastic
properties). For each of the T-PDMS materials, there is a concentration threshold, above which
products are solids, and below which they are oils. Liquid and solid materials were characterized
using 1H and 13C solution-state and 13C solid-state NMR spectroscopy, respectively. They indicate
greater than 90% conversion of thiols to disulfides in the presence of excess I2. The rheological
behavior of the liquid products, solvent swelling ability of solid products, and the thermal stability of
the reactants and products are described. Furthermore, the solid products exhibit some of the highest
swelling values reported in the literature for poly(dimethylsiloxane) (PDMS) materials. As assessed
by thermal gravimetric analyses, the disulfide-crosslinked materials are more stable thermally than
the corresponding thiols.

Keywords: crosslinking; poly(dimethylsiloxane); thiols; disulfides

1. Introduction

Thiols (RSH) and disulfides (RSSR) are naturally present functional components of
proteins, biopolymers, and biomolecules. In nature, the interconversion of thiol and
disulfides regulates some key biological functions [1]. Additionally, thiol- and/or disulfide-
containing polymers have been widely explored as self-healing, stimulus responsive, and
biomedical materials due to the ease of converting between the thiol and disulfide forms.
Reversible thiol-disulfide exchange and redox pathways are available to thiol- and/or
disulfide-containing polymers [2]. These pathways present opportunities for rheologically
tunable systems.

Drug delivery is among the most common biomedical applications of thiol- or disulfide-
containing polymers [3–5]. Thiol- and/or disulfide-containing polymers have been used for
other biomedical applications as well, because they can interact with free thiol side chains
in cysteine residues of proteins [6]. The applications of thiol- and disulfide-containing poly-
mers extend beyond biomedicine; dynamic materials, such as self-healing elastomers [7,8],
shape memory polymers [9], and stimulus-responsive polymers [10,11] have been designed

Macromol 2023, 3, 36–53. https://doi.org/10.3390/macromol3010004 https://www.mdpi.com/journal/macromol

https://doi.org/10.3390/macromol3010004
https://doi.org/10.3390/macromol3010004
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/macromol
https://www.mdpi.com
https://orcid.org/0000-0002-9192-174X
https://doi.org/10.3390/macromol3010004
https://www.mdpi.com/journal/macromol
https://www.mdpi.com/article/10.3390/macromol3010004?type=check_update&version=2


Macromol 2023, 3 37

as coatings [12], adhesives [13], and sensors [6,14]. Incorporation of thiols and/or disulfides
into polymers that contain other stimulus-responsive moieties is an emerging technique
that has been used to fabricate multi stimulus-responsive materials that may enhance
specificity for both biomedical [11,15,16] and non-biomedical applications [9,14,17].

The reactivity of a disulfide depends on the nature of the R groups flanking the disul-
fide bond, but there are numerous examples where stimuli such as mechanical stress [18],
irradiation with light [19,20], change in solution pH or pKa [21], and addition or removal
of electrons [7] have been shown to trigger dynamic exchange between thiol and disul-
fide forms [1,22]. The ease of thiol oxidation increases from tertiary to primary R groups
attached to sulfur. Overall, thiols and disulfides with aryl, primary, or non-aliphatic R
groups are favored as self-healing and stimulus-responsive materials, because they are
more reactive and dynamic [23,24]. Useful thiol- or disulfide-containing polymers must
exhibit strong responses to applied stimuli in the target environment, but they must be
stable enough to reach the target environment before they react [6], and aryl disulfides may
be too reactive for some applications [1].

This article focuses on the oxidation of primary thiol pendant groups in inexpensive
and commercially available poly(dimethylsiloxane) copolymers (T-PDMS; Figure 1). The
primary thiol groups of T-PDMS are not as reactive as some thiomers reported in the
literature, but they can be crosslinked easily and cleanly using simple redox chemistry. The
disulfide-crosslinked products (D-PDMSs) did not demonstrate any discernible reaction
when stored in capped vials at room temperature (RT) over the course of >3 years, and
exhibited better thermal stability than the corresponding non-crosslinked thiols (T-PDMSs).
To the best of our knowledge, the oxidation of primary thiol groups to disulfides in
polymers of these co-monomers has not been previously reported. Tamanoi, Nakamura,
and coworkers [25,26], synthesized disulfide-containing nanoparticles by hydrolysis of
silanes containing 3-mercaptopropyl pendant groups. Structurally, crosslinking in the
silane-based nanoparticles was due to the formation of Si-O-Si and disulfide bonds during
synthesis, resulting in highly branched networks. Nanoparticles were only degraded in
solutions containing a disulfide, glutathione, suggesting that the primary aliphatic disulfide
bonds were stable in the absence of a specific trigger.
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Figure 1. Structure of thiolated poly(dimethylsiloxane) copolymer (T-PDMS). The number of thiol
groups per chain, n, is based on the mass average molar weight (Mw) and the percentage of thiol in
the T-PDMS. 4–6% T-PDMS has a Mw range of 6000–8000 Da, which corresponds to ranges of m and
n values: m = 71–94, n = 3–6. 13–17% T-PDMS has a Mw range of 3000–4000 Da, which corresponds
to ranges of m and n values: m = 30–38, n = 5–8.

Our group and others have previously investigated the properties of functionalized
poly(dimethylsiloxane) (PDMS) materials before and after crosslinking [27]. In general,
PDMS-based polymers are flexible, biocompatible, and relatively durable and stable in
a variety of environments [28]. With longer building blocks, intrachain conformational
reactions are hampered, making the polymer backbone more flexible [29]. PDMS is of-
ten modified before use through either bulk or surface modifications to improve me-
chanical strength or other properties [28]. Applications of functionalized PDMS poly-
mers include protective coatings, wearable devices, medical systems, biomimetic ma-
terials, and robotics [30–32]. Bernkop-Schnürch and coworkers [33–35] have reported
thiolated PDMSs for mucoadhesive applications due to its flexibility, thermal stability,
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and biocompatibility [36]. Kulawik-Pióro et al. have demonstrated that thiolated PDMSs
may be useful as skin protectants in topical creams [37]. Additionally, dual imine- and
aryl disulfide-functionalized PDMS elastomers with good self-healability have been re-
ported [13]. Partenhauser et al. [33] utilized amide coupling reactions between amine
groups of (1-aminopropyl)methylsiloxane-dimethylsiloxane co-polymers and cysteine or
mercaptopropionic acid to incorporate thiols into the thiolated silicone oils. In vitro mu-
coadhesion studies of thiolated and non-thiolated silicone oils showed enhanced mucosal
adhesion for the thiolated compounds. Rheological measurements were performed after
incubating thiolated silicone oils in I2 solutions, and showed drastic increases up to 500-fold
of the storage modulus [33]. Although excess I2 was used to oxidize the thiolated silicone
oils, no purification was mentioned. Several other articles have used similar method-
ologies to demonstrate rheological changes in the non-isolated disulfide-networks after
oxidation [38–40].

Here, the disulfide networks are characterized after isolation to understand how
changes to the reaction conditions can be used to tune the rheological properties of the
resulting D-PDMS materials. We suspected, and confirmed, that the crosslinking con-
ditions are very important in determining the properties of the oxidized materials. We
hypothesized that altering the concentration of T-PDMS during its oxidation would result
in products with different rheological properties, since polymer concentration has been
demonstrated to regulate inter- and intra-chain crosslinking.

The conformation of a polymer in solution depends upon its concentration and the
solvating ability of the solvent. In poor solvents, neutral flexible polymers adopt coiled
conformations. As the solvating ability of the solvent increases, from ‘poor’ solvents to
‘good’ solvents [41] neutral polymers expand from coils and adopt random walk conforma-
tions, which have higher average end-to-end distances. If polymers aggregate, their chain
conformations, can also be used to modulate the probability of intra- or inter-chain crosslink
formation. In very dilute solutions, single-chain linear polymers can be crosslinked to
produce single-chain polymer nanoparticles [42–44]. Interchain covalent crosslinks change
the internal structure and thermomechanical properties of linear glassy polymers, and large
proportions of interchain crosslinks can increase strength while decreasing toughness and
processability [45].

This article describes how, for each of the two series of D-PDMS products, there
is a T-PDMS concentration threshold above which products are solids, and below which
products are liquids. To remove one variable, all crosslinking reactions have been conducted
with a 25% group excess of oxidizing agent, I2. Despite using excess oxidant, the D-PDMS
materials ranged from solids to liquids, and exhibited enhanced thermal stability, relative to
the corresponding T-PDMS starting polymers. Solution-state 1H and 13C nuclear magnetic
resonance spectroscopy (NMR) and solid-state cross-polarization (CP/MAS) 13C NMR
spectroscopy were used to quantify the degrees of disulfide formation for the liquid and
solid D-PDMSs, respectively. Those results indicate that all of the D-PDMS materials are
>90% crosslinked. The rheological behaviors, including viscosities, of the liquid D-PDMSs
are described. Additionally, the solid D-PDMSs exhibited unprecedented high degrees
of swelling in hydrophobic solvents. Results from thermal studies, demonstrating that
crosslinked PDMS materials are more stable thermally than their thiolated analogs are
also described.

2. Materials and Methods
2.1. Materials

Acetone (Fisher, 99.9%), chloroform (CHCl3, Sigma-Aldrich, Burlington, MA, USA
≥99%), chloroform-d (CDCl3, Cambridge Isotope Laboratories Inc., Tewksbury, MA, USA,
99.8%), dichloromethane (DCM, Fisher, Waltham, MA, USA, >99%), diethyl ether (Et2O, an-
hydrous, Fisher, 99.9%), ethanol (EtOH, The Warner Graham Company, Cockeysville, MD,
USA, 200 proof), ethyl acetate (EtOAc, Fisher, 99.9%), hexanes (Fisher, 99.9%), hydrochloric
acid (HCl, Fisher, certified ACS plus grade), iodine (I2, Sigma Aldrich,≥99.8%), magnesium
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sulfate (MgSO4, anhydrous, Sigma Aldrich, ≥99.5%), methanol (MeOH, anhydrous, Fisher,
99.9%), sodium thiosulfate (Na2S2O3, anhydrous, J.T. Bakers Analyzed, Phillipsburg, NJ,
USA, ≥99.8%), and triethylamine (Et3N, Sigma Aldrich, ≥99%) were used as received. For
liquid-liquid extractions, deionized water (DI water) was used, but for swelling studies,
nanopure water (H2O, ≤0.05 µS, Millipore, Burlington, MA, USA) was used.

SMS-042- [4–6% (3-mercaptopropyl) methylsiloxane]-dimethylsiloxane copolymer (4–6%
T-PDMS, Gelest Inc., Morrisville, PA, USA, >97.5%) and SMS-142- [13–17% (3-mercaptopropyl)
methylsiloxane]-dimethylsiloxane copolymer (13–17% T-PDMS, Gelest Inc., >97.5%) were
heated twice from 21 ◦C to 49 ◦C at 0.5–0.15 mmHg over 1.5 h periods to remove a known
impurity, octamethylcyclotetrasiloxane (D4), which was present at <5 wt% in the commercially
received materials [46,47]. The flasks containing the T-PDMSs were weighed before and after
each heating cycle; after two cycles, no change in mass was observed. The purities of 4–6%
T-PDMS and 13–17% T-PDMS after treatment were estimated to be ≥97.5%. The treatment
details and T-PDMS characterization are provided in the Supplementary Materials.

2.2. Methods
1H, 13C, and two-dimensional homonuclear 1H-1H correlation (COSY) NMR spectra

of liquid samples were obtained on a 400 MHz Varian 400-MR spectrometer in CDCl3
without a TMS reference at 25 ◦C. 1H NMR spectra were collected with 128 scans and a
5 s relaxation time delay. Solution-state 13C NMR spectra were collected with 10,000 scans
and a 25 s relaxation time delay. Samples for solution-state 13C NMR were prepared by
dissolving ca. 50–100 mg of material in ca. 0.6 mL CDCl3. The residual CHCl3 peaks in
the 1H and 13C spectra were set to 7.26 and 77.16 ppm, respectively, as reference peaks [48].
CP/MAS 13C NMR spectroscopy of solid D-PDMS materials was performed on a Bruker
Advance III 600 NMR spectrometer, operating at Larmor frequencies of 600.2 MHz (1H),
150.9 MHz (13C). A 5.0 mm triple resonance (1H, 13C, 15N) E-free CPMAS Bio-solids probe
was used. Solid D-PDMS materials were contained in Kel-F inserts within 4 mm ZrO2
rotors. CP/MAS 13C NMR spectra of 13–17% D-PDMS55wt%, 4–6% D-PDMS55wt%, 13–17%
D-PDMS15wt%, and 13–17% D-PDMS6wt%were obtained from 76.3, 58.9, 40.1, and 67.5 mg,
respectively (see Table 1 for specific definitions). The temperature was held constant at
25.0 ◦C. Calibration was completed using KBr and adamantane [49]. For quantitative
CP/MAS 13C NMR measurements, the acquisition conditions were optimized following a
procedure developed at NIST [50], and specifically involve the optimization of spin rate,
contact time, and recycle delay. This resulted in the selection of spinning rate (4900 Hz),
contact time (6000 µs), and recycle delay (5 s), along with a spectral width of 197.21 ppm,
ramp. 100 for the 1H-pulse shape during CP, tppm13 for the 1H-pulse shape during
LG-decoupling, and 8192–17152 scans. Data were acquired and analyzed using Topspin
3.2 (Bruker). NMR chemical shifts (δ) are reported in parts-per-million (ppm). All 1H NMR
spectra exhibited a peak at ca. 1.56 ppm (s), which can be attributed to water [48].

Table 1. Two series of disulfide-crosslinked (D-PDMS) materials formed during the oxidation of 4–6%
T-PDMS and 13–17% T-PDMS at different solution concentrations; 1.25 molar eq. of I2, with respect
to the thiol groups, were included in all experiments.

D-PDMS Material Thiol Monomer
Substitution in T-PDMS

Mw Range (Da) of
T-PDMS

Initial Concentration of
T-PDMS 1

Initial Concentration
in thiol (M)

Product
Phase

4–6% D-PDMS2wt% 4–6% 6000–8000 2 wt% 0.02 Liquid

4–6% D-PDMS6wt% 4–6% 6000–8000 6 wt% 0.06 Liquid

4–6% D-PDMS15wt% 4–6% 6000–8000 15 wt% 0.18 Liquid

4–6% D-PDMS55wt% 4–6% 6000–8000 55 wt% 0.47 Solid
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Table 1. Cont.

D-PDMS Material Thiol Monomer
Substitution in T-PDMS

Mw Range (Da) of
T-PDMS

Initial Concentration of
T-PDMS 1

Initial Concentration
in thiol (M)

Product
Phase

13–17% D-PDMS1wt% 13–17% 3000–4000 1 wt% 0.02 Liquid

13–17% D-PDMS6wt% 13–17% 3000–4000 6 wt% 0.16 Solid

13–17% D-PDMS15wt% 13–17% 3000–4000 15 wt% 0.32 Solid

13–17% D-PDMS55wt% 13–17% 3000–4000 55 wt% 1.14 Solid

1 Because iodine was added to the thiol solutions dropwise, the concentrations decreased during the addition; see
Table S1 for the solution concentrations after complete addition of the I2 solutions.

Rheological measurements, including amplitude-sweeps (strain-sweep), frequency-
sweeps, and flow curves were collected on an Anton Parr MCR 302 rheometer using
stainless-steel parallel plates with a diameter of 25 mm (PP25). Measurements were
recorded with a gap of 0.1 mm at 25 ◦C. Amplitude-sweeps were recorded from 0.01% to
100% strain at a fixed angular frequency of 1 rad/s. Frequency-sweeps were recorded from
0.1 to 100 Hz with strain fixed at 1% (i.e., within the linear viscoelastic region). Dynamic
viscosity (η) was measured for shear rates between 0.1–100.0 s−1.

Swelling behavior of solid products was evaluated in hexanes, ether, CHCl3, EtOAc,
DCM, acetone, EtOH, MeOH, and ultrapure water using a procedure adapted from
Yu et. al. [27]. A small screw-cap vial was filled with 50.0 ± 2.5 mg of cross-linked polymer
and 3 mL of solvent was added. After the addition of solvent, vials were capped tightly
for 24 h. Then, the swollen polymer pieces were rapidly blotted on filter paper to remove
excess solvent and immediately weighed.

Paired thermogravimetric analysis (TGA) and mass spectrometry (MS) measurements
were conducted with a TA Instruments model Q5000 thermogravimetric analyzer and a
Balzers Prisma EI FER vacuum mass spectrometer. The furnace of the thermal gravimetric
analyzer was connected to the mass spectrometer and vacuum with a capillary tube.
Experiments were conducted as follows: approximately 10 mg samples were placed in a
platinum TGA pan. Nitrogen was flushed through the furnace (10 mL/min) for 30 min to
purge the system before conducting experiments. The mass spectrometer was configured
to scan a particular mass-to-charge ratio range and to subtract the background ion current
from each scan. A background scan was collected after the 30 min nitrogen purge period,
after which TGA was begun. TGA was conducted using the following protocol: the sample
was equilibrated at 30 ◦C for 10 min, and then heated from 30 ◦C to 350 ◦C at a rate of
5 ◦C/min. MS measurements and TGA were started at the same time; however, there was a
lag between the formation of TGA decomposition products and their detection by MS. The
lag time was determined (as described in the Supplementary Materials), and all results were
corrected to account for the detector lag time. When not paired with mass-spectrometry,
TGA was conducted on a TA Instruments model Q50 instrument. Approximately 10 mg of
material was placed in a platinum pan, which was equilibrated at 30 ◦C for 5 min and then
heated from 30 ◦C to 600 ◦C at a rate of 10 ◦C/min.

3. Results and Discussion
3.1. Starting Materials

Two types of T-PDMS (Figure 1) with 4–6% and 13–17% thiolated comonomers (mass
average molar weight (Mw): 6000–8000 Da and 3000–4000 Da, respectively) were oxidized
with 1.25 molar eq. of I2, with respect to the thiol groups to produce disulfide-crosslinked
D-PDMS materials. The thiol substitution percentages, calculated from 1H NMR peak areas,
indicated that 4–6% T-PDMS and 13–17% T-PDMS contained 4 mol% and 19 mol% of thiol
groups, respectively.

3.2. Synthesis of D-PDMS Materials

The oxidation of a generic thiol (RSH) to a disulfide (RSSR) by I2 is shown in Equation (1).
The corresponding reduction in a disulfide to thiols involves the addition of electrons rather
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than their removal. Details of the actual processes can be found in many sources, including
references [19] and [23].

I2 + 2RSH 
 RSSR + 2HI (1)

The equilibrium in Equation (1) lies far to the right [19]. An advantage of using I2 as
the oxidant is that it does not oxidize thiols beyond the disulfide form under the conditions
employed [23].

Both 4–6% T-PDMS and 13–17% T-PDMS were oxidized with I2 to form D-PDMS
materials; details are included in the Supplementary Materials. A range of solid and liquid
D-PDMSs were formed (Table 1). The product names in the last column of Table 1 are in
the format: x-y% D-PDMS#wt%. “x-y%” designates the mol% of thiolated monomers in the
T-PDMS reactant (either 4–6% or 13–17%), “D” indicates that the material is a crosslinked
disulfide, formed from oxidation of the corresponding T-PDMS. The “#wt%” subscript
indicates the initial T-PDMS concentration used during the oxidation reaction.

A total of 4–6% T-PDMS and 13–17% T-PDMS were oxidized in solution at four (initial)
solution concentrations: 1- 2wt%, 6wt%, 15wt%, and 55wt%. Details are included in the
Supplementary Materials. Because the exact mass average molar weights of the T-PDMSs
were unknown, the molar concentrations of thiol reported in Table 1 were calculated
using the method described in the Supplementary Materials. Prior to each synthesis, the
solutions were sparged with N2. All reactions were conducted at room temperature using
1.25 molar eq. of I2 in CHCl3, which was slowly added dropwise to stirred solutions of
a T-PDMS (1 molar eq.) and Et3N (1 molar eq.) in CHCl3. Table 1 expresses the initial
concentration of T-PDMS prior to the addition of the I2 solution, and Table S1 reports the
final concentration of T-PDMS after the addition of the I2 solution. Visual observations
indicate that the initial polymer concentration is the more important factor: for most
syntheses yielding solid products, a gel-like phase was observed after the first few drops of
I2 solution were added. Regardless, the initial polymer conformation is one of the most
important variables governing the extent of inter- and intra-chain crosslinks [51]. When
the first disulfide crosslinks form, either within or between chains, network formation
permanently locks local conformations about the nascent disulfide bonds. Consequently,
the free thiol oxidation rate should be decreased.

To promote intrachain crosslinking over interchain crosslinking [52], T-PDMSs were
first crosslinked under initially relatively dilute conditions, resulting in oil/liquid products
(e.g., 4–6% D-PDMS2wt% and 13–17% D-PDMS1wt%). The synthesis of 4–6% D-PDMS2wt%
was followed by 1H NMR spectroscopy to optimize the reaction time. Because spectra did
not change over periods of two or three days, the syntheses of other liquid D-PDMSs were
conducted for three days. The 1H NMR spectra of the liquid D-PDMSs exhibit features
consistent with nearly complete oxidation of the thiol groups to disulfide groups (Figure 2).
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Solution concentrations were then increased in subsequent reactions, to promote more
interchain crosslinking. When the initial concentration of T-PDMS in the reaction solution
was ≥55wt% (for 4–6% T-PDMS) or ≥6wt% (for 13–17% T-PDMS), solid products were
formed. The solid products listed in Table 1 could not be solubilized in any of the tested
solvents (which included hexanes, ether, CHCl3, EtOAc, DCM, acetone, EtOH, MeOH,
water, and HCl (aq)). Those reactions were allowed to proceed for 7 days. The formation of
a solid was obvious during these syntheses, except in the synthesis of 13–17% D-PDMS6wt%.
Solid D-PDMSs were isolated from the reaction mixtures after swelling in solvents and
decanting the solution phase through a filter, as described in the Supplementary Materials.
The 13–17% D-PDMS6wt% product was an anomaly, however. Initially, 13–17% D-PDMS6wt%
was an oil, and miscible with CHCl3, so a solution of 13–17% D-PDMS6wt% (in CHCl3)
was treated with a series of aqueous washes to remove unreacted I2, as described in the
Supplementary Materials. After the final wash step, but prior to solvent removal, 13–17%
D-PDMS6wt% was gelled by CHCl3. After removing the CHCl3, 13–17% D-PDMS6wt% was
a solid that remained insoluble in all tested solvents, including CHCl3.

A concentration of T-PDMS above which solid products form, and below which liquids
or oils form, can be described. That concentration is not the same for 4–6% T-PDMS and
13–17% T-PDMS. Of the D-PDMS1wt%, only 13–17% formed a liquid from the oxidation of
13–17% T-PDMS at the lowest tested concentration. Conversely, only 4–6% D-PDMS55wt%,
formed during the oxidation of 4–6% T-PDMS at the highest tested concentration, was a
solid. Although both 4–6% T-PDMS and 13–17% T-PDMS show concentration-dependent
product phases, it is unsurprising that they have different concentration boundaries. For
a reaction conducted with a given weight percentage of T-PDMS in solution, the 13–17%
T-PDMS reaction solution was more viscous than that of 4–6% T-PDMS; the viscosity of
neat 13–17% T-PDMS is higher (see Section 3.5).

Solvent-free oxidation of 13–17% T-PDMS was attempted, by mixing I2, and Et3N
with the neat polymer. However, comparison of the 1H NMR spectra before and after
the reaction indicated that the polymer backbone had fractured, since the integration
of the methylsiloxane peak decreased substantially, from 40.7H to 23.6H, relative to the
starting material (Figure S15), and several new impurity peaks emerged (described in
the Supplementary Materials). Although the vial was mechanically rotated to mix the
reagents during the reaction, it is possible that the Et3N was poorly distributed in the
viscous mixture, and may have inhibited neutralization of HI (formed in situ).

3.3. Characterization of Residual Thiol Content in Liquid Products

The 1H NMR spectra in Figure 2 are labelled with key diagnostic peaks that distinguish
T-PDMS and liquid D-PDMS products, including the disappearance of the -CH2SH peak
(peak 4) and the downfield shift of the α peak (peaks 2 and 2′).

The 1H NMR spectra of the liquid D-PDMS materials (Figures S10–S11 and S13–S14)
include a small peak of unknown origin at 1.26 ppm, which overlaps the -CH2SH peak
region. The COSY NMR spectrum of 4–6% D-PDMS2wt% (Figure S18) indicates that the
peak at 1.26 ppm is not correlated to the α, β, or γ methylene protons adjacent to the
disulfide.

All of the 1H NMR spectra of the liquid D-PDMSs exhibit a small peak at 0.74 ppm
(m), possibly due to changes in the chemical environment of the γ-methylene protons
after oxidation. Although the -CH2SH peak could not be used to quantify residual thiol
in the liquid D-PDMS materials, the -CH2SH and -CH2SS- peak of the thiol and disulfide,
respectively, do not overlap, providing a useful diagnostic for this determination. As shown
in Figure 3 for 4–6% T-PDMS and its oxidation product, 4–6% D-PDMS6wt%, the chemical
shift of -CH2SH peak is downfield, relative to the -CH2SS- peak.
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Figure 3. 1H NMR spectra of 4–6% T-PDMS (blue) superimposed upon its oxidation product 4–6%
D-PDMS6wt% (red). The α methylene protons of the thiol (-CH2SH) and the disulfide (-CH2-SS-)
are indicated.

The integration values in the region associated with the -CH2SH and -CH2SS- peak
were used to calculate the percent of residual thiol remaining in the liquid D-PDMSs
(Table 2). Based on Table 2, all liquid D-PDMS materials are extensively crosslinked; at
most, only 5% of the initial thiols remain in the liquid D-PDMS materials after oxidation.
Despite nearly complete thiol oxidation in these networks, these liquids all exhibit flow,
which indicates that a relatively large proportion of the crosslinks must be intrachain.

Table 2. Proton integrations of the -CH2SH peaks of liquid D-PDMSs and estimates of percentages of
residual thiol.

Oxidation Product Integration Value of the Protons
α to the Thiol Group 1

Calculated Percentage of Thiol
Remaining after Oxidation

4–6% D-PDMS2wt% 0.01 0.5%
4–6% D-PDMS6wt% 0.00 0%
4–6% D-PDMS15wt% 0.02 1%

13–17% D-PDMS1wt% 0.07 3.5%
1 Integrations normalized so that the total areas of the -CH2SH and -CH2SS- peaks is 2H.

3.4. Characterization of Residual Thiol Content in Solid Products

Due to their insolubility in all tested solvents, the solid D-PDMSs were challenging to
characterize, but solid-state CP/MAS 13C NMR was the analytical tool employed. Solution-
phase 13C NMR spectra of 4–6% T-PDMS and its liquid product, 4–6% D-PDMS2wt%
were compared, and peaks associated with the thiol and disulfide forms were assigned
(Figure S16). After oxidation of 4–6% T-PDMS to 4–6% D-PDMS2wt%, the -CH2SH groups
were converted to -CH2SS- groups, resulting in a downfield shift (from 28 ppm to 42.4 ppm).

Although the solution-phase 13C NMR spectra of 4–6% T-PDMS and 4–6% D-PDMS2wt%
include some minor peaks of unknown origin (described in the Supplementary Materi-
als), the solution-state 13C NMR of 4–6% D-PDMS2wt% (Figure S12) and the solid-state
CP/MAS 13C NMR spectra of the solid DPDMSs (Figure 4) include the same peaks; those
associated with the disulfide are at 42.4 and 23.1 ppm. If thiol groups are present, the
quantity must be below our limit of detection for 13C NMR detection. Considering the ex-
perimental conditions and amounts of materials used for collecting the CP/MAS 13C NMR
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spectra [53,54], about 2 µmol of material, corresponding to less than 0.1% of thiol. should
have been detectable.
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Figure 4. Solid state CP/MAS 13C NMR spectra of solid D-PDMS materials with -CH2SS- peak
areas. The areas of the -CH2SS- peaks (42.4 ppm) were normalized with respect to the -SiCH2- peaks
(17.1 ppm), which were set to 1C in each spectrum.

Although the 13C NMR spectra of the four solid D-PDMS materials include the same
peaks, the αmethylene carbon peak (-CH2SS-) areas are different when normalized with
respect to the γ methylene carbon (-SiCH2-) peak (17.1 ppm). The areas of the -CH2SS-
peaks (Figure 4) indicate the relative amounts of disulfide groups in these materials.

Three of the solids were synthesized from 13–17% T-PDMS, and one was synthesized
from 4–6% T-PDMS. The peak area integrations with respect to the 17.1 ppm peaks range
from 0.69 to 0.83. The uncertainty is estimated to be ca. 0.03 based on signal-to-noise ratios
and peak shapes. Because the ratio of 13–17% D-PDMS6wt% is significantly higher than the
average of the other solids (0.70 ± 0.02), it appears to be significantly more crosslinked.
A total of 13–17% D-PDMS6wt% was mentioned previously because it solidified during
purification. It also swells the least of all solid D-PDMS materials, consistent with a
significantly more crosslinked product.

3.5. Physical Properties of Liquid Crosslinked Materials

Frequency sweeps from rheological measurements are shown in Figure 5 for the
T-PDMSs and liquid D-PDMS materials. Frequency sweeps were performed with 1% strain,
which is in the linear viscoelastic region (LVR), based on amplitude-sweep measurements
(Figures S19 and S20). All frequency sweeps had crossover points at relatively high angular
frequencies (above 300 rad·s−1), above which the storage modulus (G’) became higher than
the loss modulus (G”). After 13–17% T-PDMS was crosslinked to 13–17% D-PDMS1wt%,
the crossover point was at a higher angular frequency, and the crossover modulus was
higher (Figure 5a). Overall, crosslinking dilute concentrations of 13–17% T-PDMS led to a
decrease in G’ and an increase in G”, relative to 13–17% T-PDMS. Although the viscosity of
4–6% T-PDMS was too low to obtain a frequency sweep using our rheometer, frequency
sweeps of the liquid 4–6% D-PDMS materials were measurable (Figure 5b). Both 4–6%
D-PDMS2wt% and 4–6% D-PDMS6wt% exhibited a trend like that of the 13–17% T-PDMS and
13–17% D-PDMS1wt%, respectively, although the changes were less pronounced. G’ and G”
increased for 4–6% D-PDMS15wt%, relative to the other liquid 4–6% D-PDMS materials, but a
crossover point was not reached at frequencies up to 600 rad·s−1; however, the data suggest
that G’ and G” might reach the crossover point slightly above this frequency (Figure 5b).
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Figure 5. Frequency sweeps at 1% strain: (a) 13–17% T-PDMS and liquid 13–17% D-PDMS1wt%;
(b) liquid 4–6% D-PDMS materials.

Flow curves, plotting viscosity versus shear rate, are shown in Figure 6 for the T-PDMS
materials and their liquid D-PDMS oxidation products. The viscosities of the materials
are nearly constant as a function of shear rate, except for 4–6% D-PDMS15wt%, which
exhibits lower viscosities at higher shear rates. An amount of 13–17% T-PDMS had a lower
viscosity than its only liquid oxidation product, 13–17% D-PDMS1wt% (Figure 6a); similarly,
4–6% T-PDMS had a lower viscosity than each of its liquid oxidation products (Figure 6b).
Therefore, under the crosslinking conditions employed, the viscosities of all liquid D-PDMS
materials increased upon crosslinking, indicating that both inter- and intra-chain crosslinks
were formed. If intrachain crosslinks had formed exclusively in any of the D-PDMS, the
viscosity would have been lower than that of the parent T-PDMS, because intrachain
crosslinks render the structures more compact [51]. Additionally, higher concentrations of
4–6% T-PDMS during crosslinking resulted in liquid 4–6% D-PDMS materials with higher
viscosities. An amount of 4–6% D-PDMS15wt% had the highest viscosity of the liquid 4–6%
D-PDMS materials at all measured shear rates.
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Kuhn and Balmer [51] developed a model to relate crosslinked product viscosity to
the degree of inter- and intra-chain crosslinking for poly(vinyl alcohol)s. According to their
model, the polymer concentration above which interchain crosslinking becomes dominant
can be determined by plotting the polymer crosslinking concentration against the viscosity
of the neat crosslinked product. The inflection point of the curve indicates the crosslinking
concentration at which interchain crosslinking becomes dominant. The initial concentration
of 4–6% T-PDMS during crosslinking has been plotted against the zero-shear viscosity (η0)
of the corresponding 4–6% D-PDMS product in Figure 7. Although this plot provides only
a very rough estimate of the critical concentration at which interchain crosslinking becomes
dominant, because of the limited number of concentrations explored it is sufficient to see
that the region of large change fits within our other data.
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Figure 7. Plot of the zero-shear viscosities (η0) of liquid 4–6% D-PDMSs versus initial 4–6% T-PDMS
concentrations.

As the concentration of 4–6% T-PDMS increases from 5 to 15 wt%, the viscosity of
the product increased sharply, indicating that interchain crosslinking becomes dominant
above 5–15wt%. Although intrachain crosslinking is more important when the oxidations
are conducted at T-PDMS concentrations ≤ 5 wt%, it does not occur exclusively: 4–6%
D-PDMS2wt% and 4–6% D-PDMS6wt% exhibit higher viscosities than 4–6% T-PDMS (ηo of
4–6% T-PDMS = 0.003 Pa·s). If intrachain crosslinks had formed exclusively, the crosslinked
products, 4–6% D-PDMS2wt% and 4–6% D-PDMS6wt%, would have been less viscous than
the 4–6% T-PDMS [51].

3.6. Swelling Studies of Solid Crosslinked Materials

For materials that do not dissolve in most solvents, swelling can be used to describe
the nature of the polymer-solvent interactions [55]. The swelling behavior of the solid
D-PDMS materials was assessed after the samples were placed in capped vials with a large
excess of solvent at room temperature for 24 h. The percent swelling by mass (S%) was
calculated using Equation (2), where mi and mf are the initial and final (swollen) masses,
respectively:

mf − mi

mi
× 100% = S%, (2)

The percent swelling by volume (V%) was calculated using the densities of each liquid
and the density of the original T-PDMS materials (ca. 0.98 g/mL). The final and initial
volumes were used in place of the final and initial masses in equation 2, respectively, to
obtain V%. The swelling data in Figure 8 is expressed by V%. For comparison, a plot of
D-PDMS swelling by mass percent (S%) is shown in Figure S21.
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constants (ε) of the solvents increase from left to right; values are provided in parentheses under each
solvent name.

Swelling volumes and masses are expected to be lower for more highly cross-linked
networks, and swelling should be enhanced when the solvent and network have similar
polarities. In solvents of low to moderate polarity, the solid 4–6% D-PDMS55wt% swelled to
a much greater extent than the solid 13–17% D-PDMSs. This trend was expected: on a per
crosslink basis that is normalized for sample mass, 4–6% T-PDMS has fewer thiol groups,
and, thus, fewer crosslinking sites per gram than does 13–17% T-PDMS.

Colby plotted polymer concentration versus Mw for flexible neutral polymers in a good
solvent, and indicated three concentration regimes [41]. One is in the dilute concentration
regime for polymers of low mass average molar weight. Considering the T-PDMS Mw
values, and comparing them with the data compiled by Colby, solutions of T-PDMS at
1–2 wt% would fall in the dilute regime. The Mw values of the T-PDMS materials (Figure 1)
are significantly below the critical entanglement range of PDMS, 24,500 Da [56]. The two
other concentration regimes can be defined based on the critical overlap concentration
(c*) and the entanglement concentration (ce), both of which are directly proportional to
Mw. The c* is defined as the point where the concentration of excluded polymer volume
(due to overlap) is equal to the concentration of the polymer in solution. At ce, there
is an abrupt increase in the power law exponent describing the relationship between
polymer concentration and solution viscosity (for polymers dissolved in good solvents), as
chains become entangled [41]. When the polymer concentration is >c* but <ce, polymers
are partially entangled, and the degree of entanglement increases as the concentration
increases toward the ce. Considering the T-PDMS Mw values, and comparing them with
the data compiled by Colby, solutions of T-PDMS at 55 wt% would fall in the regime
defined by concentrations between c* and c, (i.e., polymer chains are tightly packed, but
not fully entangled).

Consistent with the hypothesis that the solid 13–17% D-PDMS materials synthesized
from more concentrated solutions are more entangled than those formed from lower
concentrations of 13–17% T-PDMS, the 13–17% D-PDMS15wt% swelled slightly more than
13–17% D-PDMS55wt%. A higher concentration of T-PDMS during the oxidation reaction
should favor crosslinks between more heavily entangled chains, with each chain having
a shorter average end-to-end distance. At higher concentrations, the average distance
between two chains will also decrease, resulting in a higher proportion of interchain
crosslinks, relative to intrachain crosslinks.
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Because 13–17% D-PDMS6wt% was synthesized from the 13–17% T-PDMS solution
with the smallest degree of entanglement, the 13–17% D-PDMS6wt% was expected to swell
solvents to the greatest extent of the solid 13–17% D-PDMS materials. However, 13–17%
D-PDMS6wt% had significantly lower V% values than the other solid 13–17% D-PDMSs.
CP/MAS 13C NMR spectra indicate that the solid D-PDMS materials are similar. However,
the observation that the -CH2S-SCH2- peak area in the 13–17% D-PDMS6wt% spectrum is
ca. 20% higher (ca. 0.8) than the other solid D-PDMSs (ca. 0.7) indicates more disulfide
crosslinking; the 13–17% D-PDMS6wt% has a higher crosslink density than the other solids,
and it is this structural feature that appears to decrease its ability to be swelled. The 13–17%
D-PDMS6wt% is also significantly less sticky, and more brittle than the other solid D-PDMS
materials, which is consistent with a higher degree of interchain crosslinking.

Table 3 provides the Hildebrand solubility parameters (δ) and dielectric constants (ε)
for each of the solvents examined. An amount of 4–6% D-PDMS55wt% exhibited the highest
V% values overall. Although our preferred metric is percent volume increase (V%) because
it accounts for differences in solvent densities, swelling by mass percent increase (S%) is
more commonly reported in the literature. Table 3 reports the swelling results for 4–6%
D-PDMS55wt% based on volume (V%), along with corresponding calculated V% values
from S% for crosslinked PDMSs [27,57,58]. The V% values were calculated by multiplying
the reported S% values by the ratio of the polymer and solvent densities, and the density
of the polymer was assumed to be 0.98 g/mL Table S3 provides the S% values from the
literature and for 4–6% D-PDMS55wt%. Lee et al. ranked the ability of the solvents in
Table 3, among others, to swell hexagonally shaped pieces of crosslinked PDMS; the ratio
of the swollen and non-swollen length across the hexagon was used to define a swelling
ratio [55]. In lieu of a direct comparison between these ratios and the S% or V% values,
the relative solvent swelling rankings reported by Lee et al. are provided in Tables 3 and
S3, respectively. Overall, the solvent rankings for 4–6% D-PDMS55wt% are similar to those
reported by Lee, especially when both V% and S% rankings are considered. In both cases,
a strong preference for solvents with lower ε values was observed; swelling ability was
poorly correlated with δ [55]. For the solid D-PDMS materials, a better correlation exists
between the V% and dielectric constant of a solvent.

Table 3. Solvent Hildebrand solubility parameter (δ), dielectric constant (ε), and swelling ranking
based on volume (where 1 is best) for 4–6% D-PDMS55wt% and other crosslinked poly(dimethylsiloxane)
(PDMS) materials.

Solvent δ [55] ε [59,60]
Relative Swelling

Rank from Ref. [55]
1

4–6% D-PDMS55wt% PDMS-Based Materials in the Literature (V%)

Swelling Rank
(Based on V%) V% Ref. [27] 2 Ref. [57] 1 Ref. [58] 3

hexanes 7.3 1.9 4 3 1 1500% 580% 190%

ether 7.5 4.3 2 2 1270% 500% 200%

CHCl3 9.2 4.8 1 3 1250% 700%

EtOAc 9.0 6.1 5 5 760% 540% 80%

DCM 9.9 8.9 4 4 950% 520% 140%

acetone 9.9 20.7 6 6 60% 120% 40%

EtOH 12.7 24.0 7 7 20% 30% 10% 10%

MeOH 14.5 33.0 8 8 10%

water 23.5 80.0 9 9 >10% 0% 0%

1 References [55,57] data for Sylgard 184 silicone, a two-part PDMS elastomer prepared with 10:1 (wt:wt) ratio
of PDMS base; 2 Reference [27] data for 3-aminopropylmethylsiloxane-dimethylsiloxane copolymer with 6–7%
amino content, after crosslinking with CS2; 3 Reference [58] data for dense silicone rubber samples prepared from
a two-part system comprised of 10: 1 (wt:wt) vinyl terminated silicone oil: silane tetrafunctional compounds; 4 ε
of n-hexane.

In Table 3, swelling data (V%) are shown for three crosslinked PDMS materials re-
ported in the literature. For solvents with lower dielectric constants than acetone, 4–6%
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D-PDMS55wt% exhibited significantly higher V% values than in the literature. The swelling
of hexanes by 4–6% D-PDMS55wt% is nearly three times greater than the previously highest
reported value. Possible applications for such a material could include oil spill remedia-
tion [27,61].

3.7. TGA and TGA/MS Studies

The thermal decompositions of T-PDMS and D-PDMS materials were measured using
TGA (Figures S22–S29). Thermal decomposition onset temperatures of the D-PDMS ma-
terials ranged between 295 and 310 ◦C, which is consistent with data reported for other
dialkyl disulfides [21]. The thermal decomposition onset temperatures of the T-PDMSs
were much lower, between 60 and 85 ◦C. After the onset point, T-PDMS thermograms
exhibited smooth, steady weight loss that slowly led to PDMS backbone decomposition.
This was surprising, because aliphatic thiols are expected to decompose ca. 200 ◦C above
the analogous disulfide, which, itself, should decompose above 250 ◦C. Thermal decompo-
sition is more difficult to achieve for thiols because the RS—H and R—SH homolytic bond
dissociation energies are about 100 kJ/mol higher than for the R—SS—R and R—S—S—R
groups of disulfides [62,63]. Although it is surprising that the thiol forms decomposed at
a lower temperature than the disulfides, crosslinking can sometimes result in increased
thermal stability [64]. Paired TGA-MS was used to understand the thermal decomposition
of the T-PDMS and D-PDMS materials. Decomposition of aliphatic thiols and disulfides
produces H2S (34.09 amu), sulfur, and smaller alkyl sulfides [65]. The paired TGA-MS
experiments detected ions with the mass of H2S after the onset of weight loss (between
295 and 310 ◦C) in the corresponding D-PDMS thermograms, indicating that the onset
of thermal decomposition is associated with the decomposition of disulfide crosslinks
(Figure S9). Conversely, close to the onset of thermal decomposition of 13–17% T-PDMS
(82 ◦C), ions associated with the thermal decomposition of sulfur groups were not detected
by MS (Figures S30 and S31). However, H2S and S-related ions were detected at a much
higher temperature (ca. 309 ◦C) during the 13–17% D-PDMS decomposition, indicating that
without crosslinking, T-PDMS begins to decompose (or lose mass) for reasons unrelated to
the decomposition of thiol pendant groups. It is also possible that RS. pairs in the D-PDMS
materials are held in positions favoring S-S bond reformation during heating, which may
favor radical (re)coupling and (re)formation of disulfide bonds. However, further experi-
mentation will be required to determine the importance of each of these possibilities. By
crosslinking T-PDMS to liquid or solid D-PDMS materials, the thermal stability of the
functionalized PDMS was increased, even though disulfides should be more thermally
labile than thiols.

4. Conclusions

A range of disulfide-crosslinked liquid and solid D-PDMS materials was produced
by oxidizing the thiol groups of two series of T-PDMS at various concentrations. We note
that this procedure can be adapted easily to crosslink a wide range of thiolated polymers.
Characterization data suggest that the liquid D-PDMS materials are chemically similar,
despite having different viscosities. This observation indicates that inter- and intra-chain
crosslinking was regulated by the T-PDMS concentrations during oxidation. Similarly, the
solid-state 13C NMR data suggest that the degree of crosslinking in the solid D-PDMS
materials is similar (with the exception of 13–17% D-PDMS6wt%). However, their swelling
behaviors differ, possibly due to the degree of chain entanglements in each of the networks.
Perhaps of greatest interest is the demonstration that a range of materials with different
viscoelastic properties was formed simply by tuning the ratio of thiolated and non-thiolated
co-monomers in the T-PDMS and/or the T-PDMS concentration during oxidation. The
thermal stabilities of both solid and liquid materials increased after the formation of
disulfide-crosslinks. The viscosities of some of the liquid D-PDMSs are less than one
order of magnitude larger than their parent T-PDMSs, yet are much more stable thermally.
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TGA-MS data were used to determine that the onset of D-PDMS thermal decomposition is
associated with reaction of the sulfur containing pendant groups.

In the future, it would be interesting to explore these reactions using different equiva-
lents of iodine, because they might result in the formation of solid D-PDMS products that
are more (or less!!) processable than the ones produced here. Based on the swelling data,
studies considering the selective removal of oil from contaminated aquifers [27,61] may be
possible. Because each solid D-PDMS has a lower density than water, and little ability to
be swelled by water, they would be expected to float if swollen by low density (<1 g/mL)
organic contaminants. An important future experimental direction would be to determine
the conditions under which a D-PDMS can be reduced to the corresponding T-PDMS (and
then re-oxidized) to the D-PDMS, and the extents to which the regenerated T-PDMS and
D-PDMS recover their initial material properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/macromol3010004/s1, Figure S1: 1H NMR spectrum of as-received
4–6% T-PDMS; Figure S2: 1H NMR spectrum of purified 4–6% T-PDMS; Figure S3: Structure of 4–6%T-
PDMS; Figure S4: 13C NMR spectrum of purified 4–6% T-PDMS; Figure S5: 1H NMR spectrum of
purified 13–17% T-PDMS; Figure S6: 13C NMR spectrum of purified 13–17% T-PDMS; Figure S7: TGA
thermogram showing water lost from a wet molecular sieve as a function of time the paired TGA-MS
experiment; Figure S8: Mass spectrum of 13–17% T-PDMS55wt% from the paired TGA-MS experiment;
Figure S9: TGA thermogram of 13–17% D-PDMS55wt% correlating MS ion detection start and end
times with the TGA thermogram times, temperatures, and mass percentages. TGA thermogram of
13–17% D-PDMS55wt%, correlating the ion detection start and end time with the times, temperatures,
and percentages of remaining mass in the TGA thermogram; Figure S10: 1H NMR spectrum of 4–6%
D-PDMS6wt%; Figure S11: 1H NMR spectrum of 4–6% D-PDMS2wt%; Figure S12: 13C NMR spectrum
of 4–6% D-PDMS2wt%; Figure S13: 1H NMR spectrum of 4–6% D-PDMS15wt%; Figure S14: 1H NMR
spectrum of 13–17% D-PDMS1wt%; Figure S15: 1H NMR spectra of 13–17% T-PDMS and the oxidation
product formed under solvent-free conditions; Figure S16: Solution-Phase 13C NMR spectra of 4–6%
T-PDMS and 4–6% D-PDMS2wt%; Figure S17: Solution-Phase homonuclear 1H-1H correlation (COSY)
spectrum of 4–6% T-PDMS; Figure S18: COSY spectrum of 4–6% T-PDMS2wt%; Figure S19: Amplitude
sweeps of 13–17% T-PDMS and 13–17% D-PDMS1wt%; Figure S20: Amplitude sweeps of 4–6% T-
PDMS, 4–6% D-PDMS2wt%, and 4–6% D-PDMS6wt%.; Figure S21: Percent increase in polymer mass
(S%) of solid D-PDMS materials; Figure S22: TGA thermogram of 4–6% T-PDMS; Figure S23: TGA
thermogram of 13–17% T-PDMS; Figure S24: TGA thermogram of 4–6% D-PDMS2wt%; Figure S25:
TGA thermogram of 4–6% D-PDMS6wt%; Figure S26: TGA thermogram of 4–6% D-PDMS55wt%;
Figure S27: TGA thermogram of 13–17% D-PDMS6wt%; Figure S28: TGA thermogram of 13–17%
D-PDMS15wt%; Figure S29: TGA thermogram of 13–17% D-PDMS55wt%; Figure S30: TGA thermogram
of 13–17% T-PDMS from the paired TGA-MS experiment; Figure S31: Mass spectrum of 13–17%
T-PDMS from the paired TGA-MS experiment; Table S1: D-PDMS materials from reactions of 4–6%
T-PDMS- and 13–17% T-PDMS at different initial and final concentrations; Table S2: Moles of thiol and
dimethylsiloxane monomers per mole of T-PDMS; Table S3: Solvent Hildebrand solubility parameter
(δ) and dielectric constant (ε), and swelling rankings based on mass (where 1 is best) for 4–6% D-
PDMS55wt% and other crosslinked PDMS materials. References cited: [27,36,46,47,55,57–60,66–72].
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