molecules

Article

Thermal Post-Cross-Linking of Siloxane/Silsesquioxane Hybrids
with Polycyclic Aromatic Units for Tailored Softening Behavior
in High-Temperature Applications

Max Briesenick

check for
updates

Academic Editor: Ahmad Mehdi

Received: 25 July 2025
Revised: 19 August 2025
Accepted: 25 August 2025
Published: 29 August 2025

Citation: Briesenick, M.; Kickelbick,
G. Thermal Post-Cross-Linking of
Siloxane/Silsesquioxane Hybrids with
Polycyclic Aromatic Units for Tailored
Softening Behavior in High-
Temperature Applications. Molecules
2025, 30, 3532. https:/ /doi.org/
10.3390/molecules30173532

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

and Guido Kickelbick *

Inorganic Solid-State Chemistry, Saarland University, Campus, Building C4 1, 66123 Saarbriicken, Germany;
max.briesenick@uni-saarland.de
* Correspondence: guido.kickelbick@uni-saarland.de

Abstract

Hybrid siloxane/silsesquioxane materials containing sterically demanding aromatic groups
synthesized by hydrolysis and condensation suffer from incomplete cross-linking after
thermal consolidation, limiting their thermal and mechanical performance. In this study,
we systematically investigated a post-cross-linking strategy using various additives to
enhance structural integrity and thermal stability. These include dimethyldimethoxysilane
(DMDMS), diphenyldimethoxysilane (DPDMS) and phenyltrimethoxysilane (PTMS), as well
as the organotin condensation catalyst di-n-butyltin diacetate (DBTA). Notably, we achieved
thermal stability up to 453 °C and long-term transparency (up to 99%) at 200 °C with only
little yellowing. Dynamic mechanical analysis demonstrated that post-cross-linking of
precondensed siloxanes with PTMS, DPDMS, and DBTA enabled the formation of elastic
materials exhibiting a rubbery plateau up to 200 °C. This behavior reflects enhanced
structural rigidity and elasticity, which are essential for high-temperature applications. Our
results show that high-temperature stability in siloxane/silsesquioxane materials is strongly
influenced by factors such as the number of phenyl groups, cross-linking density, structural
regularity, and degree of condensation. Most notably, the complete incorporation of
a sterically demanding naphthyl-functionalized monomer during consolidation proved to
be critical. Post-cross-linking significantly enhances all these parameters, which is essential
for achieving robust thermal performance.
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1. Introduction

Siloxanes are versatile materials employed across a broad spectrum of applications,
ranging from architecture, healthcare, and aerospace to optical technologies such as organic
light-emitting diodes (OLEDs), displays, and even biomedical devices like intraocular
lenses [1-5]. Their widespread use is attributed to a combination of excellent properties,
including flexibility, biocompatibility, gas permeability, high transparencies, thermal and
UV stability, shock resistance, and good adhesion [1,4,6-9]. However, a significant lim-
itation for optical applications such as LEDs is their relatively low refractive index (RI),
typically between 1.4 and 1.5 [10]. Various strategies have been explored to enhance the
RI, including the incorporation of polycyclic aromatic groups or titanium- or zirconium-
containing compounds into the siloxane network [1,9,11-13]. While aromatic groups tend
to increase viscosity due to enhanced friction, metal-based additives often lead to agglom-
eration and light scattering—undesirable effects in optical systems [14,15]. Siloxanes with

Molecules 2025, 30, 3532

https://doi.org/10.3390/molecules30173532


https://doi.org/10.3390/molecules30173532
https://doi.org/10.3390/molecules30173532
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-6457-8851
https://orcid.org/0000-0001-6813-9269
https://doi.org/10.3390/molecules30173532
https://www.mdpi.com/article/10.3390/molecules30173532?type=check_update&version=1

Molecules 2025, 30, 3532

2 0f 23

0,
N
;Si,fo\s,
%QJJ_:;C CHs™\ /\g/o

diverse architectures can be synthesized through multiple approaches [4,16-20]. One such
method involves the use of diphenylsilanediol and trialkoxysilanes to achieve high-RI ma-
terials [21-23]. By using acid-catalyzed hydrolysis and condensation reactions of aromatic
di- and trialkoxysilanes, so-called melting gels can be produced [12,24,25]. After condensa-
tion, these materials can reversibly soften at temperatures around 110 °C. Once they have
been treated at temperatures higher than 110 °C for a longer time, they consolidate. This
means the cross-linking is complete and the melting gels can no longer be softened. The
consolidation temperature is composition-dependent [26-28].

In earlier work, we synthesized siloxane/silsesquioxane hybrids via acid-catalyzed con-
densation of methyl-, phenyl-, and polycyclic aromatic-substituted alkoxysilanes. These
materials exhibited high Rls, excellent thermal stability, and high optical transparency [12]. We
also observed that the isomerism of naphthyl groups (1- vs. 2-naphthyl) influenced excimer
formation, thermal stability, and glass transition temperature (Tg), but had minimal impact on
RI. Despite these advantages, prolonged thermal exposure led to yellowing and partial lique-
faction, rendering the materials unsuitable for high-temperature applications. These include
LED encapsulation, where temperatures may exceed 120 °C [29], protective coatings [30],
electrical insulation for cables [31] and insulation casing for rocket cases [32]. This thermal
instability appears to be specific to systems containing polycyclic aromatic substituents, as
phenyl-based analogs consolidate into hard materials. However, even phenyl-rich systems
can exhibit reduced cross-linking due to steric hindrance and a lower density of bridging
oxygens, which increases the consolidation temperature [28,33]. These observations suggest
that polycyclic aromatic groups hinder complete cross-linking, preventing full consolidation.

To address this limitation, we investigated post-cross-linking strategies using small
reactive molecules to enhance network formation (Figure 1). Specifically, we employed
methyl- and phenyl-substituted di- and trialkoxysilanes, which are common precursors in
melting gel synthesis [26] and explored an alternative condensation route using alkyltin
carboxylates such as di-n-butyltin diacetate (DBTA), known to vulcanize siloxanes under
ambient conditions via Si—-O-Sn bond formation [34,35]. These modifications allow for
tuning of siloxane properties through variation in organic substituents, alkoxide substi-
tution patterns, chain lengths, and molecular architecture, as demonstrated in previous
studies on dimethylsilphenylene dimethylsiloxane oligomers [26,36-39]. In this work, we
systematically investigate the effects of post-cross-linking on the thermal stability and
cross-linking density of siloxane materials.
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Figure 1. Cross-linking of melting gels with large polycyclic aromatic groups is sterically hindered
compared to Ph silsesquioxane melting gels. Can post-cross-linking lead to consolidated structures?
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2. Results and Discussion
2.1. Synthetic Procedures

For the post-cross-linking investigations, we selected the previously studied siloxane
system NaphMG, which incorporates 1-naphthyl substituents. This material was chosen
due to its favorable combination of properties—namely, the lowest observed glass transi-
tion temperature (Tg) among the tested systems, along with excellent processability and
outstanding thermal stability following consolidation.

The NaphMG system is based on a 1:2:1 molar ratio of dimethoxyphenyl-(1-
naphthyl)silane, dimethyldimethoxysilane, and phenyltrimethoxysilane (see Scheme 1).
The synthesis followed the protocol established in our previous work [12]. Briefly, the
monomers were combined in a sealed headspace vial with methanol and aqueous hy-
drochloric acid (9 equivalents, pH = 1) and stirred at 45 °C for 72 h. After the initial
hydrolysis and condensation, the reaction mixture was transferred to a beaker to allow
gelation, followed by further condensation in a vacuum oven at 110 °C for 24 h. Subsequent
thermal consolidation was performed at 200 °C for 72 h in a drying oven. The resulting
material was solid at room temperature but retained the ability to soften upon heating,
indicating incomplete cross-linking. The synthesis of the key monomer, dimethoxyphenyl-
(I-naphthyl)silane, is described in detail in the Supplementary Materials.
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Scheme 1. Synthesis of the siloxane NaphMG.

In contrast to phenyl-based silsesquioxane melting gels (PhMG), the NaphMG samples
exhibited incomplete consolidation, as evidenced by a higher proportion of residual silanol
and methoxy groups. This was confirmed through FTIR and NMR analysis, which revealed
persistent hydroxyl and methoxy signals even after thermal treatment (Figure 2).
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Figure 2. Comparison of incomplete cross-linking in NaphMG (a) versus fully consolidated PhMG (b),
indicated by the presence of residual hydroxyl and methoxy groups.

To improve the material properties, e.g., stiffness, Tg, resistance to liquefaction, and
thermal yellowing, a comparative study of various post-cross-linking strategies was con-
ducted using the partially condensed NaphMG system (Scheme 2). The goal was to enhance
the degree of cross-linking and thereby stabilize the material under elevated temperatures.
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Scheme 2. Post-cross-linking of NaphMG with various alkoxysilanes and di-n-butyltin diacetate (a—d)
and the direct approach (e). The numbers before each alkoxysilane represent the used equivalents
related to NaphMG and therefore translate to the composition of the final siloxane.

The first approach involved post-cross-linking with dialkoxysilanes, which react with
residual silanol groups via condensation. Two dialkoxysilanes were selected: dimethyldimeth-
oxysilane (DMDMS) and diphenyldimethoxysilane (DPDMS). These compounds are com-
monly used in melting gel synthesis and offer more flexible cross-linking due to their bifunc-
tional nature (Scheme 2a,b) [26]. A second strategy employed phenyltrimethoxysilane (PTMS),
a trialkoxysilane capable of forming a denser cross-linked network through its three reactive
sites (Scheme 2c¢). To isolate the effect of cross-linking density from other variables, a control
sample with an equivalent initial cross-linking density was synthesized directly (Scheme 2e),
allowing for a direct comparison of thermal and mechanical properties.

Finally, we investigated the use of di-n-butyltin diacetate (DBTA), a known condensa-
tion catalyst that promotes siloxane network formation via Si-O-Sn linkages under ambient
conditions (Scheme 2d). This method offers a distinct mechanism for enhancing cross-
linking and was evaluated alongside the alkoxysilane-based approaches. The following
abbreviations were used to designate the synthesized samples: MG refers to Melting Gel,
while Naph, Me, Phy, Ph, and Sn denote the use of dimethoxyphenyl-(1-naphthyl)silane,
DMDMS, DPDMS, PTMS, and DBTA, respectively. The final part of each sample name
indicates specific preparation details. For instance, NaphMG_5Ph_d refers to a sample
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prepared directly from monomers using 5 equivalents of PTMS, with “_d” indicating direct
synthesis without post-cross-linking.

The partially condensed but unconsolidated NaphMG was still soluble and was
therefore redissolved in methanol prior to post-cross-linking. Depending on the method,
either alkoxysilane monomers and HCI (Scheme 2a—c) or DBTA (Scheme 2d) were added to
injtiate further condensation. The mixtures were stirred at elevated temperatures, allowed
to gel, and subsequently subjected to thermal treatment to promote condensation (Figure 3).
Due to the toxicity of the organotin compound, all pre-consolidation heat treatments were
conducted in open headspace vials placed in a heat block within a fume hood, ensuring
safe handling of the organotin compound and comparability with other samples Final
consolidation was performed in a drying oven under ambient air (Scheme 2a—c,e), except
for the DBTA-containing sample, which was consolidated in a tube furnace under a wet
argon atmosphere. The presence of moisture was essential, as polycondensation catalyzed
by organotin compounds is ineffective under anhydrous conditions [34]. All resulting
siloxane/silsesquioxane hybrids were solid at room temperature, with the exception of
NaphMG_2Me;, which remained viscous.

| NaphMG |

Monomer, | Dissolving in
catalyst MeOH

[Oligosiloxanes in sqution]

1. Stirring at
400 rpm, 24 h,
45 °C

2. Gelation

Post-cross-linked
oligosiloxanes in
solution

Condensation
24 h, 110 °C

Post-cross-linked
oligosiloxanes
Consolidation
72 h, 200 °C

[ Cured oligosiloxanes ]

Figure 3. Synthesis and consolidation of all siloxanes.

Upon heating to 200 °C, all consolidated samples transitioned into a liquid state, apart
from NaphMG_2Ph; and NaphMG_4Ph, which exhibited softening while retaining elastic
properties. To gain deeper insight into these observations, we conducted a series of analyses
aimed at characterizing the thermal and mechanical behavior of the materials. Differential
Scanning Calorimetry (DSC) and Dynamic Mechanical Analysis (DMA) were employed
to determine the glass transition temperatures Tg, elasticity, and softening behavior of
the samples. In parallel, controlled heat treatment experiments at various temperatures
were performed in a laboratory oven to assess thermal response under static conditions.



Molecules 2025, 30, 3532

6 of 23

To correlate the observed macroscopic behavior with structural differences, we carried
out a comprehensive set of spectroscopic and structural analyses, including NMR, FTIR,
and Powder X-ray Diffraction (PXRD). These techniques provided insights into the degree
of cross-linking, residual functional groups, and potential ordering within the siloxane
networks. Finally, the optical transparency and thermal stability of the consolidated
siloxane materials were evaluated using UV—vis spectroscopy and Thermogravimetric
Analysis (TGA), respectively. These measurements allowed us to assess the suitability of
the materials for high-temperature optical applications.

2.2. Characterization of the Post-Cross-Linked Systems
2.2.1. Differential Scanning Calorimetry

DSC was employed to determine the Tg of the consolidated siloxane samples. Mea-
surements were conducted over a temperature range of 40 °C to 250 °C, except for
NaphMG_2Me;, which was limited to 100 °C due to its expected low Tg (Table 1, Figure S1).
Typically, siloxane systems containing only methyl and phenyl substituents consolidate
within 24 h at temperatures up to 200 °C. However, due to the steric bulk of the naphthyl
groups, which can hinder cross-linking, and to maintain consistency with previous studies,
the consolidation time was extended to 72 h at 200 °C [12]. In fully consolidated sys-
tems, the Ty should be undetectable, reflecting a highly cross-linked, rigid network [26,28].
A comparison between the post-cross-linked samples and the initial NaphMG reveals
that all post-treatment methods significantly influenced Ty, either increasing or decreas-
ing it depending on the cross-linking agent used. For example, replacing phenyl groups
with methyl groups in the pristine samples led to a notable decrease in Tg from 68 °C
(NaphMG_2Ph;) to —34 °C (NaphMG_2Mey), consistent with expectations based on the
lower rigidity of methyl-substituted networks [40,41]. The use of the organotin catalyst
DBTA also improved cross-linking, as evidenced by an increase in Tg from 5 °C (NaphMG)
to 19 °C (NaphMG_Sn). Further comparison between NaphMG_4Ph and NaphMG_5Ph_d
revealed Ty values of 33 °C and 67 °C, respectively, indicating substantial structural dif-
ferences despite similar phenyl content. Notably, NaphMG_2Ph; and NaphMG_5Ph_d
exhibited the highest Ty values among all samples (68 °C and 67 °C), suggesting that the
influence of bulky phenyl groups plays a dominant role in determining T, even when cross-
linking densities differ. Compared to other cured polysiloxanes containing methyl, phenyl,
and carbazole groups, whose Tg values typically range from —83 °C to 56 °C [6,26,28],
NaphMG_2Ph; and NaphMG_5Ph_d demonstrate relatively high thermal rigidity. Since
melting gels are expected to remain solid after consolidation, the presence of a detectable
Tg indicates incomplete cross-linking [26,28,42].

Table 1. Tgs of the siloxane samples. Each sample was measured three times, and the mean value of
the three measurements is given.

Siloxane Tg, average O
NaphMG_2Me, —34.3
NaphMG_2Ph, 67.8

NaphMG_4Ph 33.1
NaphMG_5Ph_d 66.7
NaphMG 53
NaphMG_Sn 19.3

In general, sterically demanding substituents on silicon atoms can hinder network
formation, potentially requiring higher consolidation temperatures [26]. It is plausible that
the exceptionally bulky naphthyl groups in the NaphMG system significantly obstruct
complete consolidation, limiting the achievable cross-linking density.
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Since all consolidated samples exhibited a detectable Ty in DSC measurements, it
remained unclear whether these materials merely softened at elevated temperatures or
underwent complete liquefaction. To address this, we conducted a preliminary thermal
behavior study using stepwise heat treatment. Each consolidated sample was ground into
a fine powder and subjected to incremental heating from room temperature to 200 °C in
25 °C steps, with each step maintained for 20 min (Figure S2). This approach allowed
for visual assessment of softening and flow behavior under controlled conditions. The
results revealed distinct thermal responses among the samples. NaphMG_Sn began to
liquefy at approximately 100 °C, followed by NaphMG_5Ph_d, which showed signs of
liquefaction at around 150 °C. In contrast, NaphMG_2Ph, and NaphMG_4Ph remained
solid throughout the entire temperature range, exhibiting only softening without flow,
even at 200 °C. Interestingly, NaphMG_4Ph and NaphMG_5Ph_d, despite having identical
compositions, displayed markedly different thermal behaviors. While NaphMG_4Ph had
a significantly lower Tg, it remained solid at elevated temperatures, unlike NaphMG_5Ph_d,
which liquefied. This discrepancy highlights that Ty reflects the onset of increased polymer
chain mobility, but not necessarily the transition to a liquid state. These findings underscore
the critical role of post-cross-linking in determining the thermal response of the materials.
Effective post-cross-linking can significantly enhance the structural integrity of the siloxane
network, preventing liquefaction even at elevated temperatures. Accordingly, we conclude
that NaphMG_2Ph; and NaphMG_4Ph represent successfully cross-linked siloxane systems
capable of maintaining their solid state up to at least 200 °C, making them promising
candidates for high-temperature applications.

2.2.2. Dynamic Mechanical Analysis (DMA)

To investigate the viscoell confirmastic behavior of the consolidated siloxane samples,
oscillatory rheometric measurements were performed using a plate—plate geometry. Each
sample was placed between two plates, with the upper plate oscillating at a frequency of
1 Hz and an amplitude of 5%. The measurements were conducted over a temperature
range starting from either 150 °C or 200 °C, depending on the sample’s viscosity, and
cooled down to 35 °C (Figures 4, S3 and 54). Due to the wide variation in viscosity among
the samples, the starting temperatures were adjusted to prevent loss of contact between
the plates at elevated temperatures. Additionally, initiating measurements at elevated
temperatures was necessary to avoid fracturing the rigid samples at room temperature.
This was particularly relevant for NaphMG_5Ph_d, which was too brittle to measure below
100 °C and was therefore only analyzed from 200 °C to 100 °C. The loss factor (tan ) was
calculated from the storage modulus (SM) and loss modulus (LM), and Tg was determined
from the peak maximum of the tan & curve (Figure 4c,d) [43,44]. For the base material
NaphMG, Ty increased from 43 °C to 74 °C upon consolidation, and further to 80 °C with
the addition of DBTA (NaphMG_Sn), indicating progressive network densification. How-
ever, the low viscosity of unconsolidated NaphMG at elevated temperatures led to repeated
contact loss, resulting in artifacts in the data. Despite the increase in viscosity and SM upon
consolidation (Figures 4a,b and S3; Table S1), the Ty value remained low. As expected,
NaphMG_2Me; exhibited the lowest viscosity and SM due to the flexibility imparted by
methyl groups [45]. This sample could only be measured from 150 °C under cooling
conditions, and no Ty was detected within the accessible range. Given its softness at
room temperature, Tg lies below the measurement window as already indicated by DSC.
In contrast, NaphMG_2Ph; and NaphMG_4Ph exhibited Ty values of 124 °C and 67 °C,
respectively, as determined by DMA, which are significantly higher than the correspond-
ing DSC values (68 °C and 33 °C). The T values measured in DSC are lower than those
measured in DMA, which has already been observed in the literature. The reason for this
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phenomenon is that the change in modulus against temperature is taken into account,
which is a bulk phenomenon and is caused by the effect of the temperature on the flexibility
of the monomer chains [46]. The overall Tg trend observed by DMA was: NaphMG_2Ph, >
NaphMG_5n > NaphMG_cons. > NaphMG_4Ph > NaphMG_cond. This trend confirms
that both consolidation and DBTA catalysis increase Tg, while post-cross-linking with
phenyl or methyl groups results in the highest and lowest Ty values, respectively. The
unexpectedly low Tg of NaphMG_4Ph compared to NaphMG_5Ph_d, which both have
the same composition, may be attributed to differences in network structure arising from
post-cross-linking versus direct synthesis. It is important to note that these measurements
were not performed using standard sample geometries (e.g., rods or thin films), but rather
with tablet-shaped specimens compressed between oscillating plates, which may influence
the absolute values obtained.

4.0%10° 30,000
(a) —— NaphMG_cons. (SM) (b) NaphMG_2Me, (SM)
3.5%105 - NaphMG_2Me, (SM) 25.000 NaphMG_2Ph, (SM)
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Figure 4. DMA measurements of all siloxanes. (a) storage modulus, (b) storage modulus (zoomed
in), (c) tan & of NaphMG_cond. (black) and NaphMG_cons. (red), (d) tan 5 of NaphMG_2Ph, (black),
NaphMG_4Ph (red), NaphMG_5Ph_d (blue) and NaphMG_5Sn (green).

Comparing the viscosities at 200 °C (Figure S3 and Table S1) NaphMG_4Ph shows the
highest values by far, followed by NaphMG_2Ph;, NaphMG_Sn and NaphMG_5Ph_d. The
same trend was observed for the storage modulus (Figure 4a,b). NaphMG_4Ph reaches the
highest rubbery plateau of all samples already at around 130 °C, followed by NaphMG_5Sn
reaching the third highest plateau at 160 °C and NaphMG_2Ph, reaching the second highest
plateau at around 190 °C, while NaphMG_5Ph_d does not reach a rubbery plateau at all,
which shows that the former three keep their elasticity at high temperatures and form
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a cross-linked structure [43,47]. This was also confirmed during the thermal treatment
experiment. Interestingly, NaphMG_Sn did turn liquid during this experiment either
because it has the lowest elastic modulus of the three samples reaching a rubbery plateau
or because the thermal treatment experiment was done with grinded samples instead of
tablet-shaped and compressed samples as in the DMA.

In summary, the dynamic mechanical analysis showed an increase in viscosity and
storage modulus by adding phenyl groups or increasing the cross-link density, which was
to be expected since it is known that the modulus of elastomer increases with increasing
cross-link density [48,49]. By comparing NaphMG_4Ph and NaphMG_5Ph_d it was also
shown that post-cross-linking seems much more favorable to obtain siloxanes that are
elastic and not liquid at high temperatures. Consequently, it was possible to prepare three
samples, which show a rubbery plateau at 200 °C and therefore should keep their elasticity.

2.2.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

Since the consolidated samples behaved very differently in the previous measurements,
we applied NMR spectroscopy to investigate potential correlations between the degree
of condensation (DOC) and the observed Tgs of the samples, as well as their liquefaction
behavior. Therefore, we used 2°Si- and 3C CP-MAS NMR spectroscopy and 2’Si and *C
SP-MAS spectroscopy for samples NaphMG_2Ph,, NaphMG_4Ph and NaphMG_5Ph_d,
as well as 2Si solution NMR measurements for samples NaphMG_cond., NaphMG_cons.
and NaphMG_2Me,. NaphMG_5Sn could neither be measured in liquid nor solid form,
as it was not soluble in any solvent and due to its still slightly deformable consistency
uniform rotation in the solid-state NMR was not possible. Furthermore, the DOC of all
samples was determined (for further details, see Supplementary Materials). A comparison
of the results from 2°Si CP-MAS and ?°Si SP-MAS NMR spectroscopy (Tables 2 and S2;
Figures S5-525) reveals only minor differences in the signals for each monomer and for
the DOC overall. Consequently, only the 2°Si CP-MAS spectra were used for further anal-
ysis, as they offer superior resolution and allow for more precise fitting. Interestingly,
the obtained DOC values (Table 2) indicate that any form of post-cross-linking leads to
a reduction in DOC. This suggests that the introduction of additional aromatic groups and
the increase in cross-link density may have a more significant impact on viscosity and soft-
ening behavior after consolidation. This is particularly relevant given that phenyl groups
are known to increase monomeric friction, thereby raising viscosity [14]. Furthermore,
this was also observed in the polyphenylsilsesquioxane melting gel (PhMG) from previ-
ous studies, which did not soften after consolidation, despite having a DOC of 83% [25].
A comparison between NaphMG_2Me; and NaphMG_2Ph; shows that the former exhibits
a higher DOC, supporting our hypothesis that smaller substituents at the silicon atom
promote more effective cross-linking. In the case of the monomer DMDMS, the increased
DOC is likely attributed to a combination of steric and electronic effects [50-52]. Comparing
the DOCs of NaphMG_4Ph and NaphMG_5Ph_d indicates that post-cross-linking leads
to a higher DOC. The signal of 1-NaphPhSi(OMe), (D?, purple) for these two samples is
particularly interesting (Figure 5) since it is almost 20% higher for NaphMG_4Ph. This
indicates that post-cross-linking actually causes the remaining Si-OH and Si-OMe groups
on the sterically hindered 1-NaphPhSi(OMe); to react further as we intended leading to
an increasing number of bridging oxygens and therefore to a higher Tg, which in turn has
a significant impact on viscosity. This is particularly important in the case of the sterically
very demanding 1-NaphPhSi(OMe),, as phenyl groups are known to reduce the number of
bridging oxygen atoms, which would otherwise weaken the siloxane network [28,33]. This
observation was also made for NaphMG_2Ph;,. Considering all observations, this shows
that DOC is a factor, but not the only variable that determines the mechanical or thermal
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performance, such as high viscosity or liquefication of siloxanes. Further key factors in-
clude, for example, the density of the network, the steric hindrance or monomeric friction
of the groups used. This is particularly noticeable for NaphMG_2Me,, which is soft at
room temperature despite having the highest DOC, clearly showing the importance of the
other characteristics. The PhMG also confirms this assumption, as it consolidates despite
a significantly lower DOC of only 83%. Since only PTMS was used here, it can be assumed
that the significantly higher cross-link density and high phenyl content are responsible for
the desired properties. Therefore, it can be concluded that aromatic groups, cross-linking
density and in our case the incorporation of sterically demanding groups into the siloxane
network are also crucial. For the latter, we proved that post-cross-linking is much more
effective, which is the key to preventing liquification upon elevated temperatures.

Table 2. Degree of condensation (DOC) for all siloxanes calculated from different NMR methods.

295j SP-MAS 295j CP-MAS 298j Liquid NMR
DOC /% DOC /% DOC /%
NaphMG_cond. - - 88.8
NaphMG_cons. - - 93.7
NaphMG_2Me, - - 93.4
NaphMG_2Ph, 94.8 91.0 -
NaphMG_4Ph 92.0 92.1 -
NaphMG_5Ph_d 87.6 88.6 -
NaphMG_5n - - -
(@) 45 3 NaphMG_4Ph| (b) 4 5]
©
. 1.0
3 3
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Figure 5. Integrated 2°Si CP MAS NMR of (a) NaphMG_4Ph and (b) NaphMG_5Ph_d.

2.2.4. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was performed on all samples as an additional characterization
method to further study their condensation behavior, as well as the remaining hydroxy
and methoxy groups (Figures 6 and 526 and Table S3). Besides the aromatic groups and the
methyl groups, the Si-O-Si stretching vibration is represented by two absorption bands,
one from 1131 cm~! to 996 cm~! and the other one at 798 cm~!, indicating a success-
ful network formation. This is further supported by the missing band of the methoxy
groups at 1188 cm~! [21,53,54]. During the condensation process, hydrolyzed species play
an important role. Therefore the absorption bands at 3712 cm™! to 3575 cm™! (v(OHjgglated))s
3500 cm ™! t0 3120 em ™! (V(OHpponded)) and 920 cm ™! to 890 cm ™! (v(Si-OH)) are of great
importance [53,55]. After the consolidation with additives, there are no hydrogen-bonded
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hydroxyl groups (3500-3120 cm~!) visible, indicating that the condensation is finished [12,25].
Comparing all samples, only NaphMG_2Me; and NaphMG_Sn show no isolated OH
groups anymore, leading to the assumption that these have the highest DOC. For
NaphMG_2Me; this can be attributed to electronic and steric effects also mentioned in the
last chapter [50,56]. NaphMG_Sn was further condensed with an organotin catalyst, which
is known for room temperature vulcanizing (RTV) of siloxanes and therefore could explain
the better condensation. In summary, the FTIR spectra show a successful condensation of
all samples supporting the 13C CP-MAS NMR results.
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Figure 6. IR spectra of the consolidated samples NaphMG_2Me; (black), NaphMG_2Ph; (red) and
NaphMG_5n (blue). (Left): full spectrum, (right): enlarged area.

The aforementioned Si-O-Si absorption band (1131-996 cm™ 1) can be used to gain
more insight into the structures that could have formed inside the network (Figure 7).
Since our samples are random networks formed of three to four different monomers, no
clear statement can be made and only trends can be identified. For better comparison,
all spectra were normalized using the Si-CH; absorption band (1261 cm™!). The broad
band ranging from 1115 cm~1 t0 1037 cm~! shows linear, branched, and cyclic structures
and is not of much interest since they are random and cannot be further analyzed. The
absorption bands at 1131 cm~! and 1012 cm ™! on the other side can be attributed to
ladder-like structures [57] where the band at higher wavenumbers becomes more intense
when the regularity of the structure increases [58,59]. For our samples, this would mean
that the amount of ladder-like structures and therefore the structural regularity is highest
for NaphMG_2Ph;, NaphMG_5Ph_d and NaphMG_4Ph, which also contain the highest
amount of phenyl groups. This shows that higher aryl content leads to more regular
structures, which can arrange better in a solid sample, resulting in no liquification in
the case of NaphMG_2Ph; and NaphMG_4Ph at higher temperatures. However, since
NaphMG_5Ph_d did turn liquid at higher temperatures, the high number of oxygen bridges
from the better incorporated 1-NaphPhSi(OMe), shown in the NMR seems to be more

important than the structural regularity.
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Figure 7. FTIR measurements of all samples. (Left): zoomed into the OH band, (right): zoomed into
the Si-O-Si band.

2.2.5. Powder X-Ray Diffraction (PXRD)

We applied PXRD measurements to obtain additional insight into the intra- and in-
termolecular spacing of our partly ladder-like structured siloxanes [17]. Two main peaks
are identified in such polymers, one around 7° 20 (d;), corresponding to the chain-to-
chain distance, and a second one around 19° 20 (d,) that is attributed to the intra-chain
distance or the average thickness of the ladder. The ratio of their heights (R = I(d;/dy))
indicates the structural regularity of the ladder-like siloxane, which increases for higher
d; values [17,58,59]. All samples were measured in one piece without being pulverized
(Figures 8, 527 and 528). The first reflex increases from NaphMG_cond. to NaphMG_cons.
to NaphMG_5n. This shows an ongoing consolidation process, which leads to more Si-O-5i
bonds by condensing free hydroxy and methoxy groups, thereby decreasing irregularities.
For the former two, this was already seen via the DOC in the NMR spectra. The increasing
DOC during the consolidation process leads to a denser and more rigid structure, resulting
in an increase in d; from 0.73 to 0.95 nm for these three samples. Masai et al. and Klein
et al. for example also use a condensation method in which an acid is added first, followed
by a base to complete hydrolysis and further cross-linking [26,60]. An increase in d; from
0.80 to 1.04 nm, as well as in its intensity from NaphMG_2Me, to NaphMG_2Ph; indicates
an increase in structural regularity and rigidity due to higher phenyl content, possibly
due to 7-7 stacking. In addition to the IR spectra, where the increasing phenyl group
content showed more ladder-like structures and therefore a higher structural regularity
this time a clear trend can be seen. NaphMG_2Ph; shows the highest regularity, followed
by NaphMG_4Ph, while NaphMG_5Ph_d displays almost no regularity despite having the
same number of aryl groups. It seems that structural regularity decreases if high amounts
of PTMS are reacted at once as well as with increased cross-link density. The corresponding
d; positions of these three samples show the same trend indicating a denser, more rigid
structure, which also gets supported by the NMR spectra showing an increasing DOC from
NaphMG_5Ph_d to NaphMG_4Ph. The values of the d; reflexes of all samples representing
the intra-chain distance or thickness of the ladder are almost identical, which was to be
expected, considering the ladders are always comprised of 5i-O-Si bonds. In summary, the
PXRD measurements show that the regularity of the siloxanes seems to increase with the
amount of phenyl groups but decreases with cross-link density, at least when the same
number of phenyl groups is present. Furthermore, adding PTMS to an existing siloxane
seems to increase the regularity compared to adding all monomers at the start.
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Figure 8. PXRD measurements of all samples directly as tablets. (a) NaphMG_2Me; (grey),
NaphMG_2Ph; (red), NaphMG_4Ph (blue) and NaphMG_5Ph_d (green), (b) NaphMG_cond. (grey),
NaphMG_cons. (red), and NaphMG_Sn (blue).

2.2.6. Ultraviolet-Visible (UV-Vis) Spectroscopy

We studied the thermal stability and optical transparency of our siloxanes by measur-
ing their transparency and yellowness index (YI) via UV-vis spectroscopy. The YI hereby
describes the change from clear/white to a yellow color [61] and plays an important role
regarding thermal stability, since high temperatures as well as UV light can lead to the
creation of free radicals causing yellowing of the material [62]. All samples were doctor
bladed onto glass slides after their condensation at a thickness of approximately 120 um,
heated in a vacuum drying oven for 24 h at 200 °C to remove any blistering, consolidated
for 72 h at 200 °C and were kept for an additional 3 as well as 7 days at 200 °C in an oven
(Figures 9, 529 and S30). Due to the toxicity of the organotin catalyst, NaphMG_Sn was only
measured after condensation, consolidation and after 7 d at 200 °C in a tube furnace (see
Section 3). At 450 nm, all samples show transmittances of 98% or higher after condensation.
After vacuum drying and consolidation, the transmittance for NaphMG_5Ph_d decreased
the most, which can be attributed to the cracking of the sample due to its high PTMS
content. In comparison, no cracks are visible for NaphMG_4Ph even though it has the same
ratio of monomers. All other transmittances stayed the same or increased, which can be
attributed to the shrinking of the films during consolidation. Comparing all completely
heat-treated samples, apart from NaphMG_5Ph_d, those having higher phenyl ratios seem
to lose less transmittance. This is consistent with the literature, according to which phenyl
groups increase thermal stability in siloxanes [63—65]. If comparing the sample that was not
further post-cross-linked (NaphMG) with the sample that was post-cross-linked using tin
(NaphMG_5Sn), it can be seen that the decrease in transmission of both samples after an addi-
tional 7 days at 200 °C is almost identical. The tin catalyst therefore does not appear to have
a negative influence on thermal stability in terms of transmission. The YI measurements
(Figure 9b) show a remarkably similar trend to the extent that samples with higher phenyl
content show less yellowing, which was to be expected. Since all samples are transparent,
loss in transmittance should result from yellowing. NaphMG_2Ph;, which already had the
highest transparency, also shows the least yellowing. When comparing NaphMG_2Ph; and
NaphMG_4Ph with NaphMG_2Me;, NaphMG and NaphMG_Sn higher amounts of phenyl
groups appear to reduce yellowing, which is consistent with higher thermal stabilities. A
comparison of the samples NaphMG and NaphMG_5n also shows an almost identical
yellowness index, which again reveals that the tin catalyst does not have a negative influ-
ence on the thermal stability. In summary, the phenyl groups increase the thermal stability
of siloxanes, resulting in higher transmittances and less yellowing after heat treatment.
Additionally, post-cross-linking (NaphMG_4Ph) compared to reacting all monomers at
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once (NaphMG_5Ph_d) is beneficial not only to obtain siloxanes, which keep their elasticity
at elevated temperatures but also in terms of transmittance and avoidance of cracks.
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Figure 9. UV-vis measurements of the obtained samples at different heat treatment steps. (a) Transmit-
tance, (b) Yellowness Index (YI).

2.2.7. Thermogravimetric Analysis

To further evaluate the thermal stability and decomposition behavior of our siloxanes
TGA was performed. All samples were heated up to 800 °C under oxygen with a heating rate
of 10 Kmin~! (Figure 10, Table 3). NaphMG shows a Tos value of 374 °C. Further cross-linking
using an organotin catalyst (NaphMG_Sn) leads to a slight decrease to 361 °C, while adding
DMDMS (NaphMG_2Me;) does not change it. Using DPDMS (NaphMG_2Ph;) or PTMS
(NaphMG_4Ph and NaphMG_5Ph_d), on the other hand, increases the Tos value to 419 °C,
390 °C and 453 °C, respectively. This shows that aromatic groups convey higher thermal
stability [63] and that while Si-O-Si chains consisting of only D? units are susceptible to thermal
rearrangement degradation, while complex structures have better thermal stability [64].
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Figure 10. TGA measurements of all samples including Tys values and residual masses, measured
under oxygen.
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Table 3. TGA measurements of all siloxanes, including residual masses, decomposition temperatures
and mass losses.

Tos (°C) Residual Mass = Decomposition1 Mass Loss 1 Decomposition2 Mass Loss 2
(%) €0 (%) Q) (%)
NaphMG_2Ph, 419 42 440 15 540 42
NaphMG_2Me, 376 35 450 41 560 23
NaphMG_4Ph 390 31 460 36 540 32
NaphMG_5Ph_d 453 45 410 9 560 45
NaphMG 374 14 440 74 570 11
NaphMG_Sn 361 35 310-500 13/23 560 28

All samples show two decomposition steps. The first is around 410 to 460 °C and the
second between 540 and 570 °C. Only NaphMG_Sn shows a broad first decomposition
step between 310 and 500 °C. These two decomposition steps were already observed for
the samples in our previous work and further analyzed via TG-FTIR measurements [12].
These studies led to the conclusion that during the first decomposition step, aromatic
groups are released due to Si-C bond cleavage. During the second decomposition step,
small condensed species, possibly cyclic structures, were detected. Comparing the first
decomposition step for NaphMG_4Ph and NaphMG_5Ph_d, the former shows much more
5i-C bond cleavage, due to different structures that may have formed, which also explains
the lower Tgs value.

Residual masses have the same general trend as the Tys values. NaphMG_5Ph_d
shows the highest value, followed by NaphMG_2Ph;, while NaphMG has by far the lowest
residual mass with only 14%, which is due to the low amount of cross-linking [66,67].
Further cross-linking with the organotin catalyst (NaphMG_Sn) leads to a significant
increase in the residual mass to 35%. Comparing NaphMG_2Me, and NaphMG_2Phj,
the latter has a higher residual mass, although the sample has more carbon incorporated.
One explanation could be the slightly lower degree of condensation, while another reason
for this could be found in the structure. Looking at the two decomposition steps of these
two samples, NaphMG_2Me; lost most of its mass due to Si-C bond cleavage compared to
NaphMG_2Phj. It is known from literature that the insertion of phenyl groups increases the
thermal stability of siloxanes. In addition, the thermo-oxidative stability of methyl group
containing siloxanes is poor due to the oxidation of Si-CHj at relatively low temperatures,
which leads to the breaking of this bond [68-72]. Similar to the Tgs values, NaphMG_4Ph
also shows a lower residual mass than NaphMG_5Ph_d, which can also be explained by
a significantly higher Si-C bond cleavage. In summary, the number of aromatic groups as
well as the cross-linking density play a key role for the thermal stability of siloxanes. We
also observed that the preparation route has a significant influence on their structures and
thus on their decomposition behavior.

3. Experimental Section
3.1. Materials

Dialkoxysilane synthesis was carried out under inert atmosphere. Magnesium chips
(99.9+%, Acros Organics, Geel, Belgium), 1-bromonaphthaline (97%, abcr GmbH, Karlsruhe,
Germany) and phenyltrimethoxysilane (97%, abcr GmbH) were used without further pu-
rification. THF (99.8% HPLC grade, Fischer Chemical, Zurich, Switzerland) was purified in
a MBraun SPS 5 solvent purification system (M. Braun Inertgas-Systeme GmbH, Garching,
Germany). For polymer synthesis dimethoxydiphenylsilane (97%, Alfa Aesar, Ward Hill,
MA, USA), dimethyldimethoxysilane (97%, abcr GmbH), phenyltrimethoxysilane (97%,
abcr GmbH), di-n-butyltin diacetate (for synthesis, Merck-Schuchardt, Hohenbrunn, Ger-
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many) and MeOH (98%, BCD Chemie GmbH, Hamburg, Germany) were used without
further purification. Hydrochloric acid (pH 1) was diluted from conc. HCI (for analysis,
ACS BerndKraft, Duisburg, Germany) using demineralized water.

3.2. Instrumentation and Characterization Methods

Solid-state CP-MAS NMR spectra were recorded on an Avance IIl HD—Ascend 400WB
spectrometer (Bruker Corporation, Billerica, MA, USA) using 4 mm inner diameter ZrO,
rotors with 13 kHz rotation frequency. The resonance frequencies were 100.67 MHz for
13C and 79.53 MHz for 2°Si NMR spectra. Solid-state SP>-MAS NMR spectra were recorded
with the same instrumental setup.

NMR spectra in solution were recorded on an Avance III 300 MHz spectrom-
eter (Bruker Corporation, Billerica, MA, USA) with 59.63 MHz for 29Gi NMR spec-
tra. The NMR samples were dissolved in chloroform-d (CDCl;3) and 10~2 mol/L
chromium(Il)acetylacetonate as a relaxation agent was added. All spectra, except for
the integrated solid-state 2Si CP-MAS and integrated solid-state 2°Si SP MAS spectra,
were plotted in MestReNova (v14.2.0-26256, Mestrelab Research, Santiago de Compostela,
Spain) using the apodization function to adjust the signal-to-noise ratio. The 2°Si solution
NMR spectra were also adjusted using a multipoint baseline correction. The solid-state 2°Si
CP-MAS and 2Si SP MAS spectra were analyzed with OriginPro (Version 2021b. OriginLab
Corporation, Northampton, MA, USA) and integrated using a Voigt function.

Fourier transform infrared (FTIR) spectra were recorded in attenuated total reflectance
mode (ATR) on a Vertex 70 spectrometer (Bruker Optics, Ettlingen, Germany) from 4500 to
400 cm~! for the consolidated siloxanes but only shown from 4000 to 400 cm ™! due to the

L and

absence of other signals at higher wavenumbers, each with a resolution of 4 cm™
16 scans.

Powder X-ray diffraction (PXRD) patterns of the tablet-shaped samples were recorded
at room temperature on a D8-A25-Advance diffractometer (Bruker AXS, Karlsruhe, Ger-
many) in Bragg Brentano 6-0 geometry (goniometer radius 280 mm) with Cu K radiation
(A = 154.0596 pm). A 12 um Ni foil working as a K filter and a variable divergence
slit were mounted at the primary beam side. A Lynxeye detector with 192 channels and
a variable slit diaphragm in front of it was used at the secondary beam side. Experiments
were carried out in a 26 range of 3—40° with a step size of 0.013° and a total scan time
of 1 h. The recorded data was evaluated using TOPAS 5.0 (Bruker AXS, 2014, Karlsruhe,
Germany) software, with the observed reflections being treated via single line fits and
a background of 5 but no sample displacement.

For UV-vis transmittance measurements, all siloxanes were doctor-bladed onto glass
slides (Microscope Slides, VWR, Radnor, PA, USA) at a thickness of approximately 120 pum,
heated to 110 °C for 5 min in an oven to ensure a uniform film and measured after cooling.
The measurement range was from 250 to 800 nm but is only presented from 300 to 800 nm
due to the absorption of the class slides at low wavelengths. Consolidation of the siloxanes
was performed in a vacuum drying oven at 200 °C for 24 h to prevent blistering and then
for an additional 72 h at 200 °C in a drying oven. Further thermal treatment was carried
out in a drying oven at 200 °C for an additional 7 days and additional measurements
after 3 and 7 days. Consolidation of NaphMG_Sn was performed in a tube furnace under
wet argon at 200 °C for 72 h, while thermal treatment was performed under synthetic air
(N2/0Oy: 16/4) for an additional 7 d at 200 °C. All transmittance measurements were per-
formed on a Lambda 750 instrument (Perkin Elmer Inc., Shelton, WA, USA) equipped with
a 100 mm integration sphere with 2 nm increments and 0.2 s integration time. Yellowness
index measurements were performed on the same samples at the same time intervals as
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the transmittance measurements from 380 to 780 nm, with 10 nm increments and 0.24 s
integration time using the same instrumental setup.

Thermogravimetric measurements (TG) were carried out applying a TGA/DSC
STARe System 1 (Mettler-Toledo, Schwerzenbach, Switzerland) applying a heating rate of
10 K min~! between 25 and 800 °C using an oxygen gas flow of 40 mL min~!.

Differential scanning calorimetry was performed with a DSC 204 F1 Phoenix calorime-
ter (NETZSCH-Gerdtebau GmbH, Selb, Germany) using aluminum crucibles with pierced
lids under nitrogen/oxygen-flow (40/60 mL min '), applying a heating rate of 10 K min~!.
The temperature range was 100 to 250 °C, depending on the sample, and each sample was
measured three times and the average calculated. The Ty was determined at the center
point of the glass event.

Thermal treatment experiments were conducted with all solid samples by grinding
them into powder and placing them on Teflon molds. They were heated in 25 °C steps
from 50 to 200 °C for 20 min at each step in an oven.

Dynamic mechanical analysis (DMA) was performed using a MCR-301 rheometer
with a CTD-450 convection heating system (Anton Paar GmbH, Graz, Austria) in oscillatory
mode with a plate—plate geometry using a 25 mm PP25 measuring plate, an amplitude
of 5%, a frequency of 1 Hz and a normal force value of 0. The samples were cooled from
150 °C or 200 °C to 35 °C with a cooling rate of 0.03 °C s !, depending on the viscosity, to
prevent them from losing contact with the upper plate.

3.3. Synthesis
3.3.1. Synthesis of NaphMG and NaphMG_5Ph_d

The synthesis of NaphMG and NaphMG_5Ph_d was conducted applying a similar
approach. The quantities of monomers, catalyst, and solvent are documented in Table 4.
All monomers were weighed into a 50 mL headspace vial, dissolved in methanol and HCI
(pH = 1) was added. After closing the headspace vial, the solution was stirred at 400 rpm
at 45 °C for 72 h. The headspace vial was opened to gel overnight at room temperature and
then heated to 110 °C for 24 h in a heat block.

Table 4. Equivalents of all monomers, solvent, and catalyst for the syntheses of NaphMG and
NaphMG_5Ph_d. @) 150%v/w of MeOH was used related to the mass of all monomers combined
(1.5 mL of MeOH would be used if the mass of all monomers combined was 1 g). ® One equivalent
of aqueous HCl for every methoxy group was used (1 eq of PTMS would require 3 eq of HCl, also the
molar mass of water was used for the calculations due to its dilution).

Sample 1-NaphPhSi (OMe), DMDMS PTMS MeOH HCl (pH 1)
NaphMG leq 2eq leq @ 9eq®
NaphMG_5Ph_d 1leq 2eq S5eq @ 21eq®

3.3.2. Synthesis of NaphMG_2Mey, NaphMG_2Ph;, NaphMG_4Ph and NaphMG_Sn

Syntheses of NaphMG_2Me;, NaphMG_2Ph; and NaphMG_4Ph were carried out in
a similar manner as already described above but with different amounts of solvent and
HCI. The amount of added monomer, catalyst and solvent is documented in Table 5. In
a 50 mL headspace vial, NaphMG (1 eq) was dissolved in methanol, the respective monomer
and HCI were added, and the vial closed. After stirring at 400 rpm for 24 h at 45 °C, the
headspace vial was opened to gel overnight at room temperature. After that the siloxanes
were further condensed for 24 h at 110 °C in a heat block.
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Table 5. Equivalents of all monomers, solvent, and catalyst used for the siloxane syntheses.
@) 200%v/w of MeOH was used related to the mass of NaphMG (2 mL of MeOH would be used for
1 g of NaphMG). ®) Half an equivalent of HCI for every methoxy group of the monomer was used
(1 eq of PTMS would require 1.5 eq of HCI, also the molar mass of water was used for the calculations
due to its dilution). () Related to the mass of NaphMG.

Sample Monomer MeOH HCl (pH1) DBTDA

NaphMG_2Me, DMDMS (2eq) @ 2 ®) -
NaphMG_2Ph, DPDMS (2eq) @ 2 ®) -
NaphMG_4Ph  PTMS (4 eq) (a 6 ®) --
NaphMG_Sn - (a - 2 wt% (©

= =

Synthesis of NaphMG_Sn was done in a slightly different way. In a 50 mL headspace
vial, NaphMG (1 eq) was dissolved in methanol, di-n-butyltin diacetate (DBTA) was added
and the vial closed. After stirring at 400 rpm for 24 h at 45 °C, the headspace vial was
opened so that the reaction mixture could gel overnight at room temperature. After that,
the sample was further condensed for 24 h at 110 °C in a heat block.

3.3.3. Consolidation of the Siloxanes

All siloxanes except for NaphMG_Sn were consolidated for 72 h at 200 °C in a drying
oven to obtain the cured siloxanes. Due to its toxicity, NaphMG_Sn was consolidated for
72 h at 200 °C in a tube furnace under wet argon.

4. Conclusions

In this study, various siloxanes were synthesized by post-cross-linking pre-condensed
siloxane networks with dimethyldimethoxysilane, diphenyldimethoxysilane, phenyltrim-
ethoxysilane, or di-n-butyltin diacetate. This approach yielded polymers with high de-
grees of condensation and enhanced thermal rigidity, effectively preventing liquefaction at
elevated temperatures. The resulting materials incorporated naphthyl groups alongside
varying proportions of phenyl and methyl substituents, leading to differences in cross-
linking density. Among the synthesized samples, only NaphMG_2Ph; and NaphMG_4Ph
exhibited the desired thermal and mechanical properties. Comprehensive characteriza-
tion using NMR, IR, and PXRD revealed that phenyl content, cross-linking density and
structural regularity significantly influence the materials’ performance. Importantly, the
post-cross-linking strategy proved superior to one-pot synthesis, which was especially seen
when comparing the post-cross-linked sample (NaphMG_4Ph) with the direct approach
(NaphMG_5Ph_d). Although both samples have the same composition, only the post-
cross-linked sample showed increased elasticity and viscosity at elevated temperatures
in the DMA measurements. An explanation for this is the higher structural regularity of
NaphMG_4Ph, which was observed in PXRD measurements, as well as a higher DOC.
In addition, the NMR measurements show an almost 20% improved incorporation of the
sterically demanding 1-NaphPhSi(OMe),. This contributes to a higher DOC and leads to
a denser network. Furthermore, significantly more oxygen bridges are formed, which are
essential for high viscosity and preventing liquefaction at high temperatures.

The consolidated siloxanes demonstrated high optical transparency (up to 99% after
one week at 200 °C), minimal yellowing, Tos values up to 453 °C, and Tgs ranging from
—34 °C to 68 °C (DSC). Dynamic mechanical analysis further revealed Ty values up to
124 °C and the presence of rubbery plateaus at 200 °C in three samples, indicating retained
elasticity. Thermal treatment confirmed that two of these materials remained solid and
elastic at 200 °C, underscoring their potential for high-temperature applications.
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Overall, this work demonstrates that post-cross-linking significantly influences the
degree of condensation, structural integration, thermal stability, optical properties, and
mechanical behavior of siloxanes. This strategy enables the design of materials with
reduced brittleness at room temperature and sustained elasticity under thermal stress,
making them promising candidates for advanced high-temperature applications.
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of all samples; Figure S27: PXRD spectra of NaphMG_2Me;, NaphMG_2Phy, NaphMG_4Ph and
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References [73-79] are cited in the Supplementary Materials.

Author Contributions: Conceptualization, M.B. and G.K,; funding acquisition, G.K.; investigation, M.B.;
methodology, M.B.; project administration, G.K.; resources, G.K,; supervision, G.K.; writing—original
draft, M.B.; writing—review and editing, G.K. All authors have read and agreed to the published

version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author(s).

Acknowledgments: The authors thank Michael Zimmer and Elias GieSelmann for the CP-MAS and
SP-MAS NMR measurements. Instrumentation and technical assistance for this work were provided
by the Service Center X-ray Diffraction, with financial support from Saarland University and German
Science Foundation (project number INST 256/349-1). The authors thank Oliver Janka for the support
in collecting the X-ray diffraction data presented in this paper.

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


https://www.mdpi.com/article/10.3390/molecules30173532/s1
https://www.mdpi.com/article/10.3390/molecules30173532/s1

Molecules 2025, 30, 3532 20 of 23

References

1. Chen, J.; Fu, Z.; Huang, H.; Chen, Z.; Zeng, X. A Facile Route to Prepare Homogeneous Silicone Resin Doped with Titanium.
J. Appl. Polym. Sci. 2019, 136, 47834. [CrossRef]

2. Fan, X; Cao, X,; Shang, X.; Zhang, X.; Huang, C.; Zhang, J.; Zheng, K.; Ma, Y. A Transparent Cyclo-Linear Polyphenylsiloxane
Elastomer Integrating High Refractive Index, Thermal Stability and Flexibility. Polym. Chem. 2021, 12, 5149-5158. [CrossRef]

3.  Koh, K.; Sohn, H. Fast Curable Polysiloxane-Silphenylene Hybrimer with High Transparency and Refractive Index for Optical
Applications. Polymers 2021, 13, 515. [CrossRef] [PubMed]

4. Pan, Z.; Zhu, S.; Zhu, L.; Kang, Y.; Huang, B. Synthesis of High Refractive Index Epoxy Modified Methyl Phenyl Silicone Resin
and Amine Phenyl Silicone Resin for LEDs Packaging. Silicon 2020, 12, 1379-1389. [CrossRef]

5. Xu, J.; Zhu, W,; Jiang, L.; Xu, J.; Zhang, Y.; Cui, Y. Carbazole-Grafted Silicone Hydrogel with a High Refractive Index for
Intraocular Lens. RSC Adv. 2015, 5, 72736-72744. [CrossRef]

6. Nordin, N.H.; Ramli, M.R.; Othman, N.; Ahmad, Z. Synthesis of Carbazole-Substituted Poly(Dimethylsiloxane) and Its Improved
Refractive Index. J. Appl. Polym. Sci. 2015, 132, 41654. [CrossRef]

7. Chen, X,; Fang, L.; Wang, J.; He, F; Chen, X.; Wang, Y.; Zhou, J.; Tao, Y.; Sun, J.; Fang, Q. Intrinsic High Refractive Index
Siloxane-Sulfide Polymer Networks Having High Thermostability and Transmittance via Thiol-Ene Cross-Linking Reaction.
Macromolecules 2018, 51, 7567-7573. [CrossRef]

8. Shang, X.X;; Duan, S.; Zhang, M.; Cao, X.Y,; Zheng, K.; Zhang, ].N.; Ma, YM.; Zhang, R.B. UV-Curable Ladder-like
Diphenylsiloxane-Bridged Methacryl-Phenyl-Siloxane for High Power LED Encapsulation. RSC Adv. 2018, 8, 9049-9056.
[CrossRef]

9. Huang, Y.; Feng, Y.; Sun, X.; Han, Y.; Liu, D.; Tan, X. Preparation of ZrO, /Silicone Hybrid Materials for LED Encapsulation via in
Situ Sol-Gel Reaction. Polym. Adv. Technol. 2019, 30, 1818-1824. [CrossRef]

10. Lu, Y,; Zhao, Z.; Fan, X.; Cao, X.; Hai, M.; Yang, Z.; Zheng, K; Lu, J.; Zhang, J.; Ma, Y,; et al. Zirconia/Phenylsiloxane
Nano-Composite for LED Encapsulation with High and Stable Light Extraction Efficiency. RSC Adv. 2021, 11, 18326-18332.
[CrossRef]

11.  Meier, D.; Huch, V.; Kickelbick, G. Aryl-Group Substituted Polysiloxanes with High-Optical Transmission, Thermal Stability, and
Refractive Index. J. Polym. Sci. 2021, 59, 2265-2283. [CrossRef]

12.  Briesenick, M.; Gallei, M.; Kickelbick, G. High-Refractive-Index Polysiloxanes Containing Naphthyl and Phenanthrenyl Groups
and Their Thermally Cross-Linked Resins. Macromolecules 2022, 55, 4675-4691. [CrossRef]

13. Rubinsztajn, S.; Chojnowski, J.; Cypryk, M.; Mizerska, U.; Uznanski, P.; Walkiewicz-Pietrzykowska, A. Reactions of Titanium
Alkoxide with SiH Containing Polymers as a Route to Titanium/Siloxane Hybrid Materials with Enhanced Refractive Index.
Appl. Organometal. Chem. 2020, 34, e5571. [CrossRef]

14. Zolper, TJ.; Jungk, M.; Marks, T.J.; Chung, Y.-W.; Wang, Q. Modeling Polysiloxane Volume and Viscosity Variations with
Molecular Structure and Thermodynamic State. J. Tribol. 2014, 136, 011801. [CrossRef]

15. Li, Y; Zhang, L.; Li, C. Highly Transparent and Scratch Resistant Polysiloxane Coatings Containing Silica Nanoparticles. J. Colloid.
Interface Sci. 2020, 559, 273-281. [CrossRef]

16. Kohler, T.; Gutacker, A.; Mejia, E. Industrial Synthesis of Reactive Silicones: Reaction Mechanisms and Processes. Org. Chem.
Front. 2020, 7, 4108-4120. [CrossRef]

17. Zhang, W.; Wang, X.; Wu, Y,; Qi, Z.; Yang, R. Preparation and Characterization of Organic-Inorganic Hybrid Macrocyclic
Compounds: Cyclic Ladder-like Polyphenylsilsesquioxanes. Inorg. Chem. 2018, 57, 3883-3892. [CrossRef] [PubMed]

18. Abe, Y;; Gunji, T. Oligo- and Polysiloxanes. Prog. Polym. Sci. 2004, 29, 149-182. [CrossRef]

19. Lee, A.S.; Choi, S.-S.; Baek, K.-Y,; Hwang, S.S. Hydrolysis Kinetics of a Sol-Gel Equilibrium Yielding Ladder-like Polysilsesquiox-
anes. Inorg. Chem. Commun. 2016, 73, 7-11. [CrossRef]

20. Handke, M; Sitarz, M.; Diugoni, E. Amorphous SiCxOy Coatings from Ladder-like Polysilsesquioxanes. J. Mol. Struct. 2011, 993,
193-197. [CrossRef]

21. Tong, L.; Feng, Y.; Sun, X.; Han, Y;; Jiao, D.; Tan, X. High Refractive Index Adamantane-Based Silicone Resins for the Encapsulation
of Light-Emitting Diodes. Polym. Adv. Technol. 2018, 29, 2245-2252. [CrossRef]

22. Kim, ]J.-S.; Yang, S.; Bae, B.-S. Thermally Stable Transparent Sol-Gel Based Siloxane Hybrid Material with High Refractive Index
for Light Emitting Diode (LED) Encapsulation. Chem. Mater. 2010, 22, 3549-3555. [CrossRef]

23. Kim, YH,; Lim, Y.-W,; Lee, D.; Kim, Y.H.; Bae, B.-S. A Highly Adhesive Siloxane LED Encapsulant Optimized for High Thermal
Stability and Optical Efficiency. ]. Mater. Chem. C 2016, 4, 10791-10796. [CrossRef]

24. Steinbriick, N.; Pohl, S.; Kickelbick, G. Platinum Free Thermally Curable Siloxanes for Optoelectronic Application-Synthesis and
Properties. RSC Adv. 2019, 9, 2205-2216. [CrossRef] [PubMed]

25. Pohl, S.; Janka, O.; Fiiglein, E.; Kickelbick, G. Thermoplastic Silsesquioxane Hybrid Polymers with a Local Ladder-Type Structure.

Macromolecules 2021, 54, 3873-3885. [CrossRef]


https://doi.org/10.1002/app.47834
https://doi.org/10.1039/D1PY00688F
https://doi.org/10.3390/polym13040515
https://www.ncbi.nlm.nih.gov/pubmed/33572098
https://doi.org/10.1007/s12633-019-00231-4
https://doi.org/10.1039/C5RA10614A
https://doi.org/10.1002/app.41654
https://doi.org/10.1021/acs.macromol.8b01586
https://doi.org/10.1039/C8RA00063H
https://doi.org/10.1002/pat.4614
https://doi.org/10.1039/D1RA02230J
https://doi.org/10.1002/pol.20210316
https://doi.org/10.1021/acs.macromol.2c00265
https://doi.org/10.1002/aoc.5571
https://doi.org/10.1115/1.4025301
https://doi.org/10.1016/j.jcis.2019.09.031
https://doi.org/10.1039/D0QO01075H
https://doi.org/10.1021/acs.inorgchem.7b03264
https://www.ncbi.nlm.nih.gov/pubmed/29558127
https://doi.org/10.1016/j.progpolymsci.2003.08.003
https://doi.org/10.1016/j.inoche.2016.09.004
https://doi.org/10.1016/j.molstruc.2010.12.017
https://doi.org/10.1002/pat.4335
https://doi.org/10.1021/cm100903b
https://doi.org/10.1039/C6TC04305D
https://doi.org/10.1039/C8RA09801H
https://www.ncbi.nlm.nih.gov/pubmed/35516134
https://doi.org/10.1021/acs.macromol.1c00310

Molecules 2025, 30, 3532 21 of 23

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Klein, L.C.; Jitianu, A. Organic-Inorganic Hybrid Melting Gels. ]. Sol-Gel Sci. Technol. 2010, 55, 86—93, Erratum in J. Sol-Gel Sci.
Technol. 2011, 59, 424-431. [CrossRef]

Jitianu, A.; Doyle, J.; Amatucci, G.; Klein, L.C. Methyl Modified Siloxane Melting Gels for Hydrophobic Films. J. Sol-Gel Sci.
Technol. 2010, 53, 272-279. [CrossRef]

Jitianu, A.; Amatucci, G.; Klein, L.C. Phenyl-Substituted Siloxane Hybrid Gels That Soften below 140 °C. J. Am. Ceram. Soc. 2009,
92, 36-40. [CrossRef]

Khandekar, S.; Sahu, G.; Muralidhar, K.; Gatapova, E.Y.; Kabov, O.A.; Hu, R.; Luo, X.; Zhao, L. Cooling of High-Power LEDs by
Liquid Sprays: Challenges and Prospects. Appl. Therm. Eng. 2021, 184, 115640. [CrossRef]

Tomer, N.S.; Delor-Jestin, F.; Frezet, L.; Lacoste, J. Oxidation, Chain Scission and Cross-Linking Studies of Polysiloxanes upon
Ageings. Open J. Org. Polym. Mater. 2012, 2, 13-22. [CrossRef]

Hanada, S.; Miyamoto, M.; Hirai, N.; Yang, L.; Ohki, Y. Experimental Investigation of the Degradation Mechanism of Silicone
Rubber Exposed to Heat and Gamma Rays. High Volt. 2017, 2, 92-101. [CrossRef]

George, K.; Panda, B.P.; Mohanty, S.; Nayak, S.K. Recent Developments in Elastomeric Heat Shielding Materials for Solid Rocket
Motor Casing Application for Future Perspective. Polym. Adv. Technol. 2018, 29, 8-21. [CrossRef]

Jitianu, M; Jitianu, A.; Stamper, M.; Aboagye, D.; Klein, L.C. Melting Gel Films for Low Temperature Seals. MRS Online Proc. Libr.
2013, 1547, 81-86. [CrossRef]

Cervantes, J.; Zarraga, R.; Salazar-Hernandez, C. Organotin Catalysts in Organosilicon Chemistry. Appl. Organometal. Chem. 2012,
26,157-163. [CrossRef]

van Der Weij, EW. The Action of Tin Compounds in Condensation-type RTV Silicone Rubbers. Macromol. Chem. Phys. 1980, 181,
2541-2548. [CrossRef]

Werlang, M.M.; Yoshida, I.V.P; de Aratjo, M.A. Silphenylene and Silphenylene-Siloxane Oligomers: Structure-Property Relation-
ships. J. Inorg. Organomet. Polym. 1995, 5, 75-85. [CrossRef]

Brook, M.A. New Control Over Silicone Synthesis Using SiH Chemistry: The Piers-Rubinsztajn Reaction. Chem. Eur. ]. 2018, 24,
8458-8469. [CrossRef]

Matsumoto, K.; Shimada, S.; Sato, K. Sequence-Controlled Catalytic One-Pot Synthesis of Siloxane Oligomers. Chem. Eur. ]. 2019,
25,920-928. [CrossRef]

Matsumoto, K.; Sajna, K.V,; Satoh, Y.; Sato, K.; Shimada, S. By-Product-Free Siloxane-Bond Formation and Programmed One-Pot
Oligosiloxane Synthesis. Angew. Chem. Int. Ed. 2017, 56, 3168-3171. [CrossRef] [PubMed]

Zhu, H.D,; Kantor, S.W.; MacKnight, W.J. Thermally Stable Silphenylene Vinyl Siloxane Elastomers and Their Blends. Macro-
molecules 1998, 31, 850-856. [CrossRef]

Dvornic, P.R.; Lenz, R.W. Exactly Alternating Silarylene-Siloxane Polymers. 9. Relationships between Polymer Structure and
Glass Transition Temperature. Macromolecules 1992, 25, 3769-3778. [CrossRef]

Klein, L.C.; Al-Marzoki, K.; Jitianu, A.; Rodriguez, G. Effect of Tetraethoxysilane (TEOS) on Melting Gel Behavior. J. Am. Ceram.
Soc. 2020, 103, 4140-4149. [CrossRef]

Song, J.; Chen, G.; Wu, G,; Cai, C.; Liu, P; Li, Q. Thermal and Dynamic Mechanical Properties of Epoxy Resin/Poly(Urethane-
Imide)/Polyhedral Oligomeric Silsesquioxane Nanocomposites. Polym. Adv. Technol. 2011, 22, 2069-2074. [CrossRef]
Al-Hartomy, O.A ; Ibrahim, M.A.; Al-Ghamdi, A.; Dishovsky, N.; Ivanov, M.; Mihaylov, M.; El-Tantawy, F. Dynamic Mechanical
Thermal Analysis and Dielectric Thermal Analysis of Siloxane Rubber-Based Composites Filled with Carbon Black. J. Compos.
Mater. 2012, 46, 1765-1770. [CrossRef]

Ioan, S.; Grigorescu, G.; Stanciu, A. Dynamic-Mechanical and Differential Scanning Calorimetry Measurements on Crosslinked
Poly(Ester-Siloxane)-Urethanes. Polymer 2001, 42, 3633-3639. [CrossRef]

Chiu, Y.-C.; Huang, C.-C.; Tsai, H.-C. Synthesis, Characterization, and Thermo Mechanical Properties of Siloxane-Modified
Epoxy-Based Nano Composite. J. Appl. Polym. Sci. 2014, 131, 40984. [CrossRef]

Lee, K.S.; Chang, Y.-W. Thermal and Mechanical Properties of Poly(e-Caprolactone)/Polyhedral Oligomeric Silsesquioxane
Nanocomposites. Polym. Int. 2013, 62, 64-70. [CrossRef]

Dzunuzovi¢, ].V.; Pergal, M.V.; Poreba, R.; Vodnik, V.V.; Simonovi¢, B.R; épirkové, M.; Jovanovi¢, S. Analysis of Dynamic
Mechanical, Thermal and Surface Properties of Poly(Urethane-Ester-Siloxane) Networks Based on Hyperbranched Polyester.
J. Non-Cryst. Solids 2012, 358, 3161-3169. [CrossRef]

Ni, Y.; Zheng, S.; Nie, K. Morphology and Thermal Properties of Inorganic-Organic Hybrids Involving Epoxy Resin and
Polyhedral Oligomeric Silsesquioxanes. Polymer 2004, 45, 5557-5568. [CrossRef]

Chambers, R.C.; Jones, W.E,, Jr.; Haruvy, Y.; Webber, S.E.; Fox, M.A. Influence of Steric Effects on the Kinetics of Ethyltrimethoxysi-
lane Hydrolysis in a Fast Sol-Gel System. Chem. Mater. 1993, 5, 1481-1486. [CrossRef]

Leyden, D.E.; Atwater, ].B. Hydrolysis and Condensation of Alkoxysilanes Investigated by Internal Reflection FTIR Spectroscopy.
J. Adhes. Sci. Technol. 1991, 5, 815-829. [CrossRef]


https://doi.org/10.1007/s10971-010-2219-4
https://doi.org/10.1007/s10971-009-2087-y
https://doi.org/10.1111/j.1551-2916.2008.02841.x
https://doi.org/10.1016/j.applthermaleng.2020.115640
https://doi.org/10.4236/ojopm.2012.22003
https://doi.org/10.1049/hve.2017.0009
https://doi.org/10.1002/pat.4101
https://doi.org/10.1557/opl.2013.506
https://doi.org/10.1002/aoc.2832
https://doi.org/10.1002/macp.1980.021811211
https://doi.org/10.1007/BF01157524
https://doi.org/10.1002/chem.201800123
https://doi.org/10.1002/chem.201803565
https://doi.org/10.1002/anie.201611623
https://www.ncbi.nlm.nih.gov/pubmed/28151570
https://doi.org/10.1021/ma970455h
https://doi.org/10.1021/ma00040a024
https://doi.org/10.1111/jace.17106
https://doi.org/10.1002/pat.1722
https://doi.org/10.1177/0021998311425619
https://doi.org/10.1016/S0032-3861(00)00747-3
https://doi.org/10.1002/app.40984
https://doi.org/10.1002/pi.4309
https://doi.org/10.1016/j.jnoncrysol.2012.09.013
https://doi.org/10.1016/j.polymer.2004.06.008
https://doi.org/10.1021/cm00034a018
https://doi.org/10.1163/156856191X00233

Molecules 2025, 30, 3532 22 of 23

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Tan, B.; Rankin, S.E. Study of the Effects of Progressive Changes in Alkoxysilane Structure on Sol-Gel Reactivity. J. Phys. Chem. B
2006, 110, 22353-22364. [CrossRef]

Chen, X.; Eldred, D.; Liu, J.; Chiang, H.; Wang, X.; Rickard, M.A.; Tu, S.; Cui, L.; LaBeaume, P.; Skinner, K. Simultaneous In
Situ Monitoring of Trimethoxysilane Hydrolysis Reactions Using Raman, Infrared, and Nuclear Magnetic Resonance (NMR)
Spectroscopy Aided by Chemometrics and Ab Initio Calculations. Appl. Spectrosc. 2018, 72, 1404-1415. [CrossRef]

Jitianu, A.; Gonzalez, G.; Klein, L.C. Hybrid Sol-Gel Glasses with Glass-Transition Temperatures below Room Temperature. . Am.
Ceram. Soc. 2015, 98, 3673-3679. [CrossRef]

Hu, N; Rao, Y; Sun, S.; Hou, L.; Wu, P; Fan, S.; Ye, B. Structural Evolution of Silica Gel and Silsesquioxane Upon Thermal Curing.
Appl. Spectrosc. 2016, 70, 1328-1338. [CrossRef]

Schmidt, H.; Scholze, H.; Kaiser, A. Principles of Hydrolysis and Condensation Reaction of Alkoxysilanes. J. Non-Cryst. Solids
1984, 63, 1-11. [CrossRef]

Sato, Y.; Hayami, R.; Gunji, T. Characterization of NMR, IR, and Raman Spectra for Siloxanes and Silsesquioxanes: A Mini Review.
J. Sol-Gel Sci. Technol. 2022, 104, 36-52. [CrossRef]

Liu, F; Zeng, X.; Lai, X.; Li, H. Synthesis and Characterization of Polyphenylsilsesquioxane Terminated with Methyl and Vinyl
Groups Low-Melting Glass. J. Adhes. Sci. Technol. 2017, 31, 2399-2409. [CrossRef]

Choi, S.-S.; Lee, A.S.; Hwang, S.S.; Baek, K.-Y. Structural Control of Fully Condensed Polysilsesquioxanes: Ladderlike vs Cage
Structured Polyphenylsilsesquioxanes. Macromolecules 2015, 48, 6063-6070. [CrossRef]

Masai, H.; Takahashi, M.; Tokuda, Y.; Yoko, T. Gel-Melting Method for Preparation of Organically Modified Siloxane Low-Melting
Glasses. J. Mater. Res. 2005, 20, 1234-1241. [CrossRef]

Antosik, A.K.; Bednarczyk, P; Czech, Z. Aging of Silicone Pressure-Sensitive Adhesives. Polym. Bull. 2018, 75, 1141-1147.
[CrossRef]

Chang, L.-B.; Pan, K.-W.,; Yen, C.-Y.; Jeng, M.-].; Wu, C.-T.; Hu, S.-C.; Kuo, Y.-K. Comparison of Silicone and Spin-on Glass
Packaging Materials for Light-Emitting Diode Encapsulation. Thin Solid Film. 2014, 570, 496—499. [CrossRef]

Schneider, A.F; Lu, EK.; Lu, G.; Brook, M.A. Facile Synthesis of Phenyl-Rich Functional Siloxanes from Simple Silanes. J. Polym.
Sci. 2020, 58, 3095-3106. [CrossRef]

Yi, M,; Chen, X,; Wu, S.; Ge, J.; Zhou, X,; Yin, G. Fabrication of Reactive Poly(Phenyl-Substituted Siloxanes/Silsesquioxanes) with
Si-H and Alkoxy Functional Groups via the Piers-Rubinsztajn Reaction. Polymers 2018, 10, 1006. [CrossRef]

Zielecka, M.; Rabajczyk, A. Silicone Nanocomposites with Enhanced Thermal Resistance: A Short Review. Materials 2024,
17,2016. [CrossRef]

Zhou, W,; Yang, H.; Guo, X; Lu, J. Thermal Degradation Behaviors of Some Branched and Linear Polysiloxanes. Polym. Degrad.
Stab. 2006, 91, 1471-1475. [CrossRef]

Wang, Y.; Wang, S.; Bian, C.; Zhong, Y.; Jing, X. Effect of Chemical Structure and Cross-Link Density on the Heat Resistance of
Phenolic Resin. Polym. Degrad. Stab. 2015, 111, 239-246. [CrossRef]

Chou, C.; Yang, M.-H. Structural Effects on the Thermal Properties of PDPS/PDMS Copolymers. J. Therm. Anal. 1993, 40, 657-667.
[CrossRef]

Englert, M.; Minister, F.; Moussaoui, A.; Pisula, W. Mechanical Properties of Thermo-Oxidative Aged Silicone Rubber Thermally
Stabilized by Titanium Oxide Based Fillers. Polym. Test. 2022, 115, 107726. [CrossRef]

Li, Z.; Wang, Z.; Qiu, X.; Bai, L.; Zheng, J. Effect of Acid-Treated Multi-Walled Carbon Nanotubes on Thermo-Oxidative Stability
and Degradation Behavior of Silicone Rubber. |. Therm. Anal. Calorim. 2018, 133, 1353-1364. [CrossRef]

Li, R;; Zhang, B.; Sun, Y,; Liu, B.; Wang, G. Synthesis of Vinylphenyl Oligomeric Silsesquioxane Based on MQ Silicone Resin.
Asian J. Chem. 2013, 25, 2541-2546. [CrossRef]

Arkles, B.; Larson, G. Dvornic, Petar R, High Temperature Stability of Polysiloxanes. In Silicon Compounds: Silanes and Silicones;
Gelest Inc.: Morrisville, PA, USA, 2008; pp. 419-431.

Metz, G.; Ziliox, M.; Smith, S.0. Towards Quantitative CP-MAS NMR. Solid State Nucl. Magn. Reson. 1996, 7, 155-160. [CrossRef]
Fyfe, C.A.; Gobbi, G.C.; Kennedy, G.J. Quantitatively Reliable Silicon-29 Magic-Angle Spinning Nuclear Magnetic Resonance
Spectra of Surfaces and Surface-Immobilized Species at High Field Using a Conventional High-Resolution Spectrometer. J. Phys.
Chem. 1985, 89, 277-281. [CrossRef]

Zhao, X.S.; Lu, G.Q.; Whittaker, A.K.; Millar, G.J.; Zhu, H.Y. Comprehensive Study of Surface Chemistry of MCM-41 Using 2964
CP/MAS NMR, FTIR, Pyridine-TPD, and TGA. J. Phys. Chem. B. 1997, 101, 6525-6531. [CrossRef]

Hook, R.J. A 2Si NMR Study of the Sol-Gel Polymerisation Rates of Substituted Ethoxysilanes. J. Non-Cryst. Solids 1996, 195,
1-15. [CrossRef]

Cella, J.A.; Cargioli, ].D.; Williams, E.A. 295 NMR of Five- and Six-Coordinate Organosilicon Complexes. J. Organomet. Chem.
1980, 186, 13-17. [CrossRef]


https://doi.org/10.1021/jp060376k
https://doi.org/10.1177/0003702818774570
https://doi.org/10.1111/jace.13798
https://doi.org/10.1177/0003702816654063
https://doi.org/10.1016/0022-3093(84)90381-8
https://doi.org/10.1007/s10971-022-05920-y
https://doi.org/10.1080/01694243.2017.1302699
https://doi.org/10.1021/acs.macromol.5b01539
https://doi.org/10.1557/JMR.2005.0151
https://doi.org/10.1007/s00289-017-2083-2
https://doi.org/10.1016/j.tsf.2014.03.033
https://doi.org/10.1002/pol.20200527
https://doi.org/10.3390/polym10091006
https://doi.org/10.3390/ma17092016
https://doi.org/10.1016/j.polymdegradstab.2005.10.005
https://doi.org/10.1016/j.polymdegradstab.2014.11.016
https://doi.org/10.1007/BF02546637
https://doi.org/10.1016/j.polymertesting.2022.107726
https://doi.org/10.1007/s10973-018-7214-y
https://doi.org/10.14233/ajchem.2013.13448
https://doi.org/10.1016/S0926-2040(96)01257-X
https://doi.org/10.1021/j100248a020
https://doi.org/10.1021/jp971366+
https://doi.org/10.1016/0022-3093(95)00508-0
https://doi.org/10.1016/S0022-328X(00)93813-0

Molecules 2025, 30, 3532 23 of 23

78. Fyfe, C.A.; Aroca, P.P. Quantitative Kinetic Analysis by High-Resolution 295 NMR Spectroscopy of the Initial Stages in the Sol-Gel
Formation of Silica Gel from Tetraethoxysilane. Chemn. Mater. 1995, 7, 1800-1806. [CrossRef]

79. Li, Y.-S.; Wang, Y.; Ceesay, S. Vibrational Spectra of Phenyltriethoxysilane, Phenyltrimethoxysilane and Their Sol-Gels. Spectrochim.
Acta-A Mol. Biomol. Spectrosc. 2009, 71, 1819-1824. [CrossRef]

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


https://doi.org/10.1021/cm00058a008
https://doi.org/10.1016/j.saa.2008.04.027

	Introduction 
	Results and Discussion 
	Synthetic Procedures 
	Characterization of the Post-Cross-Linked Systems 
	Differential Scanning Calorimetry 
	Dynamic Mechanical Analysis (DMA) 
	Nuclear Magnetic Resonance (NMR) Spectroscopy 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Powder X-Ray Diffraction (PXRD) 
	Ultraviolet-Visible (UV-Vis) Spectroscopy 
	Thermogravimetric Analysis 


	Experimental Section 
	Materials 
	Instrumentation and Characterization Methods 
	Synthesis 
	Synthesis of NaphMG and NaphMG_5Ph_d 
	Synthesis of NaphMG_2Me2, NaphMG_2Ph2, NaphMG_4Ph and NaphMG_Sn 
	Consolidation of the Siloxanes 


	Conclusions 
	References

