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ABSTRACT: Polyphenylsilsesquioxanes are known to form glassy materials that can reversibly soften when heated above their glass
transition temperature, with irreversible curing occurring upon a further temperature increase. In this study, the effects of the size
and isomerism of polycyclic aromatic groups on the synthesis and structure of polysilsesquioxanes are investigated, with a focus on
their thermoplastic and thermoset properties. Polysilsesquioxanes were synthesized by acid-catalyzed polycondensation using 1-
naphthyl, 2-naphthyl, and 9-phenanthrenyltrimethoxysilanes. Characterization techniques, including spectroscopy, thermal analysis,
mass determination, and powder X-ray diffraction, showed that steric hindrance by the aromatic groups significantly affects the
degree of condensation, the formation of OH groups, and the nature of intra- or intermolecular condensation. Bulky phenanthrenyl
groups hinder chain mobility and prevent detectable flow behavior, while 1- and 2-naphthyl groups enable the formation of
thermoplastic materials with reversible softening. Notably, 2-naphthylsilsesquioxane undergoes irreversible curing at 200 °C, whereas
1-naphthylsilsesquioxane resists this transition. The incorporation of both polycyclic substituents not only preserves the
characteristic thermoplastic behavior of melting gels but also introduces additional properties, such as fluorescence, a high thermal
stability up to 460 °C and a high refractive index of 1.61, enhancing the potential of these materials for optical applications.

■ INTRODUCTION
Polysilsesquioxanes (RSiO1.5)n exhibit an inorganic−organic
hybrid composition consisting of an inorganic Si−O−Si
backbone in which each Si atom is covalently bonded to
three oxygen atoms and one organic substituent. This
combination of functions imparts versatile properties to this
class of compounds, including excellent heat stability, flame
retardancy, resistance to environmental influences, ultralow
dielectric constant, favorable mechanical properties, or
biocompatibility.1−4 Synthesis typically involves acid- or
base-catalyzed hydrolysis and condensation reactions with
organotrialkoxy- or organotrichlorosilanes.5 The resulting
structure varies depending on synthesis conditions such as
temperature, monomer concentration, water content, pH
value, and organic substituent nature, leading to ladder-like
structures, open and closed cages, or random networks.6,7

A special material containing polyorganosilsesquioxanes was
described from Masai et al. to provide an alternative to lead-

containing low-melting glasses.8 The ability to exhibit a defined
glass transition temperature (Tg),

9−11 above which the
polysilsesquioxane shows reflow behavior, i.e., it becomes
flowable and moldable, has been used to produce transparent,
hard, and glass-like thermoplastics. Although the materials did
not show melting in the conventional sense and feature an
amorphous structure, the term “melting gel” was established.
Melting gels are produced from trialkoxysilanes or from a
mixture of di- and trialkoxysilane, mostly with methyl and/or
phenyl groups as organic substituents.12 Most of them are hard
and glass-like at room temperature and can be reversibly
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softened at around 110 °C. In this softened state, the material
shows good processability similar to thermoplastics. At a
consolidation temperature of ≥130 °C, melting gels cure
irreversibly, and the resulting transparent, glassy material is
neither softenable nor soluble. By varying the composition and
type of monomers, the Tg, the viscosity, the consolidation
temperature, and the refractive index can be adjusted.13−16

These properties, as well as high thermal stability,17 hydro-
phobic surface,18,19 low gas permeability,20 and transparency in
a wide wavelength range,15,21 make the materials interesting as
hermetic barrier,20 anticorrosive coatings,22 for imprinted
lithography,23 in the field of water harvesting,24 and for
optoelectronic applications.25,26

When considering a softenable phenylsilsesquioxane as a
model system for melting gels, the precursor gel is primarily
composed of smaller oligomeric units, arranged in a random
structure with partially ladder-like domains.27 Stable OH and
alkoxy groups (OR) interacting via H-bridges, as well as intra-
and intermolecular π−π-interactions of the phenyl groups,
result in the extraordinary hardness, as well as the thermo-
plastic properties up to 110 °C. An increase in temperature
results in condensation reactions of the interacting OH and
OR groups and a reorientation of the structure to an increased
number of ladder-like domains and a highly cross-linked
material. Due to the high degree of cross-linking, no further
softening of the material is possible.
Depending on the organic substituent, organotrialkoxysi-

lanes show differences in their tendency to condense to
softenable polysilsesquioxanes. N-alkyl chains as organic
groups lead, according to the chain length, to highly cross-
linked, insoluble solids, viscous oils, and even semicrystalline
layered structures.28 Only together with a comonomer like
phenyl or methyltrialkoxysilane, n-alkyl substituents result in
glass-like thermoplastics.20,29−31 Recently, a poly(cyclohexyl)-
silsesquioxane was described to form a stiff, transparent,
softenable material.21 In contrast to the conventional melting
gels, it showed resistance to thermal curing, even after 6 h at
200 °C, which the authors attribute to the large steric
hindrance of the cyclohexyl groups, preventing polycondensa-
tion between remaining Si−OH groups. A thermoset resistance
of up to 300 °C was also observed by the incorporation of

benzyl groups in silsesquioxanes.10,32 A further extension of the
spacer between benzene and the siloxane backbone to the
phenethyl group resulted in a viscous oil at room temper-
ature.33 The steric and electronic effects of the organic group
seem to play an essential role in the formed structure and the
softening and curing behavior of polysilsesquioxanes.
Since our group has previously shown that aromatic groups

favor the formation of silanols34,35 and that these seem to be a
prerequisite for the formation of melting gels, we are interested
in investigating the influence of the steric limits of aromatic
substituents in polysilsesquioxanes and the formation of
polymers with softening properties.
Aromatic compounds were mainly added to polysiloxanes in

order to increase the refractive index for optoelectronic
applications.26,36−38 An influence of the type of the polycyclic
group was also observed, both in the condensation tendency
and in the fluorescence behavior.26 The influence of polycyclic
aromatic rings on the synthesis and structure of polysilses-
quioxanes with no added comonomers has not yet been
investigated in detail. We have recently shown that 1-
naphthyltrimethoxysilane leads to softenable materials in a
solvent-free, acid-catalyzed polycondensation reaction.27 In the
present study, we systematically investigated the influence of
the isomerism and the size of the aromatic group on the
hydrolysis and condensation behavior and consequently on the
structure of the polysilsesquioxane as well as on resulting
optical and thermal properties. Our aim is to extend the
spectrum of melting gels by integrating further building blocks
to add properties such as fluorescence or a high refractive
index, which are associated with the incorporation of polycyclic
aromatic compounds. Therefore, we condensed 1- and 2-
naphthyltrimetoxysilane, as well as 9-phenanthrenyltrimethox-
ysilane via an acid-catalyzed polycondensation reaction
analogous to a synthesis of a polyphenylsilsesquioxane melting
gel (PhMG) described previously,27 with the goal of forming
aryl melting gels with polycyclic groups (Figure 1). The
resulting structures were analyzed both after synthesis and after
thermal treatment at 200 °C via nuclear magnetic resonance
(NMR) spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, differential scanning calorimetry (DSC), ther-
mogravimetric analysis (TGA), fluorescence spectroscopy, size

Figure 1. Scheme of the melting gel synthesis and structure of used trimethoxysilanes (TMS) with different aromatic substituents.
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exclusion chromatography (SEC), matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry (MALDI-
ToF MS), and powder X-ray diffraction (PXRD).

■ EXPERIMENTAL SECTION
This section provides a description of the most important syntheses
only; additional details on synthesis and characterization are available
in the Supporting Information (SI).
Melting Gel Synthesis. The melting gels were prepared

according to a modified previously described synthesis.27

Naphthyl Melting Gel (NpMG). 1-Naphthyltrimethoxysilane (2-
naphthyltrimethoxysilane) (2 g, 8 mmol, 1 equiv) was stirred with
aqueous HCl, pH 2.5 (0.217 mL, 1.5 equiv related to H2O) in a 20
mL sealed headspace vial at 45 °C for 8−24 h (600 rpm), until a
homogenization of the two-phase mixture was visible. Afterward, the
lid of the vessel was opened, and a significant increase in viscosity was
observed over a stirring period of 18 h at room temperature. The
byproducts, water and methanol, of the polycondensation reaction
were subsequently removed by oven treatment at 70 and 110 °C for
24 h each, resulting in a transparent, glassy material at room
temperature, which can be reversibly softened at 110 °C.

9-Phenanthrenyl Melting Gel (9-PhenMG). 9-Phenanthrenyltri-
methoxysilane (0.3 g, 1 mmol, 1 equiv) was dissolved in acetone (2
mL) and stirred with aqueous HCl, pH 2.5 (0.168 mL, 3 equiv related
to H2O) in a 20 mL sealed headspace vial at 45 °C for 24 h (600
rpm). Afterward, the lid of the vessel was opened, and the solvent was
allowed to evaporate over a stirring period of 18 h at 45 °C. The
byproducts, water and methanol, of the polycondensation reaction
were subsequently removed from the gel by oven treatment at 70 and
110 °C for 24 h each, resulting in a yellowish, brittle solid.
Melting Gel Consolidation. For consolidation, the precursor gels

were treated on Teflon plates at 200 °C for 24 h in a compartment
dryer. The rigidity of the samples was tested at 200 °C by using a
spatula. The material was cured as soon as no deformation could be
detected under pressure.

■ RESULTS AND DISCUSSION
Synthesis and Appearance of Melting Gels. A one-step

acid-catalyzed method was employed to synthesize melting gels
using 1-naphthyl, 2-naphthyl, and 9-phenanthrenyltrimethox-
ysilane (Figure 1). Liquid aryltrialkoxysilanes initially form a
biphasic mixture with aqueous acid, which homogenizes
through partial hydrolysis and condensation, producing
methanol as a byproduct. Homogenization of PhSi(OCH3)3
as monomer was reported to occur after approximately 6
min,27 while 1-naphthyl- and 2-naphthyltrimethoxysilane
investigated in this study required significantly more time to
exhibit a visible reaction. The 1-NpSi(OCH3)3 initially showed
turbidity and yielded a clear liquid after about 4−6 h (the exact
time is highly dependent on stirring speed and the size of the
reaction vessel). In contrast, 2-NpSi(OCH3)3 precipitated a
white solid within the first 2 h, becoming homogeneous after
about 6−24 h. The white solid could be isolated, and 2-
NpSi(OH)3 was identified as an intermediate in the reaction
(Figures S4−S6). Contrary 1-NpSi(OCH3)3 formed no stable,
isolable silanol, suggesting that it immediately condenses after
hydrolysis.
After gelation and drying at 110 °C for 24 h, both naphthyl-

containing samples resulted in glass-like, hard, and transparent
materials, which exhibited viscous flow at 110 °C (Figure 2).
Lenses prepared with a thickness of 1.6 mm showed
transmission of 86% and 88% at 450 nm (Figure S7) and a
high refractive index of 1.6152 and 1.6096 at 589 nm for 1-
NpMG and 2-NpMG (Figure S8), respectively, due to the

large number of delocalized π-electrons and the high
polarizability of the naphthyl groups.26,36,39

In contrast to the naphthylalkoxysilanes, the 9-phenanthre-
nyltrimethoxysilane is solid and was therefore dissolved in
acetone as the solvent is known to successfully lead to
hydrolysis of 9-phenanthrenyltriethoxysilane.38 Under the
standard conditions (1.5 equiv of H2O, pH 2.5), no reaction
of the monomer could be detected. Only by doubling the
amount of water, a yellowish, hard, and brittle material was
formed, indicating a successful polycondensation reaction.
Softening at 110 °C could not be detected visually. As the
temperature increased further, a slight flow of the resulting
solid could be observed. The increase in the size of the
aromatic system and the associated higher polarizability of the
electrons resulted in a higher refractive index of 1.6476.
The known phenyl-containing melting gels exhibit not only

thermoplastic properties at 110 °C but also thermoset behavior
when treated at temperatures >130 °C. For this reason, all
arylsilsesquioxanes produced were treated thermally at 200 °C
for 24 h in order to induce further condensation reactions and
further cross-linking. All materials exhibited a distinct yellow
coloration [1-NpMG lenses showed a decrease in transmission
to 64% at 450 nm (Figure S7)] after the temperature
treatment.
Permanent hardening was observed in the 2-NpMG after 24

h when it was reheated to 200 °C. The absence of reflow
properties was confirmed by bubbles remaining on the surface
of the material, which were formed by the degassing of the
byproducts, water and methanol (Figure 2). The material was
also found to be insoluble in conventional solvents after curing,
suggesting the formation of a macroscopic silica network.40

The 9-PhenMG underwent permanent curing after the
additional thermal treatment, but it remained soluble in
conventional solvents, unlike the 2-NpMG. The 1-NpMG, on
the other hand, remained soluble and remeltable, showing
resistance to thermally induced curing. Although not all
samples are cured completely, they are labeled as consolidated
(cons.) in the following to illustrate a similar thermal treatment
to the phenyl melting gel.
The different reactivities during the synthesis as well as the

varying softening and curing behaviors demonstrate that the
size and the isomerism of the organic group have a crucial
influence on the structure and properties of polysilsesquiox-
anes. The different characteristics of the produced melting gels
will be investigated in the following by using spectroscopic and
thermogravimetric methods as well as SEC, MALDI-ToF mass
spectrometry, and XRD.

Figure 2. Images of non-consolidated and consolidated 1-NpMG, 2-
NpMG, and 9-PhenMG under daylight and UV light (254 nm).
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Analysis of Melting Gel Softening via Glass Tran-
sition Determination. The glass-like behavior of both
NpMGs and 9-PhenMG in the consolidated and non-
consolidated states was analyzed using DSC. The phenyl
melting gel, used as a comparison, exhibited a Tg of about 60
°C. This temperature remained constant across several heating
cycles up to 110 °C, highlighting its reversible softening
behavior within this range.27 After consolidation, the Tg was no
longer detectable, suggesting the formation of a three-
dimensional network and the loss of reflow behavior.8

The Tg is directly related to the mobility of the polymer
chains, which is influenced by factors such as cross-linking, the
presence of hydroxy groups, and the nature of organic
substituents.41−43 As a result, Tg serves as an important
indicator for assessing changes in the degree of cross-linking
due to temperature-induced condensation reactions. The 1-
and 2-naphthyl melting gels exhibit a Tg of around 50 and 40
°C, respectively (Figure 3), while the 9-PhenMG shows a

significantly higher value of 94 °C. All non-consolidated
materials maintained stable glass transition temperatures across
multiple heating cycles up to 110 °C, indicating that no
structural changes occurred during this thermal treatment. The
observed shift in softening to higher temperatures with
increasing steric demand of the aromatic groups can be
attributed to a reduction in intersegmental free volume, which
consequently decreases chain mobility.26,44

However, cross-linking density also plays a crucial role.
Despite having the smallest aromatic group, PhMG exhibits a
Tg value higher than that of both 1- and 2-NpMG, indicating
lower chain mobility due to a denser network, as highlighted in
the NMR analysis.
After thermal treatment at 200 °C, the Tg increases by

approximately 30 °C for 1-NpMG and 70 °C for 9-PhenMG,
reflecting enhanced cross-linking. However, a complete
disappearance of Tg is not observed, suggesting the absence
of a macroscopic network for both samples. In 1-NpMG, it is
reflected by the retention of visible flow properties after

thermal treatment. 9-PhenMG shows no flow behavior despite
the presence of a Tg, which is due to the larger conjugated
system with increased π−π interactions and greater steric
hindrance, whereby the movement of the polymer chains can
also be hindered above the Tg.
In contrast, 2-NpMG exhibits only a slight increase in heat

flow without a defined glass transition point, suggesting the
formation of a three-dimensional network similar to that of
PhMG. This finding aligns with visual and tactile observations,
indicating that 2-NpMG is fully thermally cured.
Structural Characterization. NMR Spectroscopy. 1H

NMR spectroscopy was employed to identify the organic
substituents and to quantify the remaining nonhydrolyzed
methoxy (OMe) groups, providing insights into the hydrolysis
tendency of the monomer. Integration of the OMe groups
relative to the aryl groups revealed that nonhydrolyzed groups
remained intact in both naphthyl gels (Figures S9 and S10).
The hydrolysis tendency, compared to that of PhMG, can be
described in the following order: Ph > 2-Np > 1-Np, with 10,
13, and 19% remaining OMe groups (Figure 4a). Subsequent
treatment at 200 °C resulted in further reduction of alkoxy
groups in the naphthyl melting gels by further hydrolysis or
condensation between the methoxy and hydroxy groups,
visible in 1H NMR and 13C cross-polarization magic-angle-
spinning (CP-MAS) NMR spectra (Figures S11 and 4b).
In contrast, 9-PhenMG shows almost complete hydrolysis of

all methoxy groups, along with residues of acetone (Figure 4b),
which can be attributed to the altered reaction conditions
(higher water content, reaction in solvent). Furthermore, free
phenanthrene was found via 1H NMR, as evidenced by sharp
peaks in the aromatic region between 8.8 and 7.0 ppm, which
are unusual for condensed polysilsesquioxanes (Figures S12
and S13). Si−C bond cleavage is a known phenomenon in the
polycondensation of organosilica hybrids, as reported in the
literature. It has been observed during the thermal con-
densation of diarylsilanediols,35,45 whereby the stability of
silanols decreased with increasing size of the aromatic
compound.46 The catalyzing effect of acid or base supports
the cleavage, leading to the conclusion that the low Si-Phen
bond stability, the acidic environment, and the increased water
content cause partial Si−C bond cleavage in 9-PhenMG.
To investigate the local silicon environment, solid-state and

liquid 29Si NMR spectra were collected (Figure 4c,d). Since
only organotrimethoxysilanes were involved, species with one
direct silicon−carbon bond (Tn) are expected. Depending on
the cross-linking, the chemical shift decreases with each added
O−Si segment, marked with a superscript (T0, T1, T2, T3).47

None of the samples showed a T0 peak, indicating the
complete conversion of the monomers. Instead, T1, T2, and T3

units are visible in all precursor gels in varying intensities,
confirming the successful condensation reaction and high-
lighting variations in cross-linking density among the samples.
Due to the detected Si−C bond cleavage in both the non-
consolidated and consolidated 9-PhenMG, quaternary silicon
(Qn) is expected in addition to T species. However, no signal
was observed in the typical Q1−Q4 range between 85 and 110
ppm,48 in either liquid or solid-state NMR. This absence is
attributed to a low signal-to-noise ratio combined with a low
concentration of Q units.
Due to the high number of varying oligomers or polymers

with different chemical environments, partially condensed
silsesquioxanes often give broad, ill-defined peaks that extend
over a wide ppm range.49 For example, 1-NpMG shows

Figure 3. DSC measurement of non-consolidated and consolidated 1-
Np-, 2-Np-, and 9-PhenMG, including determination of the Tg.
Testing the reversible softening of the non-consolidated samples over
three cycles up to 110 °C and monitoring the softening behavior of
the consolidated samples in the range of 0−250 °C.
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individual peaks in the area of T1 and T2 before consolidation,
indicating oligomeric units in an early stage of condensation
(Figure 4d).50 Thermal treatment, which increases cross-
linking and molecular mass, results in peak broadening and an
increase in T2 and T3. 9-PhenMG, on the other hand, exhibits
the opposite behavior. After consolidation, individual peaks
appear in the T2 and T3 regions. This observation suggests that
thermal treatment causes a reduction in the diversity of
silsesquioxane species, leading to more ordered structures, such
as cage-like forms.51

The amount of Tn species and the degree of condensation
can be determined semiquantitatively by deconvolution and
integration of the 29Si CP-MAS NMR spectra (Figure S14).
Since cross-polarized measurements depend on both the
distance and the amount of protons, the population of
individual silicon species is often not accurately repre-
sented.52,53 Given the large number of protons in the sample
due to aryl groups, one can assume that the proton density is
homogeneously distributed throughout the sample. This
homogeneity minimizes errors in the relative quantification
of the different T species and enables reliable trends in the
degree of condensation to be observed [29Si SP-MAS and 29Si
CP-MAS NMR spectra for 2-NpMGcons showed very similar
spectra (Figure S15)].54

The degree of condensation (DC) shows the same tendency
as the hydrolysis rate. With increasing steric demand of the
organic group, the DC decreases in the order Ph > 2-Np > 1-
Np (Figure 4a). Due to the changed reaction conditions, 9-
PhenMG does not follow this trend and shows a similar DC to
2-NpMG with a value of 71%. After thermal treatment, all
melting gels exhibit a significant increase in T3 species and a
decrease in T1, reflecting a marked increase in the number of
cross-linked units. By subtracting the amount of bonded Si−O
units (using DC value) and the amount of OMe groups
obtained from the 1H spectra, from the total amount of
theoretically cross-linkable units, it becomes evident that OH
groups remain in all samples, even after thermal treatment
(Figure 4a). This persistence can be attributed to the aromatic
groups, which sterically protect and hinder the remaining OH
groups from participating in further thermally induced
condensation reactions.
Overall, the NMR spectroscopic investigation demonstrates

a significantly reduced hydrolysis and condensation tendency
for 1-NpMG compared to 2-NpMG. Due to the same
electronic situation, this behavior can be attributed to steric
influences. Binding in the α-position results in a greater
inhibition of attack by water or a Si−OH group compared to
the β-position, resulting in a lower degree of condensation.

Figure 4. (a) Percentage of OH groups, OMe groups, and the degree of condensation (DC) of consolidated and non-consolidated 1-Np-, 2-Np-, 9-
Phen-, and PhMG. PhMG values were taken from the literature.27 The DC was calculated using deconvoluted 29Si CP-MAS NMR according to the
formula: DC (%) = (T3 (%)·3 + T2 (%)·2 + T1 (%))/3. OH group percentages were derived from OMe group amounts, determined from 1H NMR
using the formula: OH (%) = 100 (%) − DC (%) − OMe (%), (b) 13C CP-MAS NMR of consolidated and non-consolidated melting gels, with a
zoom of the region of residual OMe groups, (c) 29Si CP-MAS NMR of consolidated and non-consolidated melting gels, fitted with a Gaussian
function, showing T1, T2, and T3 percentages based on integral calculations, (d) liquid 29Si NMR in CDCl3 of consolidated and non-consolidated
melting gels, with peak assignment for 9-PhenMGcons..
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Despite thermal treatment, a large number of OH and methoxy
groups remain stable, reflected in the retention of flow
character and solubility of the 1-NpMG. The more extended 2-
Np group containing molecule, which is more accessible for
condensation reactions, leads to a higher degree of
condensation after thermal treatment, making it more
comparable with the DC of the known PhMG. In contrast,
9-PhenMG undergoes nearly complete hydrolysis of its
methoxy groups due to the higher water content in the
synthesis. The increased condensation tendency of the large
amount of OH groups results in the highest cross-linking
among all of the materials investigated. The fact that it is still
soluble after consolidation as well as the formation of defined
silsesquioxane species due to thermal treatment indicates
mainly temperature-induced intramolecular condensation
reactions.

SEC/MALDI-ToF MS. The NMR spectroscopy gives a good
overview of hydrolysis and condensation tendencies, as well as
the degree of cross-linking, but it does not provide information
about the molecular mass of the silsesquioxane species formed.
Hence, we applied SEC and MALDI-ToF MS to determine the
molecular mass and polydispersity (Đ), as well as changes in
molecular mass resulting from thermally initiated condensation
reactions in all soluble samples (Figure 5). The non-
consolidated 1-NpMG shows a low average molecular mass
(Mw) of 820 g/mol with a small Đ value of 1.30 (Figure 5a),
which corresponds well to the low DC and defined peaks
detected via the NMR measurements. Thermal treatment at
200 °C results in an increase in size to Mw = 1800 g/mol, along
with a widening of the molar mass distribution, which is typical
for intermolecular condensation reactions.21 Nevertheless, the
SEC results of the consolidated 1-NpMG remain low and are
in a similar range to those of non-consolidated 2-NpMG, with
a Mw = 1790 g/mol and a polydispersity of 1.47. As the

molecular mass is an important parameter influencing flow
behavior at temperatures above the Tg, the low Mw, even after
thermal treatment, is visible in the lack of curing of the 1-
NpMG.16 Compared to the PhMGnon‑cons. with Mw = 3470 g/
mol and Đ = 2.41,27 the measurements indicate a clear trend:
the greater the steric hindrance (Ph < 2-Np < 1-Np), the lower
the number and the weight-average molecular mass.
9-PhenMG differs from NpMGs in its low polydispersity of

1.14 and a molar mass that hardly changes during
consolidation, indicating defined structural units and predom-
inantly intramolecular condensation reactions.55

A more precise statement about the different silsesquioxane
species formed and the type of condensation reaction can be
made using MALDI-ToF MS. All melting gels give typical
spectra characteristic of condensed polymers (Figure 5b).56

Major clusters are identified and can be attributed to oligomers
with a defined number of repeating units, n (Figure 6a,c).
Within each n, the oligomers differ in the type and number of
non-cross-linked units, forming minor clusters (Figure 6b,d).
Replacing an OMe group with an OH group results in a
reduction in a mass of 14 g/mol. The formation of a ring
through the condensation of two OH groups or one OH and
one OMe group results in mass losses of 18 and 32 g/mol,
respectively. However, identifying the major clusters is
challenging, particularly in naphthyl gels, as these span a
wide mass range from the heaviest species (linear oligomers
with only OMe groups) to the lightest species (fully cross-
linked structures). Overall, the MALDI-ToF MS results align
with the trend observed in SEC measurements, although the
SEC results tend to slightly underestimate the mass of 9-
PhenMG. This discrepancy can be attributed to the presence
of the OH groups, which cause a more pronounced change in
the hydrodynamic volume of 9-PhenMG compared to that of
the polystyrene (PS) standards.

Figure 5. (a) SEC measurements (PS standard in THF) showing Mn, Mw, and Đ. (b) MALDI-ToF MS spectra of soluble consolidated and non-
consolidated 1-Np-, 2-Np-, and 9-PhenMGs.
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The comparison between the non-consolidated and
consolidated samples is particularly insightful, as it provides
information about inter- or intramolecular condensation
reactions.
Due to its high degree of hydrolysis, 9-PhenMG shows well-

separated major clusters with repeating units that differ in the
number of rings and OH and OMe groups (Figure 6a). The
comparison of the spectra between the non-consolidated and
consolidated 9-PhenMG indicates that the thermally initiated
condensation reactions are predominantly intramolecular.
Looking at the main cluster with 8 repeating units in detail
(Figure 6b), a mass reduction of 18 g/mol is observed,
corresponding to the condensation of two OH groups and thus
the formation of additional cycles, remaining T8 (1942 g/mol:
Phen8Si8O12 + Ag+) as the main peak as well as T8 with an
open edge and OMe or OH groups (1960 g/mol:
Phen8Si8O11(OH)2 + Ag+, 1974 g/mol Phen8Si8O11(OH)-
(OCH3) Ag+) as the second and third peaks. After
consolidation, T8−T20 are detectable as the main peak, along
with open variants containing stabilized hydroxy groups and a
few remaining OMe groups. The well-defined peaks observed
previously in the 29Si NMR spectrum can thus be correlated

with one or more of these cubes. However, a precise
assignment of these peaks is not possible without isolating
the individual components. The overall mass spectrum shows
no change in the number of repeating units due to the
thermally initiated condensation reactions and only a reduction
in the minor cluster, which highlights the intramolecular ring
formation to highly cross-linked silsesquioxanes.57

In comparison, both naphthyl gels exhibit a significantly
more complex mass spectrum. Due to a high number of
hydroxy and methoxy groups, each major cluster consists of
many minor clusters, differing by 14 g/mol, reflecting
variations in the ratio of OH/OMe groups (Figure 6c).
However, consideration of the overall spectrum of 1-NpMGcons
shows a clear shift toward higher molar masses after thermal
treatment at 200 °C, resulting from intermolecular con-
densation reactions. A closer look at oligomers with n = 6
(Figure 6d), for example, reveals partially cross-linked
silsesquioxanes containing only methoxy groups after con-
solidation. Within individual clusters, the oligomers differ by a
mass delta of 46 g/mol, which corresponds to the formation of
a ring by the reduction of two OMe groups (1230 g/mol: 1-
Np6S i 6O8(OCH3)2 + Ag+ and 1276 g/mol : 1 -

Figure 6. (a) Zoom in the full mass spectrum of the consolidated and non-consolidated 9-PhenMG, highlighting major clusters with 7−10
repeating units (n) with a spacing between them of 238 u. The highest peak is assigned to the corresponding silsesquioxane unit of 9-PhenMGcons.,
(b) single repeating unit with n = 8 of the full mass spectrum of consolidated and non-consolidated 9-PhenMG. The distance between the peaks is
18 u for intramolecular condensation with the loss of water and 14 u for OH replacement by OMe, (c) zoom in the full mass spectrum of the
consolidated and non-consolidated 1-NpMG, highlighting major clusters with 6−9 repeating units with a spacing between them of 202 u. The
highest peak is assigned to the corresponding silsesquioxane unit of 1-NpMGcons., (d) single repeating unit with n = 6 of the full mass spectrum of
consolidated and non-consolidated 1-NpMG. The distance between the peaks is 18 u for intramolecular condensation with the loss of water, 14 u
for OH replacement by OMe, and 46 u for the replacement of two OMe groups by an Si−O bonding.
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Np6Si6O7(OCH3)4 + Ag+). It can be assumed that the OH
groups in the 1-NpMG are less stabilized, as oligomers with
isolated hydroxyl groups are observed only from n = 9.
The microstructure of 2-NpMGnon‑cons. is comparable to that

of 1-NpMGnon‑cons., with the distinction that oligomers can be
detected in higher mass ranges. As already recognized by the
increased molar mass in the SEC measurements and the higher
DC in the NMR measurements, the MALDI-ToF MS results
confirm the formation of larger silsesquioxane units with an
increased number of repeating units. Compared to 1-NpMG
and 9-PhenMG, a further reduction in the stability of the OH
groups is expected, promoting a stronger tendency toward
intermolecular condensation and intermolecular entanglement.
The SEC/MALDI-ToF MS measurements highlight the

influence of the aromatic groups on the molar mass, OH group
stabilization, and type of condensation reaction. Depending on
the size of the aryl group, either inter- or intramolecular
condensation reactions are favored. Phenanthrenyl, the largest
moiety investigated here, forms oligomers with a size of 7−20
repeating units. Thermally initiated condensation reactions
occur intramolecularly within these oligomers, resulting in a
significantly higher degree of cross-linking but minimal change
in molecular size. The preferred formation of both open and
closed cubes is observed. 1-NpMG with 1-naphthyl as the next
largest organic group exhibits not only intramolecular but also
intermolecular condensation reactions. This results in an
increase in the average molecular mass and a broadened molar
mass distribution. In contrast to 9-PhenMG, a large number of
OMe groups are present, stabilizing the oligomers with a small
number of repeating units. The presence of linear poly-
silsesquioxanes with a few rings or a ladder-like structure can
be predicted. The 2-naphthyl group has the lowest steric
hindrance due to its extended structure. This leads to an
increased hydrolysis rate and a stronger condensation
tendency, as evidenced by the significantly higher Mw
compared to 1-NpMGnon‑cons.. It can be assumed that the
consolidation promotes intermolecular condensation reactions,
resulting in the formation of an extended network, which
causes insolubility and a lack of chain mobility.

ATR-FTIR Spectroscopy. ATR-FTIR spectroscopy was used
for further analysis of the silsesquioxane structure. The process
of hydrolysis and condensation can be detected by examining
specific vibrational bands of methoxy- and hydroxy groups.58

All polysilsesquioxanes display a reduction in the signals from
the OMe at 2834 and 2933 cm−1 (υCH3), 1193 cm−1

(ρCH3O), and 1069 cm−1 (υCO) due to the hydrolysis
reaction (Figure 7).59,60 However, the complete disappearance
of these absorption bands is not observed in 1- and 2-NpMG,
demonstrating the persistence of OMe groups, consistent with
results from NMR measurements. Furthermore, an absorption
band corresponding to OH groups is visible at 900 cm−1 and
between 3000 and 3700 cm−1. A distinction can be made
between OH groups interacting via hydrogen bonding (3000−
3500 cm−1) and isolated OH groups (>3600 cm−1).8 Upon
thermal treatment at 200 °C, the associated OH groups nearly
disappear. Hydroxy groups shielded by the aromatic moiety
remain visible as isolated groups in the range >3600 cm−1.
Condensation reactions and resultant Si−O−Si cross-linking

become apparent through absorption in the Si−O−Si vibration
range between 1000 and 1150 cm−1. This segment of the
spectrum is particularly interesting, as it provides insights into
the forming silsesquioxane network.61,62 Both NpMGs exhibit
a defined Si−O−Si vibration band focused on lower
wavenumbers between 1000 and 1100 cm−1 with two maxima
around 1040−1060 cm−1, featuring the Si−O−Si network with
low symmetric linear or cross-linked units, and 1015/1018
cm−1 representing strained cycles.63−65

With consolidation, only a definition of the existing peaks is
observed in 1-NpMG, indicating no major change in the
microstructure despite further condensation reactions.
In contrast, the FTIR spectra of 2-NpMGcons show a

decrease in the Si−O−Si network band at 1058 cm−1, while
the band corresponding to the strained cycles shifts from 1018
to 1005 cm−1 and becomes dominant. The formation of a band
in the low wavenumber range of the Si−O−Si region is also
reported in the literature after the thermal condensation of
silanols, such as PhSi(OH)3.

66,67 During the melting gel
synthesis, the partial formation of 2-NpSi(OH)3 was detected.

Figure 7. FTIR spectra of consolidated and non-consolidated 1-Np-, 2-Np-, and 9-PhenMGs with a zoomed view of the OH region and
highlighting of key vibration peaks.
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It can be assumed that the solvent-free, thermal condensation
of silanols preferentially results in the formation of cyclic
structures (like (Si−O)6 or cyclotrisiloxanes).68 The absence
of softening and the lack of solubility indicate that these cyclic
structures are condensed, forming a dense network.
The Si−O−Si region of 9-PhenMG has no prominent peaks

and is more concentrated around 1070 cm−1, representing
open cages of varying sizes, as detected in the MALDI-ToF
MS.69 Further intramolecular condensation reactions lead to
the formation of more defined silsesquioxanes, including fully
cross-linked cages. This transformation is visible in the
spectrum by a narrowing of the full width at half-maximum
in the Si−O−Si region.
Variances in the structure of the melting gels, influenced by

the different organic groups, were detected via MALDI-ToF
and manifested in the Si−O−Si vibration range. In 1-NpMG,
small low-symmetry silsesquioxane structures, such as small
rings, linear chains, or ladders, are found, while the 2-Np
substituent appears to favor condensed cycles, as 2-
naphthyltrihydroxysilane is formed as an intermediate during
synthesis, dictating subsequent structure development. In
contrast, cage structures of different sizes are observed in 9-
PhenMG, represented by a broad band around 1070 cm−1. All
samples show a definition of the FTIR region after thermal
condensation, indicating the formation of a more ordered
silsesquioxane structure.

Powder XRD. PXRD measurements are a known method to
study the structural order of polysilsesquioxanes. Ladder-like
polysilsesquioxanes or layered polysiloxanes typically exhibit
two broad, amorphous reflections in the diffractogram. The
assignment of the first reflection (d1) varies in the literature,
attributed to the width of ladder-like structures70−72 or
interpreted as the intermolecular chain-to-chain distance in
ladders or between layers or cages.51,73,74 In both interpreta-
tions, the position of the first signal depends on the type of the
organic group and the defect concentration. Bulkier and more
spatially extended organic groups lead to greater separation
between silsesquioxane layers, resulting in a higher d1 value and
lower packing density.3 Defects, such as non-condensed
methoxy or hydroxy groups, as well as changes in the
conformation of the organic group, lead to a lower d1 distance
and a decrease in the relative intensity of the first reflection
compared to the second (R value).72,75 All three aryl melting
gels display a signal corresponding to d1 (Figure 8), indicating
a layered structure. The low R value (Table 1) and broadening
of the first reflection suggest a low long-range order and a
structure that is rich in defects. The d1 value of the non-
consolidated gels represents the increased bulkiness and
spatially extended length in the order Ph < 1-Np < 2-Np <
9-Phen, as well as the chain packing density in reverse order.
Temperature-induced cross-linking becomes evident by an
increase in the d1 values, accompanied by an increase in the R
value. NMR and MALDI-ToF MS results indicate still a defect-
rich structure with non-condensed groups, even in the
consolidated materials. Therefore, observed d1 values are far
from an ideal ordered arrangement and could potentially be
significantly larger.
The R value increases in the order 1-Np < 2-Np < Ph < 9-

Phen. The increase in order can be correlated with the
proportion of hydrolyzed species detected by NMR spectros-
copy. It has been shown that silanols thermally condense,
thereby retaining the structure that predominates in the
crystal.35 The higher the proportion of OH groups, the more

structuring units are present, resulting in a more uniform
structure.
The amorphous part of the material is represented by a d2.

The phenyl melting gel shows an amorphous, broad signal at
0.45 nm, consistent with the literature attributing this to the
average thickness of the molecular chains.3,72,76 The value is
described as independent of the organic group and the cross-
linking. Unexpectedly, all melting gels exhibit two overlapping
diffuse peaks in the range of d2. The 2-NpMG display two
distinct maxima at 0.49 and 0.36 nm, while 1-NpMG and 9-
PhenMG show a maximum at 0.40/0.43 nm with a shoulder at
0.54/0.61 nm. As the consolidation leaves the reflections
unchanged, but structural change becomes apparent via IR and
NMR, it can be assumed that the position of d2 is not directly
linked to the resulting structural arrangement. The observed
differences are likely influenced by the asymmetric nature of
the organic group in comparison with the phenyl substituent.
XRD measurements confirm the presence of a layered

structure in all of the melting gels. However, the low R value
indicates a high degree of structural disorder in the non-
consolidated materials due to a large amount of non-
condensed hydroxy and methoxy groups. The size of the
organic substituent is reflected in the d1 parameter, which

Figure 8. PXRD patterns of consolidated and non-consolidated 1-
Np-, 2-Np-, and 9-PhenMG with marked positions of the d1 and d2
reflections.

Table 1. d1, d2, and R Values of Consolidated and Non-
consolidated 1-Np-, 2-Np-, and 9-PhenMG Measured by
PXRDa27

sample
maximum d1

[nm]
maximum d2

[nm]
R

(I(d1)/I(d2))

1-NpMG non-cons. 1.05 0.40 0.62
cons. 1.19 0.90

2-NpMG non-cons. 1.28 0.49 0.71
cons. 1.42 1.01

9-PhenMG non-cons. 1.36 0.43 0.78
cons. 1.47 1.78

PhMG non-cons. 0.83 0.45 0.98
cons. 0.98 1.15

aValues for PhMG were taken from the literature.27
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correlates with the interlayer distance and increases from
phenyl to phenanthrenyl. Thermal treatment and further cross-
linking lead to structural expansion and increased ordering,
consistent with FTIR results. The quantity of OH groups
acting as structuring elements proves to be a crucial factor in
thermally initiated condensation.
Thermal Analysis. TGA/Thermogravimetric Analysis-

Fourier Transform Infrared Spectroscopy (TG-FTIR). Poly-
silsesquioxanes are known for their exceptionally high thermal
stability, which is attributed to their high Si−O binding
energy.77 In addition, the cross-linking properties minimize
bond cleavage and ring formation, which occurs more
frequently in linear polysiloxanes during thermal decomposi-
tion.78,79 The organic group also plays an important role in
decomposition. Phenyl groups have been found to be
particularly stable, both in an inert atmosphere and under
air.80 The phenyl melting gel showed a mass loss of 5% (T95
value) in an oxygen atmosphere at 400 °C in its non-
consolidated state and at 510 °C after the consolidation,
demonstrating a high thermal stability, which is typical for
polyphenylsilsesquioxanes.27 By using TG-FTIR, a 3.95% mass
loss due to water and methanol was detected starting at 200
°C, which resulted from the thermally induced condensation
reactions. Further decomposition, involving Si-Ph bond
cleavage, proton abstraction, and oxidation of free carbon,

was observed at 590 and 670 °C through the monitoring of
benzene, CO2, and CO.
The influence of the different polycyclic aromatic groups on

thermal stability and decomposition under air was investigated
via TGA and TGA-FTIR, analogous to the studies on PhMG.
The decomposition of naphthyl and phenanthrenyl melting
gels is very similar to that of the polyphenylsilsesquioxane. All
samples show three defined mass losses in the range 180−380
°C; 400−650 °C; and 600−950 °C, whereby the derivative
thermogravimetric (DTG) curves indicate overlapping decom-
position stages in the range of the second and third mass losses
for NpMGs (Figures 9a,c and S16). For the qualification of the
gases produced during consolidation and further decom-
position, TG-FTIR measurements were performed (Figures
9b,d and S16).
The first mass loss, starting at about 200 °C for the NpMGs,

can be assigned to the reaction of OMe and OH groups,
primarily forming methanol as byproduct. Water cannot be
detected in the FTIR spectra of the gaseous decomposition
products, possibly due to a further hydrolysis reaction of the
remaining methoxy groups. After consolidation, the initial mass
loss is no longer visible, and further decomposition of the
materials does not start until 400 °C. This is explained by the
condensation of all available and interacting OH groups, and
only the addition of external agents (for example, a base as a

Figure 9. TG curve under air and DTG curve of the consolidated and non-consolidated melting gels, with assignment of the gases released during
each decomposition stage, T95 value of the consolidated melting gel, and the marked mass loss in the first decomposition stage of the non-
consolidated melting gel: (a) 1-NpMG and (c) 9-PhenMG. Three-dimensional (3D) graphic of the FTIR spectra of degradation products as a
function of temperature, with the assignment of the detected gases: (b) 1-NpMGnon‑cons. and (d) 9-PhenMGnon‑cons..
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catalyst) would enable further cross-linking in the cured
materials. The two naphthyl groups primarily differ in the
magnitude of the first step, with the 1-NpMG exhibiting a mass
loss of about 1.5 times larger than that of the 2-NpMG. This
difference can be explained by the lower DC of the non-
consolidated 1-NpMG and an increasing number of con-
densation reactions, resulting in a higher loss of byproducts.
However, both materials show high thermal stability, with a
T95 of about 460 °C after temperature treatment.
The 9-PhenMG exhibits a significantly larger first degrada-

tion step of about 18%, starting earlier at 180 °C (Figure 9c).
Analysis of the gaseous components reveals the presence of
mainly residual solvent from the synthesis and water from
condensation reactions (Figure S17). The removal of acetone
at such a late stage suggests interactions between the carbonyl
group and the silanols of the melting gel via hydrogen bonds.81

However, the 18% mass loss cannot be attributed solely to the
condensation byproducts and residual solvents. It is to be
expected that the sublimation of free phenanthrene, detected
by 1H NMR, is also reflected in this stage. Since no
condensation stage occurs in the consolidated material, the
mass loss of around 350 °C relates to the release of the
aromatic compound. Due to the high boiling point of
phenanthrene, it crystallizes in the transfer line before reaching
the IR detector and is therefore not visible in the IR spectra of
the gaseous degradation products (1H NMR spectrum of the
crystals from the TGA furnace is given in Figure S18).
The second mass loss begins around 400 °C. Methanol is

initially detected during this stage in the naphthyl melting gels,
coming from the decomposition of OMe groups that were not
reacted in the first condensation step. Overlapping with the
formation of methanol, the FTIR spectrum shows an

absorption of the aromatic C−H vibration. It indicates the
cleavage of the Si-naphthyl bond and the detection of
naphthalene.79 The 9-PhenMG shows a mass loss at a similar
temperature, which cannot be detected by FTIR. The cleavage
of the Si-phenanthrenyl bond and the loss of the aromatic
group are expected in this step, similar to those of the NpMGs.
Complete oxidation of the carbon results in a release of CO

and CO2 during the final degradation step, visible in all three
silsesquioxanes between 600 and 950 °C.82
The different attachment of the naphthyl group and the size

of the aromatic group do not appear to have a significant effect
on thermal stability and oxidative decomposition. All materials
reveal a thermal stability of ≥400 °C, with their thermal
decomposition differing primarily in the number of remaining
hydroxy and methoxy groups. The high thermal oxidative
stability distinguishes the aromatic melting gels from the
reversibly softenable silsesquioxanes with alkyl groups or alkyl
spacer between the silicon and the aromatic group, as
described in the literature.28,33,83 Since 9-PhenMG contains
only a very small number of OMe groups, no release of
methanol can be identified. However, acetone, interacting via
hydrogen bonds, and phenanthrene, cleaved by acidic
polycondensation during the synthesis, can be detected. The
1-Np- and 2-NpMG differ only in the size of the condensation
step, which is dependent on their degree of condensation.28,83

Fluorescence Analysis. Under UV light, the aromatic
melting gels show pronounced fluorescence behavior (Figure
2). Fluorescence spectroscopy can be used to investigate
interactions within polymers, as fluorescence is highly
dependent on the environment of fluorophores. Polycyclic
aromatic hydrocarbons such as pyrene, benzene, naphthalene,
perylene, and their derivatives are known to show a

Figure 10. Concentration-dependent fluorescence spectra of (a) 1-NpMGnon‑cons., (b) 2-NpMGnon‑cons., and (c) 1-NpMGcons in DCM with λex =
285 nm. (d) Temperature-dependent measurements of 1-NpMGnon‑cons. in dimethyl sulfoxide (DMSO) between 25 and 105 °C, λex = 285 nm, c =
0.6 g/L. The inlet shows the temperature-dependency excimer-to-monomer fluorescence ratio.
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concentration-dependent formation of a structureless band.
This band is attributed to excimers, which result from an
attachment of an excited aromatic molecule with an unexcited
one.84−86 Excimer formation can also occur within oligomers
and polymers, such as polystyrenes,87 polyvinylnaphthalenes,88

and even polyphenylsiloxanes89 or polyphenylsilsesquiox-
anes,90 provided the aromatic groups adopt a stable sandwich
conformation.91 Concentration-dependent measurements
allow one to distinguish between inter- and intramolecular
excimer formation. If the ratio between the monomer and
excimer band in a diluted solution shows no concentration
dependence, interactions within the polymer chain can be
expected.90 As PhMG is known to form inter- and intra-
molecular excited dimers,27 concentration-dependent fluores-
cence spectra were also measured for the soluble naphthyl- and
phenanthrenyl melting gels in the consolidated and non-
consolidated states.
Naphthalene shows a moderately prominent excimer band at

high concentrations at room temperature, which becomes
more prominent in certain naphthalene derivatives, with a

maximum between 392 and 408 nm.92 Concentration-
dependent fluorescence spectra of the monomers 1-Np- and
2-NpSi(OMe)3 in DCM confirm this observation (Figures S19
and S20, absorption spectra in DCM of monomers and
polymers see Figure S21). 1-NpSi(OMe)3 shows monomer
fluorescence at 329 nm with shoulders at 323 and 335 nm,
while 2-NpSi(OMe)3 presents three defined peaks at 323, 338,
and 353 nm. A red shift is observed due to self-absorption at
high concentrations. In the absence of solvent, a structureless
band at 403 nm (1-NpSi(OMe)3), as well as a structureless
band at 390 nm (2-NpSi(OMe)3), dominates the spectra,
which can be assigned to the excimer band. The ratio between
monomer and excimer fluorescence is strongly concentration-
dependent, which is typical for intermolecular excimer
fluorescence. In contrast, phenanthrene is known not to
exhibit excimer fluorescence, except under exceptional environ-
ments or the use of substituted phenanthrenes.93−95 This
behavior is mirrored in the monomer 9-PhenSi(OMe)3, which
displays a defined monomer fluorescence with a peak
maximum at 367 nm, accompanied by a spectral shift caused

Figure 11. Schematic representation of the proposed structures of the three investigated melting gels (1-NpMG, 9-PhenMG, and 1-NapMG) in
their non-consolidated and consolidated forms. The structural motifs shown are a representative selection of the units postulated in the materials
and reflect the most important characteristics of the respective material state.
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by self-quenching at increased concentrations (Figure S22).96

Unlike the naphthyl monomers, 9-PhenSi(OMe)3 does not
show a red-shifted, unstructured band, indicating the absence
of excimer formation.
The non-consolidated melting gels containing naphthyl

groups show the previously described peaks corresponding to
excimer and monomer fluorescence (Figure 10a,b). The
excimer band, which appears at 406 nm for 1-NpMG and at
403 nm for 2-NpMG, persists even at low concentrations
<0.0026 g/L. As soon as the spectrum is no longer influenced
by self-absorption, the ratio of monomer to excimer
fluorescence remains constant. At this point, the oligomeric
structures are fully separated by solvent, eliminating
intermolecular interactions. The fluorescence detected under
these conditions can be assigned to intramolecular excimer
fluorescence, which suggests that the naphthyl groups, both in
α and β positions, must be present in a symmetrical sandwich
conformation. The same experiments were repeated with
consolidated, soluble 1-NpMG (Figure 10c). A prominent,
concentration-independent excimer band is also formed at 406
nm. Compared to the non-consolidated gel, the ratio of
excimer to monomer fluorescence increases from IEx/IM = 1.9
for the non-consolidated to IEx/IM = 3.2 for the consolidated
sample. It can be concluded that the additional cross-linking
leads to an increased number of intramolecular excimers,
suggesting a more ordered system with a lower number of
defects.97 These findings align with the XRD measurements,
which also demonstrated structural ordering induced by the
thermal treatment.
In contrast, 9-PhenMG exhibits no excimer band in either

the non-consolidated or consolidated state (Figure S23),
consistent with the known behavior of phenanthrenyl
substituents, which do not form excimers.
The effect of temperature on excimer formation in 1-Np-

and 2-NpMG was studied in DMSO over a range of 25−105
°C. In both melting gels, the excimer fluorescence decreases
with increasing temperature, while the monomer fluorescence
remains largely unaffected, leading to a reduction in the relative
ratio IEx/IEm (Figures 10d and S24). The temperature
dependence of the excimers is a known phenomenon in the
literature and can be attributed to thermal dissociation.98,99

These findings highlight the thermally initiated changes in
aromatic interactions that contribute to the observed thermo-
plastic behavior.

■ CONCLUSIONS
In this study, we investigated the influence of the aromatic
group size and isomerism on the structural and thermal
properties of polysilsesquioxane-based melting gels. Through
acid-catalyzed polycondensation, we synthesized polysilses-
quioxanes from 1-naphthyl, 2-naphthyl, and 9-phenanthrenyl-
trimethoxysilanes, examining their behavior in terms of
reversible softening at 110 °C and irreversible curing at 200
°C, similar to known phenyl-containing melting gels.
Our structural analyses revealed that aryl group isomerism

and size significantly affect molecular mass, cross-linking
density, and overall structure (Figure 11). 1-NpMG forms
low-mass oligomers with numerous stabilized non-cross-linked
OH and OMe groups. The low degree of condensation allows
reversible softening and solubility even after thermal treatment
at 200 °C, making the material resistant to thermal curing. In
contrast, the more linear and less bulky structure of the 2-
naphthyl group facilitates cross-linking and extended network

formation, resulting in a material that softens at 110 °C but
transitions to a thermoset upon further heating. Meanwhile,
the 9-phenanthrenyl group induced mainly intramolecular
condensation due to its bulkiness, forming rigid, cage-like
structures with limited flow behavior.
The incorporation of naphthyl groups into polysilsesquiox-

anes enables the creation of materials with high refractive
indices >1.6, fluorescence, and thermoplastic properties across
a wide temperature range while maintaining high thermal
stability >400 °C. These characteristics distinguish them from
known phenyl-based melting gels, broadening their potential
applications in fields like optoelectronics.
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