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Kurzzusammenfassung

Melting Gele sind silsesquioxanbasierte Hybridmaterialien, die bei moderaten Temperaturen
reversibel erweichen und bei weiterer Erwdrmung irreversibel aushérten. In Kombination mit
Transparenz und thermischer Stabilitét er6ffnet dieses Verhalten neue Perspektiven fiir optische
Anwendungen.

Ziel dieser Arbeit war es, die strukturellen Voraussetzungen fiir das Melting-Gel-Verhalten zu
identifizieren und auf neue Systeme zu iibertragen. Aufbauend auf einem phenylsubstituierten
Referenzsystem wurden Silsesquioxane mit unterschiedlichen aliphatischen und polyzyklisch-
aromatischen Substituenten synthetisiert und hinsichtlich ihrer Netzwerkstruktur und
thermischen Eigenschaften untersucht.

Ein intermedidrer Vernetzungsgrad, amorphe leiterartige Segmente und eine kontrollierte Zahl
freier Hydroxygruppen erwiesen sich als entscheidend fiir das thermoplastische und
duroplastische Verhalten. Wihrend Naphthylsubstituenten die Bildung neuer Melting-Gel-
Systeme ermdglichten, fithrten lineare n-Alkylgruppen nicht zu den gewlinschten
Eigenschaften.

Dartiber hinaus wurde die Eignung der Materialien als Matrix fiir die Verkapselung
hydrophober Farbstoffe demonstriert. Am Beispiel perylenbasierter Systeme konnten
fluoreszierende Mikropartikel {iber eine Schmelz-Emulsions-Synthese hergestellt werden.

Die Arbeit liefert damit grundlegende Einblicke in die Struktur—Eigenschafts-Beziehungen von
Melting Gelen und zeigt neue Wege zur Entwicklung funktionaler Hybridmaterialien mit

regulierbaren Eigenschaften.
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Abstract

Melting gels are silsesquioxane-based hybrid materials that soften reversibly at moderate
temperatures and cure irreversibly upon further heating. Combined with high transparency and
thermal stability, this behavior offers new opportunities for optical applications.

The aim of this work was to identify the structural prerequisites for the melting gel behavior
and to extend the concept to new systems. Building on a phenyl-substituted reference system,
silsesquioxanes with various aliphatic and polycyclic aromatic substituents were synthesized
and studied with respect to their network structure and thermal properties.

An intermediate crosslinking density, amorphous ladder-like segments, and a controlled
number of free hydroxyl groups were found to be crucial for the thermoplastic—thermosetting
characteristics. While naphthyl substituents enabled the formation of new melting gel systems,
linear n-alkyl groups did not yield the desired properties.

In addition, the suitability of these materials as matrices for encapsulating hydrophobic dyes
was demonstrated. Using perylene-based systems, fluorescent microparticles were successfully
prepared via a melt-emulsion process.

This study provides fundamental insights into the structure—property relationships of melting
gels and highlights new strategies for designing functional hybrid materials with tunable

properties.
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Introduction

1 Introduction

The development of new types of materials that can be processed efficiently while
simultaneously meeting high functional requirements is a central challenge in modern materials
science. Especially in microelectronics and optoelectronics, for example, in the encapsulation
of light-emitting diode (LEDs) components, materials are required that offer thermal stability,
high transparency, tailorable refractive index (RI) and processability at moderate temperatures.
Traditional materials such as low-melting-point sealing glasses, which have been used for this
purpose, are typically purely inorganic glasses based on mixtures of various metal oxides, such
as boron oxide, bismuth oxide, lead oxide, and modifiers including alkali and alkaline earth
metal oxides.! These materials require processing temperatures below those of conventional
silicate glass. However, typical melting temperatures between 300 and 600 °C are still too high
for many sensitive electronic components, resulting in limitations for industrial applications.?
Inorganic-organic hybrid materials combine the transparency and hardness of inorganic glasses
with the processability and functionality of organic polymers.> Materials that embody this
principle are so-called melting gels. These are siloxane-based hybrid materials that can be
processed at moderate temperatures (= 110 °C) before being irreversibly crosslinked into robust
hybrid glasses through controlled thermal treatment (130-200 °C).* This makes them
particularly suitable for applications in temperature-sensitive optical systems.

The simplest melting gel system is based on a polysilsesquioxane with phenyl groups as organic
substituents and is produced via the polycondensation of phenyltrialkoxysilane as the only
monomer used.’ Hydrolysis and condensation occur in parallel and are kinetically controlled.
Because of the large number of possible reaction pathways, each with distinct kinetics, the
process is highly complex and strongly dependent on the specific reaction conditions.® A deep
understanding of both the underlying reaction mechanisms and the resulting network structure
is essential for the targeted adjustment of the final hybrid material properties.

A variety of analytical methods, such as 2°Si nuclear magnetic resonance (NMR) spectroscopy,
Fourier transform infrared spectroscopy (FTIR), thermal analysis methods, or powder X-ray
diffraction (PXRD), enable the structural characterization of such systems. The insights gained
can be transferred to systems with more complex formulations or different precursors, thereby
contributing to the systematic expansion of the melting gel family and broadening their

potential applications.
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2 Theoretical Background

2.1 Hybrid Materials

Inorganic-organic hybrid materials represent one of the most rapidly growing classes of
materials today. In view of increasing demands for modern materials, such as sustainability,
energy efficiency, miniaturization, environmental compatibility, recyclability, and durability,
they are gaining significance in both academic research and industrial applications. This trend
is also reflected in the steadily rising number of scientific publications, patents, reviews, and
books addressing various aspects of hybrid materials.® 714

Hybrid materials are generally defined as the combination of inorganic and organic components
at the molecular level.'” Their properties are not solely the sum of the individual components,
but are significantly influenced by the characteristics of the inner interfaces. These structural
and chemical features can lead to synergistic effects, resulting in improved performance or
entirely new properties.!> Depending on the nature of the interface, hybrid materials are
commonly categorized into two classes: class I, in which organic and inorganic components
interact via weak forces (e.g., van der Waals interactions, hydrogen bonds, or electrostatic
forces), and class II, in which the components are connected by covalent or iono-covalent
bonds.’

The idea of combining organic and inorganic components is not a modern invention. Nature
has long employed this principle to produce complex hybrid materials through
biomineralization, such as shells, bones, and teeth composed of biopolymers (e.g., chitin,
collagen, polysaccharides) and inorganic phases (e.g., calcium carbonate, silica, iron oxides).
These structures are hierarchically organized nanocomposites whose mechanical stability,
porosity, and optical properties have been optimized by evolution.!®2

Early human-made hybrid materials also demonstrate this principle. Prehistoric cave paintings
were made using paints composed of inorganic components (e.g., Fe>Os, aluminosilicates),
combined with organic binders such as fats or proteins.?! Other clay-organics were found in
cosmetics and medicine.?? In ancient times, various cultures developed materials such as Maya
Blue, a pigment made from the natural dye indigo and the clay mineral palygorskite, which is
known for its exceptional chemical stability,?* or lime mortars modified with sticky rice soup

(providing starch, particularly amylopectin), which display remarkable durability.>*
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A systematic scientific understanding of such materials began to emerge only in the 18th and
19th centuries. Researchers such as J. B. van Helmont, J. J. Berzelius, C. Friedel, and J. M.
Crafts, or F. S. Kipping, contributed significantly to the development of silane and siloxane
chemistry.!! Due to their versatile chemical properties, especially their ability to form flexible,
stable Si—O-Si backbones, siloxanes soon became key building blocks in the design of hybrid
materials. In particular, the early investigations of J. J. Ebelmann into the hydrolysis and
condensation of alkoxysilanes in 1846 are now considered to have laid the chemical foundations
for what would later become the sol—gel process.?®

In the 20th century, particularly from the 1970s onwards, the production of inorganic-organic
hybrid materials gained increasing importance due to the concept of the so-called “chimie
douce”.2%2" These approaches make it possible to produce complex, crosslinked materials with
a controlled microstructure under mild conditions. Among the most prominent techniques
enabled by this development is the sol-gel process, which has become a cornerstone of modern
hybrid material science. The wet-chemical process, in which metal or half-metal alkoxides are
converted into an inorganic or hybrid network through controlled hydrolysis and condensation,
allows the direct integration of functionalized organic groups into the resulting network, leading
to inorganic-organic materials with high structural control and functionality.?® Initially, the sol—
gel process was primarily used for the production of ceramics and glasses.?> 3° Over time,
however, its potential in other fields became increasingly evident. Today, it serves as a
fundamental technique for the development of various advanced hybrid materials, including

nanomaterials, coatings, and functional composites.®!-?

2.2 Sol-Gel Synthesis

The sol—gel process is a standard method for producing materials with an oxide-based structure,
such as glasses and ceramics. In a wet chemical process, molecular precursors, usually metal
or half-metal alkoxides, are hydrolyzed and condensed. As the name suggests, kinetically
controlled reactions result in the formation of sols and gels.?®

First, a colloidal solution of particles or macromolecules is formed. Their size is in the lower
nanometer range and corresponds to a nanoparticulate dispersion. The sols then aggregate to
form a solid, porous three-dimensional network whose pores are filled with liquid. This stage
is defined as a gel, with the transition between sol and gel referred to as gelation. Structural

changes continue to occur during ageing, depending on temperature, pH, or solvent. In the final
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stage, the solvent is removed through drying. Depending on the desired material properties, a
subsequent high-temperature densification step may be applied to reduce porosity and achieve
densities comparable to fused silica.**

Depending on the type of drying (evaporation induced by heating or reduced pressure, or
supercritical drying), whether a densification step is applied, and the processing method
(coating, gelling, precipitation, spinning), the morphology of the final product can be
influenced, resulting in a variety of controlled materials such as coatings and thin films,

monoliths, xerogels, aerogels, powders and fibers (Figure 1).3!:3°

Xerogel Film

Dense Film

Heating
—

Dense Ceramic
or Glass

Coating X
Heating

 —

Wet Gel
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e T

i oA g )
Hydrolysis and o ) i
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Figure 1: Different sol-gel process steps to control the final morphology of the product. Reproduced

Solution of Precursor Sol -
Spinning

from Aboualigaledari, N.; Rahmani, M. A review on the synthesis of the TiO,-based photocatalyst for
the environmental purification. J. Compos. Compd. 2021, 3, 25-42. Licensed under CC-BY 4.0.%

The advantages of the sol—gel process lie in the almost unlimited combination of different
building blocks, which can be used like in a LEGO® system, for example, to adjust surface
properties or porosity. Furthermore, precise control of shaping and the production of nanoscale
structures is possible. Mixing at the molecular level also leads to high-purity, homogeneous
products. The greatest advantage lies in the low temperatures and mild chemical reaction
conditions. These not only ensure resource-friendly handling but also enable the use and
integration of organic molecules, making the sol-gel process particularly valuable in hybrid
materials science.?!3’

The disadvantages are high cost of the precursors and the risk of material shrinkage, which can
lead to stresses and cracks or even the collapse of the pores during the drying process.?” While

the reaction sounds simple and does not require much equipment, the processes behind it are

highly complex and depend on a variety of external factors and reaction conditions that must
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be precisely controlled, which often makes the transfer of the synthesis to industrial processes

challenging.>*
2.2.1 Hydrolysis and Condensation of Silica-Based Materials

The most important reactions within the sol-gel process are the hydrolysis and
polycondensation of metal alkoxide precursors. In the case of silicon-based sol-gel materials,
the most used precursors are tetramethoxysilane (TMOS) or tetraethoxysilane (TEOS). In the
first step, the Si—OR groups (R = alkyl group, mostly methyl (Me) or ethyl (Et)) react with
water and undergo hydrolysis, leading to the formation of Si—OH groups. In the second step,
condensation occurs either between Si—OH functionalities or between Si—OH and Si—OR,

accompanied by the elimination of water or alcohol (Figure 2).

hydrolysis
=Si-OR + H.O ———=  =Si-OH + ROH
re-esterification

=Si-OH + =Si-OH water condensation

- =Si-0-Si= +
hydrolysis H20

=gj-OH + =Sj-OR 2alcohol condensation =gi-0-Si= + ROH
alcoholysis

Figure 2: General hydrolysis and condensation reaction of silica precursors.

While most metal alkoxides (e.g. M = Ti, Zr, Ce) react spontaneously with water due to their
lower electronegativity difference between the metal and oxygen atoms, silicon alkoxides
require a catalyst to initiate and accelerate the reaction.’ The mechanisms and resulting
products differ depending on whether the catalysis is acidic or basic.*®

In acid-catalyzed reactions (Figure 3), hydrolysis involves the protonation of the oxygen atom
in the Si—OR group, while condensation proceeds via protonation of a Si—OH group.
Protonation enhances the leaving-group ability and reduces the electron density on the silicon
atom, thereby increasing its electrophilicity and facilitating nucleophilic attack by water or
another Si—OH group. The resulting transition state is stabilized by a positive charge on the
silicon, which is enhanced by electron-donating neighboring substituents in the order Si—O-Si
< Si—OH < Si—OR < Si—R’ (R’ = organic group or H). Terminal alkoxy groups provide the
highest electron density, rendering the silicon center more susceptible to hydrolysis and
condensation. As hydrolysis or crosslinking progresses, the electron density at the silicon atom
decreases, reducing the reaction rate. Acid catalysis thus typically favors the formation of linear

or weakly crosslinked structures.*
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Acid-catalyzed

hydrolysis
t
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Figure 3: Mechanism of acid-catalyzed hydrolysis and condensation reactions of tetraalkoxysilanes.

In contrast, base-catalyzed reactions (Figure 4) proceed via nucleophilic attack by hydroxide
ions (OH") or silanolate ions (Si—O") at the silicon center. This leads to the formation of a
pentacoordinated intermediate, followed by the elimination of a hydroxide or alkoxide group.
Unlike in acid catalysis, the reactivity increases as the electron density at the silicon atom
decreases. As a result, condensation preferentially occurs at already crosslinked silicon centers,
promoting the formation of highly branched, three-dimensional networks.*’

Base-catalyzed

hydrolysis
+
3 RO OR
OB Son | & OR
RO-Si-OR R% """ Si’i """ O-H @RO-SII—OH
OR T ORY -RO OR
condensation
+
RO OR
CI)R \: o~ . ?R
RO-Si-OH —Sl-% """ Sli""O—H ~—® =SI—O—SI|—OR
| - -
S /OR OR ° -HO OR

=Si-0:

Figure 4: Mechanism of base-catalyzed hydrolysis and condensation reactions of tetraalkoxysilanes.

Hydrolysis and condensation are kinetically controlled reactions and usually take place in
parallel or compete with each other. Numerous intermediate species with varying reactivities
are formed during the process, making the overall reaction pathway highly complex.*’

By adjusting the reaction parameters, the ratio of hydrolysis to condensation can be influenced
to some extent, and thus the structure and properties of the final material can be tailored

accordingly. The most important parameters affecting these reactions, such as the type and

6
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concentration of the precursor, the solvent, the water-to-alkoxysilane ratio, temperature, and

pH value, will be discussed in more detail in Chapter 2.4.2.

2.3 Inorganic-Organic Silica Hybrid Materials

A considerable advantage of the mild reaction conditions in the sol—gel process is the possibility
of introducing organic groups into the inorganic network. This is not feasible in conventional
glass production. Soda-lime silicate glass is traditionally produced by melting sodium and
calcium carbonate with quartz at temperatures above 1000 °C. Under such conditions, organic
compounds would simply decompose.®’ In contrast, the gentle conditions of the sol—gel process
preserve the organic components, significantly expanding the range of possible materials,
properties, and applications.*!

There are two general approaches to combining organic and inorganic components, depending
on the nature of their interaction. In one case, organic species such as dye molecules, polymers,
or drugs are embedded within the silica network, interacting via weak chemical bonds (class I
hybrid materials).**** The second approach uses alkoxysilane precursors in which the organic
group is covalently bonded to silicon (class II hybrid materials).***¢ In contrast to Si-O-C
bonds, which are prone to hydrolysis and further condensation, Si—C bonds are stable under
polycondensation conditions, allowing straightforward incorporation into the silica network.
One, two, or three organic groups can be introduced, and the resulting silane species are
categorized as mono- (M), di- (D), tri- (T), or tetra-functional (Q) units (Figure 5), depending
on how many oxygen atoms are bonded.*’ Each silicon unit is further assigned an index m (e.g.,
T™), indicating the number of oxygen atoms connected to neighboring silicon atoms via oxygen
bridges.*® This index reflects the degree of crosslinking within the material.

While tetraalkoxysilanes lead to the formation of silica (Si0;), organotrialkoxysilanes form
oligo- or polysilsesquioxanes (R’Si03,2). In contrast, diorganodialkoxysilanes (R'2Si02/2) do not
form networks but rather siloxane chains, as found in silicones, and triorganoalkoxysilanes
(R3S101,2) act only as terminal groups. As a result, the crosslinking density of the inorganic
network decreases with each additional organic substituent. Therefore, mixtures of Q and T
units are often used in the sol—gel process to retain the high crosslinking density and typical
properties of the inorganic network, while also expanding its functionality, for example, by

adjusting polarity or enabling further functionalization.** >
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Figure 5: Unit structures for silica (Q™ units), silsesquioxanes (T™ units), siloxane chains (D™ units),
and end groups (M™ units). The index m (e.g., Q"—Q*) indicates the number of Si—O-Si bridges and thus
the degree of condensation (DC). R” = H or organic group; R = H or alkoxy group. Classification into

class I and class II hybrid materials according to the nature of the inorganic—organic interaction.

2.4 Silsesquioxanes

The term silsesquioxane (SQ) is derived from the components si/ (silicon), sesqui (one and a
half), ox (oxygen), and ane (hydrocarbon group).’! It refers to the characteristic silicon-to-
oxygen ratio of 1:1.5 and the presence of an organic substituent or a hydrogen atom at the
silicon center, according to the general formula R’SiO3/2.? Each silicon atom is surrounded by
three oxygen atoms, hence these units are also referred to as T-units.

The chemistry of silsesquioxanes began in the early 20th century with the work of F. S. Kipping,
who was able to synthesize a variety of organo- and chlorosilanes using the Grignard reaction.>
This development continued with the independent invention of an industrial process by R.
Miiller and E. G. Rochow in 1940, which enabled the large-scale synthesis of
methylchlorosilanes. J. F. Hyde at Corning Glass Works recognized the potential of these
precursors for the development of silicone resins for high-temperature electrical insulation,

which were primarily based on silsesquioxanes. These advancements eventually led to the
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founding of Dow Corning in 1943 and the commercial production of silicones, which sparked
a growing interest in silsesquioxane chemistry.!!->*

Silsesquioxanes can exist as oligomeric species with discrete structures composed of a limited
number of tetrahedral units. Examples include fully condensed closed cages (commonly
referred to as polyhedral oligomeric silsesquioxanes, POSS), open cages, double-decker cages,
small ladders, or irregular oligomers. They can also occur as polymeric species, forming high-
molecular-weight ladder polysilsesquioxanes (LPSQ), lamellar sheets, or random networks
(Figure 6).°>> Depending on whether they appear in oligomeric or polymeric form, and on the
degree of structural order, their properties and applications vary significantly. In the literature,
most attention is focused on cage and ladder structures due to their regular, recurring structural
motifs and their interesting physicochemical properties. In the absence of well-controlled

reaction conditions, silsesquioxane structures tend to form irregularly, incorporating a mixture

of structural motifs along with defects such as uncondensed alkoxy and hydroxy groups.
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Figure 6: Structural types of silsesquioxanes, including cage, ladder, lamellar, and random network

structures.
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2.4.1 Structure Types
2.4.1.1 Polyhedral oligomeric silsesquioxanes (POSS)

The first fully condensed and isolable POSS was reported by Scott in 1946.°°. This was
followed in 1965 by Brown and Vogt, who published the first partially condensed cage
framework.>” Another example of a POSS cage variation is the double-decker motif, described
by Yoshida et al. in 2003.%8

Owing to their hybrid nature, well-defined architecture, and the variety of functional groups
enabling unique material properties, research has since focused on isolating new cage systems
with varying sizes and substitution patterns.

Fully condensed cages can be represented by the general formula (R"SiO3)n (Th), where 7 is
an even number > 6. These three-dimensional, nanoscale structures typically range from 1 to
3 nm in diameter, making them among the smallest silica-based nanoparticles.>® The most well-
known structure is the Tg cage,60 although T6,®! Tro, T12,%? T14,% and Ti3* have also been
isolated, and even larger cages have been detected in product mixtures.®> Depending on the size,
different isomeric forms may occur, each with varying stabilities.%

The fundamental synthetic route for cage-like silsesquioxanes involves hydrolysis and
condensation of trifunctional organosilanes R’SiX3 (X = Cl or alkoxy). The process usually
yields a mixture of open and closed cage structures of different sizes, which must be separated
afterward.®* ® Non-functionalized organic derivatives are commonly used as strengtheners in
polymer blends. When physically mixed into a matrix, they can improve mechanical or thermal
stability or be used to modify viscosity.®”- ®® Alternatively, functionalized organic groups can
be incorporated to enable covalent bonding within polymer systems or to allow for further
molecular derivatization. Vinyl-substituted cages, for example, can be introduced via
hydrosilylation and act as crosslinkers.®

POSS can also be synthesized directly in open forms (e.g., R7Si1709(OH)3) or be reopened under
acidic or basic conditions, which allows for further functionalization through corner capping.’”
! Depending on the number of reactive corners, mono-functionalized derivatives can serve as
end-groups,”> while multifunctionalized variants can be used as chain extenders’® or
crosslinking agents in polymers (Figure 7).”* Common reactive corner groups include hydride,

halide, hydroxyl, amino, epoxy, acrylate, styrene, and ester functionalities.” 7®

10
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Figure 7: Schematic representation of POSS with different numbers of reactive corners integrated into
a polymer matrix: non-functional POSS is physically embedded, mono-functional POSS acts as pendant
or end group, di-functional POSS is incorporated as a linear chain segment, and poly-functional POSS

serves as crosslinking point or star-like structure.

The unique properties of these nanostructures derive directly from their defined, three-
dimensional cage geometry and their hybrid composition. The inorganic core imparts high
thermal, mechanical, and oxidative stability.””> 7® Through the targeted selection of organic
substituents at the cage corners, polarity, reactivity, and compatibility with various organic or
inorganic environments can be finely tuned.”® 8 This enables the modification of interfaces,
the control of self-assembly behavior, or the adjustment of rheological properties in composite
systems.”® 8183 Incorporation into polymers affects local molecular interactions and segmental
mobility, which can, for instance, lead to changes in the glass transition temperature (Tg).3*

A known drawback of POSS is its tendency to aggregate or crystallize.® It often exhibits poor
solubility in solvents or matrices, leading to phase separation. Its use in polymer systems is
therefore typically limited to low concentrations and requires precise tailoring of the organic
substituents to the matrix in order to ensure homogeneous dispersion.

Applications are primarily found in polymer composites,*® biomedical fields (e.g., as drug

89-91 93,94

carrier’’” or biomaterials®®), sensors, catalysis,’” and coatings.

2.4.1.2 Ladder polysilsesquioxanes (LPSQ)

The first ladder-type silsesquioxane structure was proposed by Brown et al. in 1965.%° Using
KOH-catalyzed equilibration polymerization of phenyltrichlorosilane, they synthesized a high-
molecular-weight, soluble polyphenylsilsesquioxane. Based on X-ray diffraction (XRD) and

11
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FTIR analysis, Brown proposed a ladder-like architecture with a double-stranded cis-
syndiotactic conformation.”® °” In 1971, Frye and Klosowski revised this assumption. They
attributed the formation of structural defects to the instability of phenyltrisilanol intermediates
and concluded that the product did not exhibit a perfect ladder configuration. Instead, they
suggested that the structure consisted mainly of randomly connected polycyclic cages.”® Further
progress in the 1980s came from Shklover et al., who successfully synthesized bicyclic ladder-
type silsesquioxanes of the form MesPh2Sis07, significantly advancing the development of
well-defined ladder polysilsesquioxanes.”’

Although Brown's proposed ladder structure was not universally accepted, these early findings
laid the groundwork for more targeted synthetic strategies aiming at structurally defined, defect-
minimized ladder systems with high molecular weights, which remain a central focus in LPSQ
research.

Ladder structures are ordered, one-dimensional networks, typically composed of double-
stranded Si—O-Si chains with cyclic linkages acting as ladder rungs.'®

The general synthetic strategy for ladder-type silsesquioxanes relies on hydrolysis and
condensation reactions but may vary in terms of the precursors used and the reaction conditions
applied. One established approach involves the use of cyclic silanol derivatives, particularly
cyclotetrasiloxanetetraol, as molecular building blocks for ladder construction. Unno et al.
reported the synthesis of such cyclic precursors and their subsequent conversion into oligomeric
ladder siloxanes with structures ranging from bicyclic to nonacyclic frameworks.!%!> 192 This
methodology has also proven suitable for the preparation of well-defined ladder polymers
(Figure 8a).!%%-1% Another strategy involves self-organization of precursors, where the organic
side groups act as structure-directing elements. These assemble via hydrogen bonding (Figure

108,109 or jonic interactions (Figure 8c),!!” followed by dehydration-

8b),'” n—x interactions,
driven condensation. A particularly simple approach was demonstrated by Choi and Lee et al.,
who used a K>COzs-catalyzed one-pot sol—gel reaction. In this process, either cage or ladder

structures were formed depending on the precursor concentration (Figure 8d).!!! 112
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Figure 8: Different strategies for the synthesis of LPSQ: a) condensation of cyclotetrasiloxanetetraol in
liquid ammonia,'® b) self-assembly via hydrogen-bonding, lyophilization and polycondensation,'? ¢)
self-organization using 3-aminopropyltrimethoxysilane as the starting material,''® '3 d) one-pot

synthesis from phenyltrimethoxysilane at high precursor concentration.'!!

Due to their inorganic backbone and rigid double-stranded architecture, ladder silsesquioxanes

114 15 and mechanical

exhibit high chemical and thermal robustness,”'® oxidative resistance,
stability,!'% 17 all comparable to POSS. Their covalently bound organic groups improve
solubility in organic solvents and polymers, allowing for good processability and the formation

of homogeneous, transparent phases.'!'® ! Functional groups can also be introduced to
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modulate polarity,'?® or to enable properties such as self-healing.'?! Porosity is influenced by
the steric demand of the organic substituents, as their size determines the spacing between
polymer chains.!?> 123

These properties make ladder-type polysilsesquioxanes attractive for use in protective

123-125 6

coatings, in gate dielectrics,'”® in electrochemical devices,'?” in gas separation

membranes,'?® or as LED encapsulation materials.'?

A key distinction from POSS lies in the polymeric nature of LPSQ, which allows them to form
continuous films or free-standing bodies.!!! While POSS often serves as an additive, ladder-
type silsesquioxanes can function as independent structural materials.

However, the major drawback of such well-defined structural motifs is the complexity of their
synthesis. Side reactions of silanol intermediates, such as cyclization,'*° and uncontrolled inter-

or intramolecular condensation can easily introduce structural defects, ultimately affecting

material performance.'?!

2.4.1.3 Random-branched silsesquioxanes

In the absence of strict control over reaction conditions, the hydrolysis and condensation of
organotrialkoxysilanes typically result in the formation of irregular, randomly branched
polysilsesquioxane networks. These non-crystalline structures lack a uniform, defined
architecture and often exhibit a high density of structural defects, particularly in the form of
uncondensed silanol and alkoxy groups.!'3% 133

Random networks tend to be insoluble,'** display a broad molar mass distribution, and
generally exhibit lower average molecular weights compared to defined LPSQ.!3

Free silanol groups can negatively affect key material properties, as they are highly hydrophilic,
promoting water absorption, which can cause swelling, optical property changes (e.g. RI
variation), and thermal expansion of the absorbed water, potentially leading to crack formation
under thermal cycling.!* Furthermore, Si—~OH groups can undergo further condensation during
or after film formation, potentially leading to undesirable structural shrinkage and cracking.!*¢
Mixing the silanol-rich silsesquioxanes in polymer matrices can cause self-aggregation and

poor dispersion in the matrix, and can adversely affect storage stability or thermal

performance. !’
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To overcome these undesirable effects, residual silanol groups are often capped post-

138, 139

synthetically using reagents such as trimethylchlorosilane, or hexamethyldisilazane,'*"

41 or thermally driven to further condense into siloxane bridges.!*® This post-treatment
improves network stability and reduces moisture sensitivity.!*>

Compared to well-defined structures like POSS or LPSQ, random networks generally exhibit
poorer solubility, lower mechanical and thermal stability, and less reproducibility in processing
and properties.!3> 133 For this reason, full hydrolysis and subsequent condensation are often
targeted in synthesis of silsesquioxanes.

However, a partially condensed network may also be desirable in certain applications. The
presence of residual silanol or alkoxy groups can result in a less crosslinked and thus more
flexible material.'** Si—OR groups can act as internal lubricants, increasing free volume and
facilitating chain mobility or serve as intermediates for post-functionalization.!** 43 The low
network density is advantageous in producing soft or liquid polysilsesquioxanes.'** Finally, the
presence of silanol groups offers opportunities for thermal crosslinking in the solid state, 14314
leading to network reorganization and solidification without the need for external curing

agents.!>

The synthesis of both ladder and cage-type silsesquioxanes typically starts from trifunctional
silane precursors. The final structure, as well as the extent of defects it contains, is strongly
influenced by the reaction conditions. The choice of precursor, the catalyst used, and the
precursor concentration all determine whether the resulting silsesquioxanes are polymeric or
oligomeric, form ladders, cages, or a mixture thereof and exhibit low or high degrees of
crosslinking.’® Choi et al. demonstrated that even the concentration of phenyltrimethoxysilane
(PhTMS) alone can direct the outcome of a base-catalyzed hydrolysis and condensation
reaction. At higher Ph'TMS concentrations, ladder-like polymers formed, whereas at lower
concentrations, the product shifted toward Ti» cages.!!!

A clear understanding of how individual parameters affect hydrolysis and condensation, and
how these influence the resulting network architecture, is therefore essential for the design of

silsesquioxane-based materials.
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2.4.2 Influence of Reaction Conditions on Structural Formation
2.4.2.1 pH value and catalyst

The reaction mechanisms of hydrolysis and condensation differ significantly depending on
whether an acidic or basic catalyst is used. These mechanisms have already been discussed in
detail in Chapter 2.2.1. The rates of hydrolysis and condensation, as well as the resulting
structures, show a strong dependence on pH and catalyst type.!>" 152 Hydrolysis is at its

minimum rate around pH 7 and increases rapidly with decreasing pH (Figure 9).

Basic medium

Acidic medium

Hydrolysis ¥~ Condensation

Rate (a.u.)

Figure 9: Effect of pH on hydrolysis and condensation kinetics of tetraalkoxysilanes, showing general
trends in structural development in an acidic and basic medium. Adapted from Fricke, J.; Emmerling,
A. Aecrogels — Preparation, properties, applications. In Chemistry, Spectroscopy and Applications of
Sol-gel Glasses; Reisfeld, R.; Jorgensen, C. K. (Eds.); Springer, Berlin, Heidelberg, 1992; pp 37-87.
Copyright 1992 Springer Nature.!>* Adaptation as presented in Linhares, T.; de Amorim, M. T. P.;
Durdes, L., J. Mater. Chem. A 2019, 7, 22768-22802.15

At pH values below 5, hydrolysis becomes the dominant reaction, while condensation becomes
the rate-limiting step. This results in the formation of monomers and small oligomers bearing
reactive Si—OH groups. At around pH 2—4, the condensation rate reaches its minimum. When
the pH increases above 5, the condensation rate rises significantly, and hydrolysis becomes the

rate-limiting step. In this regime, species containing hydroxyl groups condense rapidly.'>’
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Under basic conditions, small, highly branched colloidal particles with porous structures are
preferentially formed.'*® The Stober process, one of the most widely used methods for
synthesizing monodisperse, spherical silica nanoparticles, typically involves the hydrolysis and
condensation of alkoxysilanes under basic conditions, using ammonia in an alcoholic
medium. !>’

In contrast, acidic conditions tend to favor the formation of linear and weakly crosslinked
structures. Due to the reduced condensation rate, residual Si—-OH groups often remain.!>% '8
The resulting amorphous materials are typically transparent and exhibit low porosity, making
them suitable for preparing films or freestanding monoliths.'>%-16!

Beyond these macroscopic properties, the choice of catalyst also plays a key role in directing
the formation of discrete structural motifs such as cages or ladder-like architectures.!®!
Hydrochloric acid (HCI) is one of the most frequently used catalysts, particularly because it is
released during the hydrolysis of chlorosilane precursors.!%>'®* However, many other organic

and inorganic acids and bases are employed in the polycondensation of alkoxysilanes, such as

) 144 168,
2

phosphoric acid,'® hydrofluoric acid,'® nitric acid (HNOs acetic acid,'®’ sulfonic acids,
169 ammonia,'% potassium carbonate (K2COs3),''® sodium hydroxide,'” or trimethylamine.!”!
Well-defined cage-like and ladder-type structures can be synthesized under both acidic and
basic conditions.’® Kaneko et al. demonstrated that, under otherwise identical conditions, 3-
aminopropyltrimethoxysilane formed ladders in the presence of HCI and HNOs, while
trifluoromethanesulfonic acid led to the formation of cages.!”” The group of Bassindale
established the use of tetrabutylammonium fluoride as a catalyst for transforming alkoxysilanes

into Ts-POSS in the presence of water.!”® For the one-pot synthesis of LPSQ, K>,CO3 has proven

to be an effective catalyst.!!!-123

2.4.2.2 Solvent

Since most alkoxysilane precursors are not soluble in water, a solvent is typically added to
obtain a homogeneous reaction mixture and to control the precursor concentration. However,
the choice of solvent also affects the kinetics of hydrolysis and condensation as well as the
formation of the resulting silsesquioxane structures. Solvent properties such as viscosity,
polarity, and protic or aprotic character influence the reaction.!”*

Polarity is particularly important for ensuring precursor solubility in the reaction medium, while
the ability to donate a labile proton influences the stability of hydroxyl and hydronium ions, the

solvation of transition states, and thus the activation energy of the reaction.!”>!”” Depending on
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whether the reaction is performed under acidic or basic conditions, H or OH™ ions catalyze
hydrolysis and condensation (see mechanism in Figure 3 and 4). Solvent molecules capable of
interacting with or binding these catalytic species can reduce their activity. Protic solvents
enhance hydrolysis and condensation under acidic conditions, but in basic media they tend to
stabilize hydroxide ions, thereby hindering condensation.!”®

Viscosity and steric hindrance also play a role in influencing reaction rates.!” In general, an
increase in viscosity or steric hindrance leads to a reduction in hydrolysis rates.!’® 13

Solvents not only affect the mechanism of the sol-gel process but can also stabilize defined
structural motifs by forming hydrogen bonds with oligomeric silanols. These interactions can
either suppress further condensation or direct it toward specific configurations. For instance,
Wiladyczyn and John demonstrated that a double-decker silsesquioxane (DDSQ(OH)4)
preferentially formed in protic solvents like isopropanol, whereas aprotic solvents such as THF
favored the formation of POSS(OH);. This difference was attributed to the ability of
POSS(OH); to form intermolecular dimers, whereas the DDSQ(OH)s4 was stabilized by
hydrogen bonding, favoring linear associations.!®!

Among solvents, alcohols are the most widely used, particularly in the Stober process, where
they are employed in nearly all reactions.'®? It must be noted that, besides hydrolysis,

8 To avoid undesired

esterification can occur as a competing reverse reaction.!
transesterification or alkoxy group exchange, the alcohol typically matches the alkoxy group of
the precursor (e.g., methanol for methoxysilanes).'®*

Finally, the sol-gel process can also proceed without any added solvent. Although most
alkoxides are water-insoluble, the alcohol formed as a by-product during hydrolysis can
accumulate at the interface between the water and alkoxysilane phases and contribute to mixing.
This allows the reaction to proceed homogeneously even without the addition of an external

solvent.m’ 185, 186

2.4.2.3 Temperature

The polymerization of alkoxysilanes follows the Arrhenius equation: an increase in temperature
leads to higher reaction rates for both hydrolysis and condensation.!37-18

Depending on the pH, temperature can be used to selectively adjust the relative rates of these
two reactions. Under acidic conditions, condensation can be almost completely suppressed at
low temperatures, enabling the isolation of silanols such as phenylsilanetriol.!”® Zhang et al.

exploited this effect by inducing the self-assembly of 1,3-diphenyl-tetrahydroxydisiloxane into
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an ordered ladder superstructure, which was fixed into a solid film by Ilyophilization.
Subsequent condensation under a triethylamine atmosphere yielded a well-ordered condensed

ladder structure (Figure 8b).!%

If molecular pre-organization occurs prior to condensation, for
example through hydrogen bonding between silanol monomers, this arrangement can also be
maintained by thermally induced condensation, leading to the formation of supramolecularly
ordered networks.'®

Higher temperatures promote intermolecular reactions, resulting in the earlier formation of
crosslinked structures and colloids and in an overall higher degree of condensation (DC).!"!- 12
Under these conditions, hydrolysis and condensation occur simultaneously and at high rates,

often resulting in disordered networks.

2.4.2.4 Water-to-alkoxysilane ratio

The addition of water is essential for the hydrolysis of alkoxysilane precursors. Theoretical
studies by Kudo and Gordon demonstrated that even a single water molecule can reduce the
energy barriers for both hydrolysis and the subsequent condensation to linear siloxanes or
cyclosiloxanes close to 0 kcal'-mol!. Water acts as a proton-transfer catalyst and stabilizes the
transition state through hydrogen bonding, allowing the reactions to proceed essentially barrier-
free in aqueous solution.!7>!77

The amount of water strongly influences the formation of oligomers, cyclization, molar mass,
and its distribution,!12 168, 193. 194

The molar ratio of water to alkoxysilane () determines the hydrolysis kinetics. Theoretically,
complete hydrolysis of an organotrialkoxysilane requires three moles of water per mole of
silane, corresponding to the number of alkoxy groups. In practical systems, however, a smaller
amount of water can be sufficient because the condensation of two silanol groups releases an
additional water molecule. According to the literature, the complete condensation of M-, D-,
T-, and Q-units requires 0.5, 1, 1.5, and 2 equivalents of water, respectively.®

In the case of silsesquioxanes, a low water content often results in incomplete hydrolysis,
leading to linear or only slightly crosslinked structures with residual alkoxy groups (Figure
10a).'6!: 162 Under these conditions, alcohol condensation is often favored over the classical
water condensation.’ Increasing the water content promotes hydrolysis, and with higher water

levels, the conversion of alkoxysilanes to silanol groups proceeds more rapidly and more

completely.!” At the same time, intramolecular cyclization is favored over linear chain
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extension.'®!> 192 Furthermore, an increase in the average molecular weight is typically observed
with increasing water content (Figure 10b).!!% 1%

For the production of POSS or ladder structures, moderate to high water content (> 3
equivalents) are typically required.!'! However, an excessive amount of water can inhibit
hydrolysis, for example, due to the solubility of certain alkoxysilanes in water or changes in the

acidity of the medium.'®
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Figure 10: Effect of the water-to-monomer molar ratio on (a) the residual alkoxy group content (b) the
weight-average  molecular mass (My) in  polymethylsilsesquioxanes  obtained from
methyltrimethoxysilane (pink symbols) and methyltriisobutoxysilane (blue symbols). Adapted with
permission from Hamada, T.; Goto, T.; Takase, S.; Okada, K.; Uedono, A.; Ohshita, J. Structure—
Thermal Property Relationships of Polysilsesquioxanes for Thermal Insulation Materials. ACS App!.
Polym. Mater., 2022, 4, 2851-2859. Copyright 2022 American Chemical Society.!*’

2.4.2.5 Precursor

The type of precursor, defined by its organic substituent R~ and three leaving groups (X = OR,
Cl) attached to the silicon atom, is the key factor controlling solubility, reaction kinetics,
structural formation, and the properties of the final material. Electronic and steric effects of
these groups influence hydrolysis and condensation rates. The polarity of both the organic
substituent and the leaving group affects solubility and impacts reaction equilibria and

precipitation.!*®

Leaving group (-X)
The hydrolysis of the Si—X group is a prerequisite for the subsequent polycondensation of

silsesquioxanes. The steric demand of the leaving group plays a decisive role: the larger and
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more branched the alkoxy substituent, the slower the hydrolysis proceeds (Figure 10).!%% 200
Methoxy groups are considered the most reactive leaving groups after chloro substituents.
However, their high reactivity often leads to the formation of less ordered, three-dimensional
networks.?’! In contrast, isopropoxysilanes undergo only incomplete hydrolysis and require
much harsher conditions (higher temperatures and larger amounts of water).?? Ethoxy
substituted precursor often provide a useful compromise between the rapid but less ordered
reaction of methoxy groups and the slow, incomplete reaction of bulky OR groups.'®> They
allow for better control over the progress of hydrolysis and condensation, enabling stepwise
reactions that can yield more ordered structures, as is particularly desirable in the synthesis of
POSS.3#

These differences in reaction kinetics can be deliberately exploited to tailor the structure and
properties of the final material. For example, Naik et al. prepared self-assembled monolayers
(SAMs) from octadecyltrialkoxysilanes in which the surface arrangement, layer thickness, and
contact angles varied depending on the leaving group (trichloro-, trimethoxy-, or triethoxy
group) due to differences in hydrolysis rates.?> Hamada et al. studied the influence of residual
ethoxy and isobutoxy groups on the insulating properties of polymethylsilsesquioxane films,
finding that thermal diffusivity increased with the proportion of unhydrolyzed alkoxy groups,
with the bulky isobutoxy group yielding lower thermal diffusivity than the ethoxy group.'®’
Jitianu et al. demonstrated that the T of polyphenylsilsesquioxanes depends on the precursor
alkoxy substituent. Polysilsesquioxanes derived from PhTMS had a Tg 0of 41.6 °C, compared to
33.1 °C for those from phenyltriethoxysilane.'>

Although the alkoxy group has no functional role in the final material, its reactivity strongly
influences hydrolysis and condensation kinetics. Incomplete conversion can leave residual

groups behind, which act as structural defects and, in turn, affect the material properties.'®’

Organic group (R’)

In contrast to the leaving group, the organic substituent (Si—R') remains intact during hydrolysis
and condensation and persisting in the final material, determining its hybrid properties.?** The
electronic, steric, and polar/apolar characteristics of R’ significantly influence reaction kinetics
and structural formation.

From the mechanisms of hydrolysis and condensation (Figure 3 and 4), it is evident that the
electronic effects of the organic substituent affect the reaction kinetics. Under acidic catalysis,
electron-donating substituents increase the electron density at the silicon atom, stabilizing the

positively charged transition state and thereby accelerating hydrolysis relative to condensation.
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Conversely, electron-withdrawing substituents have the opposite effect, promoting
condensation. Under basic conditions, this effect is reversed, as the negatively charged
transition state is stabilized by electron-withdrawing groups.*”

The  organic  substituent can  also  directly  participate in  hydrolysis.
Methacryloyloxymethylsilanes exhibit exceptionally high hydrolysis and condensation rates
due to intramolecular activation of the silicon atom by the electronic influence of the ester
group.'*® Likewise, amino-containing trialkoxysilanes display high hydrolysis rates because the
amino group can form hydrogen bonds with a neighboring ethoxy or water molecule, thereby
stabilizing the hydrolysis transition state, or act as a base itself.?®® As a result,
aminoalkoxysilanes can react even in neutral media (pH = 7) without a catalyst.!"!

Jitianu et al. determined via gas chromatography-mass spectrometry (GC-MS), 2’Si NMR, and
IR spectroscopy a reactivity order of alkoxides under acid conditions: TEOS <
vinyltriethoxysilane (VTES) < methyltriethoxysilane (MTES) in the early stages of the
hydrolysis—polycondensation process, which is in good agreement with mechanistic
considerations.?**

Steric effects also play a decisive role, often competing with or overriding the electronic effects.
Generally, the larger and bulkier the substituent, the lower the hydrolysis and condensation
rates. The steric hindrance of long or branched alkyl chains can even outweigh the rate-
enhancing inductive effect of electron-donating alkyl groups.2%

For example, the bulky tert-butyl group in the corresponding trialkoxysilane strongly inhibits
condensation, so that even after several months in an acidic or basic medium, only the
corresponding trisilanol and small oligomers are formed, without further network formation.!'**
This shows that OH groups can remain stable; their potential for spontaneous self-condensation
or formation of hydrogen bonds depends on the size of the organic group. Bulky substituents

allow the isolation of low-molecular-weight silanol-containing oligomers,'8!> 207

or fully
hydrolyzed organotrisilanols.?’® 2* Examples include phenyl-,'*” 1 cyclohexyl-,?!° and tert-
butyl-trisilanol.>!"!

Silanol-rich oligomers formed in the initial stages of hydrolysis and condensation can undergo
either intra- or intermolecular condensation and rearrange to yield various silsesquioxane
architectures. Kim et al. investigated substituent effects on the microstructure formation of
polyalkylsilsesquioxanes using matrix-assisted laser desorption/ionization coupled to time-of-

flight mass spectrometry (MALDI-ToF MS) and found that large, extended organic

substituents, such as propyl and isobutyl, preferentially undergo intramolecular condensation,
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leading to partially open or perfect cage structures. This behavior was attributed to the steric
and hydrophobic effects of the substituents on the configuration of the initial oligomers, which
control the rate of intramolecular cyclization over chain-extending condensation reactions.?!?
In contrast, small organic substituents, such as methyl, favor intermolecular condensation,
producing random networks or ladder-like structures.?!*-2!4 Park et al. further showed via FTIR
spectroscopy that phenyl- and isobutyl-containing polysilsesquioxanes tend to form cage-like
structures compared to methyl-substituted analogues.?"

As alkyl chain length increases, hydrophobic interactions between the organic groups become
more pronounced, promoting self-organization into regular, highly ordered structures.
Trifunctional silane monomers with Cis or Cig alkyl chains hydrolyze to form amphiphilic
molecules, where hydrophobic interactions drive the formation of monolayers or lamellar

structures, 4% 216

2.4.2.6 Precursor concentration

The hydrolysis of alkoxysilanes is generally described as a first-order or pseudo-first-order
reaction.!'? 217218 This means that increasing the alkoxysilane concentration leads to a higher
hydrolysis rate.!!'> 2! Furthermore, the initial silane concentration also affects the molecular
weight as well as the type of structures formed.!!!> 112

Lee et al. showed that the weight-averaged molecular weight (M,,) of the obtained LPSQ
increased with increasing PATMS concentration but decreased once the precursor concentration
exceeded 13.3 mol-L™! (Figure 11). They attributed the initial increase to the enhanced
hydrolysis rate, which produces a larger number of hydrolyzed species that can further
condense. Beyond a certain concentration, the reaction mixture becomes supersaturated, which
causes lower-molecular-weight intermediates to precipitate, thereby reducing the overall molar
mass.'!'? The same group further demonstrated that, depending on the precursor concentration,
either ladder structures (high concentrations) or cages (low concentration) can be obtained
(Figure 8, d).!'! This finding was later reproduced by other researchers. Using in situ IR
spectroscopy coupled with 2Si NMR, size exclusion chromatography (SEC), and MALDI-ToF
MS, they demonstrated that at high Ph\TMS concentrations (> 1.5 mol-L™!) LPSQ precipitates,
whereas at lower concentrations (0.5 mol-L™") short-chain LPSQ fragments undergoes chain
scission and rearrangement to form POSS 2%

Reactions carried out in neat or highly concentrated solutions favor intermolecular interactions

and thus the formation of silsesquioxane polymers, including random and ladder structures. In
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contrast, condensation under diluted conditions occurs predominantly intramolecularly,

favoring the formation of POSS.?%!-22?
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Figure 11: (a) First-order kinetic plots for the hydrolysis of phenyltrimethoxysilane (PhTMS) at various
initial PhTMS concentrations ([PhTMS];) with [H.O]i = 30molL™! at 25°C, showing
In([PhTMS]/[PhTMS]) versus reaction time. (b) M,, of the obtained LPSQ as a function of [PhTMS].
Adapted with permission from Lee, A. S.; Choi, S.-S.; Baek, K.-Y.; Hwang, S. S., Hydrolysis kinetics
of a sol—gel equilibrium yielding ladder-like polysilsesquioxanes. Inorg. Chem. Commun.2016, 73, 7—
11, Copyright 2016 Elsevier.!!?

2.4.3 Characterization Methods

Different molecular structures of silsesquioxanes result in distinct physical and chemical
properties, thereby also influencing their fields of application. A precise understanding of the
structure is therefore essential: Do the compounds exhibit cage-like or ladder-like architectures?
What is the degree of crosslinking? Are defects such as unreacted hydroxy or methoxy groups
present?

To answer these questions, comprehensive characterization is required. In most cases, the use
of a single analytical technique is insufficient. Because of the structural complexity of
silsesquioxanes, a combination of complementary methods is necessary. Each technique
provides specific insights, and only the concerted use of these methods enables a comprehensive
understanding of the material's structure.

Over the years, various techniques have been established for the structural analysis of
silsesquioxanes.® 1223224 The most important include FTIR and Raman spectroscopy, NMR

spectroscopy, XRD, fluorescence and UV/Vis spectroscopy, molar mass determination, and
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thermal analysis methods such as thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC).
This chapter presents and discusses these key analytical techniques, focusing on their relevance

and informative value for the characterization of different silsesquioxane structures.

2.43.1 NMR spectroscopy

The most commonly used nuclei for the characterization of siloxanes and silsesquioxanes are
'H, 13C and #Si NMR.??* These techniques provide complementary information that together
offers a comprehensive picture of the structure. Depending on the solubility of the samples and
the type of information sought, both solution-state and solid-state NMR spectroscopy are
commonly applied.

13C and 'H NMR spectroscopy are primarily employed to identify the organic substituents. They
can be used to demonstrate that the organic groups are incorporated unchanged into the Si—O—
Si network and to verify whether unreacted alkoxy groups are present. By integrating the
characteristic proton signals of the alkoxy groups in the '"H NMR spectrum, the degree of
hydrolysis can be quantified. This parameter reflects how many alkoxy substituents have
reacted, but it does not directly correspond to the number of silanol groups formed, since these
may either remain as Si—-OH functionalities or undergo subsequent condensation to Si—O-Si
linkages.

A direct determination of the OH groups by 'H NMR spectroscopy is challenging. Hydroxyl
protons typically produce broad, poorly integrated signals, due to rapid exchange within the
sample, particularly with other exchangeable protons such as additional -OH or —NH
functionalities.??® In addition, hydrogen bonding or chemical exchange with the NMR solvent
can shift or even suppress these signals, meaning that their observability strongly depends on
the solvent used.??’ Therefore, the quantification of OH groups via the 'H NMR is only possible
to a limited extent, particularly for polymers with a strongly varying chemical environment.
The most important tool for identifying the silsesquioxane species is 2°Si NMR spectroscopy.
In addition to '"H NMR spectroscopy, it provides detailed information about the substitution
pattern of the silicon atoms and the DC. Both the number of Si-O—Si bonds and the number of
organic substituents per silicon center can be derived from the chemical shift (5(>°Si)). The
8(*°Si) value shifts downfield as the number of organic groups on the silicon atom decreases.
The chemical shift typically follows the trend: M > D > T > Q functionalized silicon centers.??’

Within a given functionality, each additional Si—O—Si bond leads to a further downfield shift
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(T°> T!'> T2> T%).228 The hydrolysis of an alkoxy group can also be detected by a downfield
shift of the corresponding Si signal by ~ 1-2 ppm (e.g., T?or > T?on) (Figure 12).2%% 22 A
change of the alkoxy substituent from for example ethoxy to methoxy is also visible by a
downfield shift (8((*’Si)PhSi(OEt);) = —58.6 ppm vs. (5(*’Si)PhSi(OMe); = —55.4 ppm solution
NMR with neat monomer). However, the influence of the alkoxy group becomes negligible

with increasing condensation degree and a higher number of hydrolyzed groups.!*
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Figure 12: Chemical shifts of different silicon species (M, D, T, and Q units) with phenyl substituents
(R"). Particular emphasis is placed on T units as the fundamental building blocks of polysilsesquioxanes,
showing chemical shifts for T°-T? and distinguishing between OH- and OEt-terminated groups. The
values shown for the T units are based on Si MAS NMR and may vary in solution.??° For comparison,

chemical shifts of methyl-functionalized T units are also included.

The type of organic substituents bound to silicon also significantly influences the chemical shift
of the 2°Si NMR signal. For example, replacing a methyl group with a phenyl group leads to an
upfield shift of the signal by approximately 15 ppm.'** A comprehensive overview of the
chemical shifts of hydrolyzed and condensed alkoxysilanes with various organic substituents
can be found in the review by Sato et al..?>> While the absolute values are strongly solvent
dependent, the trends described above are consistent irrespective of the solvent.

In addition to routine 1D measurements, 2D NMR experiments such as heteronuclear single

quantum coherence (HSQC) or heteronuclear multiple bond correlation (HMBC) spectroscopy
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enable correlations between protons, carbons, and silicon centers. This makes it possible to
assign organic substituents to specific T units in silsesquioxanes and to follow hydrolysis and
condensation processes more directly, for example by monitoring the disappearance of alkoxy
groups and the emergence of silanol or siloxane linkages.?° The advantages of 2D NMR
become even more apparent in complex systems, such as mixtures of silsesquioxanes with
different comonomers or combinations of silsesquioxanes and siloxanes.!*> 23!- 232 [n these
cases, the technique allows substituents to be traced back to their corresponding M-, D-, or T-
type silicon species, thereby providing detailed insight into the evolving network structure and
precursor reactivity.

For further silsesquioxane characterization, the proportions of the various T" species can be
determined quantitatively or semi-quantitatively by deconvolution and integration of the 2°Si
NMR spectra. The DC can then be calculated from these proportions using the following

formula (1):2*3

3 . 2 ) 1
DC[%]=T [%]-3+T [3%] 2+ T%] W

It must be taken into account that quantitative 2°Si NMR spectroscopy presents inherent
challenges. These arise from the low natural abundance of the 2°Si isotope (4.7%), its long
relaxation times, and the comparatively small gyromagnetic ratio.?** These factors result in low
signal sensitivity, making it difficult to obtain high-quality spectra and to perform precise
quantitative analysis. To improve quantifiability by reducing the relaxation time, liquid-state
NMR spectra can be recorded in the presence of a paramagnetic relaxation agent, such as
chromium(III) acetylacetonate (Cr(acac)s).23> 23 In the solid state, it is recommended to acquire
29Si NMR spectra using single-pulse experiments (SP-MAS). Cross-polarization measurements
(CP-MAS) are less suitable because the signal intensity strongly depends on the number and
distance of neighboring protons.?*”-2* As a result, the population ratios of the individual silicon
species are often not accurately represented. However, if large amounts of protons are present,
for example, due to uniformly distributed organic substituents in T units, these deviations
between different T species are minimized, allowing trends in the DC to be reliably detected
via CP measurements.*

Based on the DC and the amount of remaining alkoxy groups, which can be determined from

the 'H NMR spectra, the amount of OH groups can be calculated using formula (2).!*

OH[%]=100 — DC[%] - OMe[%] (2)
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The full width at half maximum (FWHM) of the T-peaks can be used to analyze the structural
organization of the material. Polymers often exhibit variations in their chemical structure or
tacticity, which result in slightly different chemical environments along the polymer backbone.
These differences cause small shifts in the chemical resonance, leading to broad peaks
composed of numerous closely spaced, unresolved signals. The more uniform and regular the
structure, the sharper and more defined the peaks appear in the spectrum. A narrow FWHM of
the T? peak is therefore indicative of a high degree of regularity in ladder-type architectures.!%
141,240, 241

In contrast, precursors or cages typically exhibit single, well-defined peaks that are clearly
distinguishable from the broader signals of ladder-like or random networks.'!! The chemical
shift and the number of peaks observed depend on the size of the cage, the organic substituents,

and the number of possible isomers, which together allow precise structural identification.5% ¢4

NMR spectroscopy is one of the most powerful tools for the structural characterization of
silsesquioxanes. It provides detailed information on the type and number of T units present, the
degree of crosslinking, and the presence of structural defects within the network. It also enables
initial insights into the degree of structural order.

The chemical shift of defined POSS compounds serves as a reliable indicator of purity and
allows their identification. However, in the case of polymeric materials with ladder-type or
random architectures, additional analytical techniques are required to achieve a comprehensive

understanding of the structure.

2.43.2 IR spectroscopy

Infrared spectroscopy can be used to analyze both the substituents and the network structure of
silsesquioxanes. Brown et al. already described IR spectroscopy as a “perhaps most valuable”
method for determining the structural arrangement of the silsesquioxane network, since the
skeletal vibrations of the polysiloxane framework are strongly infrared-active and respond
sensitively to structural changes.”® The region between 1000-1200 cm™! is particularly
important for detecting Si—O-Si stretching vibrations (Figure 13a). Silsesquioxanes with
ladder, cage, partial cage, or random structures exhibit characteristic absorption bands in this

range, which are widely used in the literature for structural classification.??’
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Figure 13: a) IR band maxima of various silsesquioxane structures, including ladders, cages, networks,

and small cycles. Reproduced with permission from 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. Copyright 2022 Springer Nature.?? Illustration of the Viing-asym and Vring-sym Vibrational

modes of (SiO)s units, indicated by arrows. Adapted with permission from Park, E. S.; Ro, H. W_;

Nguyen, C. V.; Jaffe, R. L.; Yoon, D. Y. Infrared Spectroscopy Study of Microstructures of
Poly(silsesquioxane)s. Chem. Mater. 2008, 20, 1548-1554. Copyright 2008 American Chemical

Society.? b) Structures of isolated and different hydrogen-bonded silanols with their corresponding IR

absorption ranges.

Park et al. combined theoretical and experimental IR studies to determine the microstructure of

variously substituted polysilsesquioxanes. They analyzed the (Si—O)s ring as a subunit of the

siloxane framework and its characteristic vibrational modes. Each Si—O-Si edge contributes an

asymmetric stretching vibration that can combine into symmetric (Vringsym) Or asymmetric
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(Vring-asym) modes relative to the ring center. When the oxygen atoms on opposite sides of the
ring are displaced in parallel, the Vring-asym Vibration appears at around 1150 cm ™. In contrast,
antiparallel displacement leads to the Vring-sym vibration at 1050-1100 cm™! (Figure 13a). The
latter is IR-inactive in highly symmetric cages with (Si—O)2n rings (e.g., Tg), as no change in
the dipole moment occurs. In open cages or ladder structures, however, this mode becomes IR-
active and is visible in the spectrum.?!

Consequently, fully condensed cage structures described in the literature typically exhibit a
single, well-defined Si—O-Si stretching band at higher wavenumbers (around 1120 cm™!).?**
244 Ladder structures, on the other hand, display lower symmetry, which is reflected in the
presence of two bands at approximately 1100-1150 cm™! and 1050-1100 cm; the intensity of
the Vring-sym band increases relative to the Vring-asym band as symmetry decreases. %% 111139215, 245
The Si—O-Si network in linear, crosslinked or cyclic units typically shows absorption near
1075 cm ™!, 24247 while strained cyclic siloxanes exhibit a band at lower wavenumbers, around
1020 cm! 247248

The position of the Si—-O-Si stretching vibrations is primarily determined by the network
structure, though the nature of the organic substituent also has a minor influence due to
electronic effects.?*2°" As a result, both structure and substituents can cause slight shifts in the
wavenumber of the Si—O—Si band, which accounts for variations reported in the literature. For
defined structures, such as fully condensed POSS cages or small ladder structures, IR spectra
serve as characteristic fingerprints. However, mixed structures are common, leading to broad,
overlapping Si—O-Si bands that make precise identification of individual structural motifs
difficult.?!

In addition to the Si—O—Si backbone vibrations, organic groups and reactive substituents display
characteristic bands that aid structural analysis. The bands of hydroxyl and alkoxy groups

230,252 45 well as on whether

provide valuable information on reaction progress and kinetics,
unreacted groups remain in the material. The OH stretching band in the region of 3000—
3800 cm ! is of particular interest, as the detection of OH groups via NMR is often challenging.
In IR spectroscopy, the position of this band offers insights into the bonding environment of
the OH groups, since it is influenced by hydrogen bonding. Isolated silanols typically absorb at
3680—3750 cm ! and hydrogen-bonded silanols between 3200 and 3600 cm™! (Figure 13b).%>?

The vibrations of organic substituents provide further structural information. Different organic
groups show characteristic IR bands, which can be used to assess whether they remain intact or

have undergone changes such as oxidation or thermal degradation.?>* 2%
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In silsesquioxanes with long n-alkyl chains, C—H stretching vibrations, particularly the
symmetric (d") and asymmetric (d”) modes of ~CH,— and —~CHj3 groups between 2800 and
3000 cm !, allow conclusions about the chain conformation and packing order. Comparison of
peak position and FWHM with highly crystalline trans-n-alkanes provides information on
conformational order.?!® 2% In amorphous samples or solutions, these bands shift to higher

wavenumbers, indicating increased gauche defects and reduced packing order (Figure 14).%7

FWHM FWHM
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Figure 14: IR band maxima of n-alkylsilsesquioxanes for the methylene (-CH,-) symmetric (d*) and
antisymmetric (d") stretching vibrations. Increasing gauche defects (decreasing conformational/ packing

order) shift both bands to higher wavenumbers and increase FWHM.

IR spectroscopy is thus an important complement to NMR analysis, offering more detailed
insights into the siloxane structure and the presence of OH groups. Furthermore, attenuated
total reflectance (ATR) FTIR spectroscopy enables the analysis of insoluble samples with
minimal effort and preparation. However, band overlap, including contributions from by-

products such as water or alcohol, can complicate precise structural assignments.

2.4.3.3 Raman spectroscopy

Raman spectroscopy serves as a complementary technique to IR spectroscopy. It allows the
detection of vibrational modes that are inactive in IR spectra. A key principle in this context is
the mutual exclusion rule, which applies strictly to idealized molecules with a center of
inversion symmetry: vibrational modes that are IR-active are Raman-inactive, and vice versa.
IR activity requires a change in the dipole moment during the vibration, whereas Raman activity

requires a change in the molecular polarizability. Consequently, symmetric vibrations with
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respect to the center of symmetry are Raman-active, while asymmetric vibrations are IR-
active. 2%

Thus, the symmetric vibration of (Si—O)2, ring subunits in highly symmetrical POSS can only
be observed in the Raman spectrum. These vibrations typically appear between ~ 400—
600 cm !, depending on the ring size, and are slightly shifted by the nature of the organic
substituents.?

Marcolli and Calzaferri developed a formula to estimate the position of ring-breathing
vibrations based on ring size: larger rings appear at lower frequencies, while smaller rings occur
at higher frequencies.?® Six-membered rings are typically observed near 600 cm!, eight-
membered rings near 480 cm ™!, and ten-membered rings near 400 cm! (Figure 15).%°
Analogous to IR spectroscopy, hydrolysis can also be monitored by Raman spectroscopy, as
the Si—O deformation mode shifts to higher frequencies with an increasing number of
hydrolyzed groups Thus, it is possible to distinguish between PhSi(OMe); (656 cm™),
PhSi(OMe)OH (668 cm™ '), PhSi(OMe)(OH)2 (682 cm ') and PhSi(OH)3 (690 cm ™) (Figure
15).230
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Figure 15: Positions of the symmetric vibrations of six-, eight-, and ten-membered silsesquioxane rings,
as well as the Si—O deformation mode shift of partially and fully hydrolyzed Ph'TMS in the Raman

spectrum.

Raman spectroscopy provides complementary structural information that cannot be obtained
from IR spectroscopy alone. In addition, it allows hydrolysis processes to be monitored in
detail, particularly during the early stages of the reaction, by distinguishing between

monohydrolyzed, dihydrolyzed, and trihydrolyzed trialkoxysilanes.
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2.43.4 Powder X-ray diffraction (PXRD)

Silsesquioxanes can exhibit amorphous, semicrystalline, or crystalline structures, depending on
their molecular architecture. PXRD is a suitable technique to distinguish between these
structural states and can further provide insight into mesophases or supramolecular organization
in partially ordered systems.?¢!

The diffraction pattern of a silsesquioxane is mainly determined by the topology of the
inorganic siloxane network and the degree of structural order. While the type and size of the
organic substituents influence the packing and organization of the material, the dominant
diffraction peaks primarily originate from the silicon atoms and their arrangement within the
network, since the scattering contribution of the organic groups is weak.

Amorphous silica exhibits only short-range order due to the random connectivity of its SiO4
tetrahedra, with significant variation in Si—O—Si bond angles. In PXRD, it is characterized by a
broad, diffuse scattering region in the 26 range 10-35° (d2), which is attributed to the average
distance between neighboring silicon atoms connected through oxygen bridges.?6% 2 This
distance remains largely constant and is independent of the specific chemical composition.?®*
The incorporation of organic groups into the silica network can enhance long-range structural
ordering, which manifests in PXRD as an additional, sharper diffraction peak at lower scattering
angles (dp).26%263

An early example of PXRD being used to support structural assignments in silsesquioxanes is
found in the work by Brown et al. and Adrianov et al., who were among the first to describe a
ladder-like polyphenylsilsesquioxane.!?% 2 Brown et al. reported two characteristic reflections
at di = 12.5 A and d> = 5.0 A,'% which have since been used as a structural fingerprint for
ladder-type silsesquioxanes. The first low-angle reflection d; is associated with lateral packing
of the parallel double-stranded siloxane backbones and is commonly interpreted as the
intermolecular chain-to-chain distance, or the width of the ladder. The second reflection d»
corresponds to the thickness of a single siloxane strand (Figure 16b).!3% 141-240 The position of
the d; reflection is highly sensitive to structural modifications. Larger organic substituents with
greater van der Waals volume or longer alkyl chains generally increase the chain spacing,
resulting in a shift of the di reflection to lower 20 angles (larger distances).!!® 27 Conversely,
backbone defects, such as OH or OR groups, can lead to tighter packing, shifting di to higher

20 angles (lower distances).?®®
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Figure 16: PXRD patterns of various silsesquioxane structures with characteristic d-spacing: a)
crystalline T1,-Ph POSS. b) Ladder-type polyphenylsilsesquioxane. PXRD patterns in figures a and b
adapted with permission from 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. Copyright 2015 American Chemical Society.!!! c¢)
Oktakis(alkyldimethylsiloxy)octasilsesquioxane, R’sQsMs, with R” = n-octyl, n-heptyl, n-hexyl, n-
pentyl, n-propyl. PXRD patterns adapted with permission from Perrin, F. X.; Nguyen, T. B. V;

Margaillan, A. Linear and branched alkyl substituted octakis(dimethylsiloxy)octasilsesquioxanes:
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WAXS and thermal properties. Eur. Polym. J. 2011, 47, 1370-1382. Copyright 2011 Elsevier.?®® d)
Lamellar layered n-alkylsilsesquioxane (n = 18); the inset shows the d; spacing as a function of alkyl
chain length. PXRD pattern adapted from Shimojima, A. Design of nanohybrid and nanoporous
materials through self-assembly of organosilane molecules, J. Ceram. Soc. Jpn. 2008, 116, 278-283.
Licensed under CC-BY 4.0.2° Structural illustrations were added by the author.

The FWHM of the d; peak provides insight into the average size of the ordered domains. In
addition, the intensity ratio of d to d2 (R = I(d1)/I(d2)) is frequently used as an indicator of
structural order.'* A smaller FWHM or a larger R value indicates higher structural order and
fewer defects. In the literature, this order is often equated with the relative fraction of ladder
motifs within the structure.!3? 137-268 [n contrast to dy, the d, reflection is relatively insensitive
to structural variation. Both its position and intensity remain nearly constant upon changes in
the organic substituents or the backbone structure.!! 268

Many POSS crystallize in well-ordered lattices, leading to sharp and well-defined diffraction
peaks.'!!: 27! These patterns are easily distinguishable from those of amorphous or partially
ordered silsesquioxane networks (Figure 16a). However, not all POSS structures are
crystalline. Amorphous variants often show PXRD patterns resembling those of ladder-type
silsesquioxanes, which complicates structural assignment. Amorphous POSS typically display
three broad reflections that occur in the same scattering angle range as those characteristic of
ladder structures (Figure 16¢).26% 272" The first (di) is associated with the average
intermolecular distance between POSS cages and is influenced by the size and flexibility of the
organic substituents, which act as spacers. The second and third reflections (d> and d3) are
commonly assigned to internal structural dimensions, such as the body diagonal of the cage and
the distance between opposite SisO4 faces.?* Open-cage POSS frequently exhibit two broad
peaks, comparable to those observed in ladder-like systems.?”>27® Likewise, linear oligo- and
polysiloxanes derived from dialkoxysilane precursors can produce similar two-peak patterns,
with d; reflecting the average distance between neighboring polymer chains. ! 2"’

As a result, PXRD alone is often insufficient to unambiguously assign structural motifs.

Additional characterization techniques are essential to support the structural interpretation and

to distinguish between ladder-type, cage-like, and random network architectures.

In addition to ordering phenomena originating from the inorganic siloxane network, the organic
substituents themselves can contribute significantly to the structural organization of
polysilsesquioxanes. This is particularly relevant for long alkyl chains, which may undergo self-

assembly or partial crystallization. Studies have shown that chains of Ci» and longer are
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particularly prone to forming lamellar arrangements, where the alkyl groups pack in ordered
domains (Figure 16d).2!% 278289 This ordering gives rise to characteristic low-angle reflections
in PXRD patterns, indicative of regular interlayer spacing governed by van der Waals
interactions. The d-spacing typically increases with chain length, but factors such as gauche
conformations, chain entanglement, or partial disorder can reduce the periodicity.?’® 2" The
degree of alkyl chain crystallinity strongly influences the overall structural state and may either
enhance or disrupt long-range order within the material. Thermal treatment can trigger
rearrangements, including phase transitions into semicrystalline or more disordered states,
depending on chain length and the degree of network condensation.?’®28! As a result, diffraction
features in such hybrid materials may reflect a combination of backbone structure and alkyl

chain packing.

While PXRD is not usually the first method considered for silsesquioxane characterization, it
is a valuable tool for identifying structural features such as crystallinity, lamellar order, or
periodic domain packing. However, as it reflects only the average structural information, PXRD

alone is often insufficient to fully resolve complex silsesquioxane architectures.

2.4.3.5 Size exclusion chromatography (SEC)

While spectroscopic methods such as NMR or FTIR primarily provide structural and functional
information at the molecular level, chromatographic techniques enable the separation of
individual species in the reaction medium based on physical properties such as volatility or
molecular size. This allows for a detailed analysis of molar mass distribution, oligomer
formation, and polydispersity.

Various chromatographic methods can be applied to separate silsesquioxane species, including
gas chromatography (GC),?* liquid chromatography (LC),'** and SEC.

SEC is one of the most commonly used methods for determining molar mass averages and
molar mass distributions of oligo- and polysiloxanes as well as silsesquioxanes. It can be
applied over a wide molar mass range, typically covering a range from ~ 200 to
1,000,000 g-mol .6

SEC separates molecules according to their hydrodynamic volume in solution. Larger
molecules elute earlier because they penetrate less into the pores of the stationary phase.?
Detection is typically carried out using RI or UV detectors, or in combination with multi-angle
light scattering (MALS), which enables the determination of absolute molecular mass

independently of calibration standards. Nevertheless, many studies still rely on calibrations with
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standards such as polystyrene. This approach introduces systematic uncertainties, as the
hydrodynamic behavior of polystyrene often does not reflect that of the silicon-containing
species under investigation, '3 284

Furthermore, it is important to note that SEC alone does not provide structural information on
the eluted fractions. Identification of the separated species therefore requires complementary
characterization techniques such as NMR or mass spectrometry (MS).!68. 285286

However, trends in molar masses and indirect conclusions about molecular architecture can be
drawn from the SEC trace.

Discrete cage-like silsesquioxanes often yield sharp, narrowly distributed peaks with low
polydispersity indices (B ~ 1.0-1.1) (Figure 17a).''" 284 In contrast, linear or ladder-like
oligomers typically result in broad and often asymmetric peaks, indicating a greater diversity
in structure and molar mass distribution (Figure 17b).!19% 106 141 T adder-type
polyphenylsilsesquioxanes, for instance, have been reported with number-average molar
masses (Mp) up to M, = 238,100 g'mol ! (My = 540,400 g-mol !, B = 2.3).2%

(D)
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Mw =900, PDI = 1.1
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Figure 17: SEC curves of (a) Ti>-phenyl-POSS and (b) phenyl-LPSQ (LPPSQ) at different reaction
times ranging from 13 to 72 h. Reproduced with permission from 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. Copyright 2015 American

Chemical Society.'!!

Time-resolved SEC measurements can be used to monitor polymerization processes and to
follow shifts in molecular weight distributions during the reaction..!®® ®8 Moreover, the
influence of various synthesis parameters, such as catalyst type or reaction temperature, on the

product distribution can be assessed directly from SEC data.!6% 288
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In summary, SEC is a key analytical tool in polymer science, particularly for the determination
of molar mass distributions and polydispersity. In the field of silsesquioxanes, and especially
in ladder structure research, it serves to evaluate the success of synthetic strategies aimed at
producing high molar mass polymers. Synthetic parameters can be systematically studied to
assess their impact on molecular mass distribution.

Nonetheless, SEC cannot be applied to highly crosslinked or insoluble samples, as these cannot

be dissolved and chromatographically separated.

2.43.6 MALDI-ToF MS

Mass spectrometry is based on the ionization of a sample, followed by the separation and
detection of the resulting ions according to their mass-to-charge-ratio (m/z). For
polyorganosilsesquioxanes, matrix assisted laser desorption/ionization (MALDI) has proven to
be a particularly suitable ionization method, as it is a soft ionization technique. This means that
molecules remain largely intact and undergo minimal fragmentation. In MALDI, the sample is
irradiated together with a light absorbing matrix. The laser energy is transferred from the matrix
to the analyte molecule, leading to its desorption and ionization into the gas phase. The resulting
ions are typically singly charged, which significantly simplifies the interpretation of the mass
spectra.?®® However, the method is less suitable for compounds with low molar masses (below
~ 1000 g'mol '), as matrix peaks dominate in this region.?*°

When combined with a time-of-flight (ToF) detector, which determines the mass based on the
ions’ flight time, MALDI-ToF MS enables fast and high resolution analysis over a wide mass
range.?’! This technique is increasingly used for the structural characterization of siloxanes and
silsesquioxanes, as it allows the direct detection of cage structures, hydrolysis and condensation
products, as well as polymeric species. > 292-2%

In the spectrum, oligomers and polymers typically appear as clusters, whose positions reflect
the number of Si units and can be assigned to specific structural motifs. Well defined cages
such as Tg or T2 yield sharp, distinct peaks corresponding to their exact molecular mass (Figure
18a),2¢2% while ladder-type polymers form multiple clusters separated by regular mass

intervals corresponding to the mass of a repeating unit (Figure 18b).!*
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Figure 18: a) MALDI-ToF mass spectra of vinyl-functionalized Ts, Tio, and T POSS (peaks
correspond to [M-Na]"). Reproduced with permission from Zhou, D.-L.; Li, J.-H.; Guo, Q.-Y.; Lin, X.;
Zhang, Q.; Chen, F.; Han, D.; Fu, Q. Polyhedral Oligomeric Silsesquioxanes Based Ultralow-k
Materials: The Effect of Cage Size. Adv. Funct. Mater. 2021, 31, 2102074. Copyright 2021 Wiley-VCH
GmbH.?” b) MALDI-ToF mass spectrum of n-propylsilsesquioxane. The mass differences between
clusters correspond to the mass of one repeating unit [R’SiO,H]. ¢) Zoom-in on a single major cluster
(from the spectrum in b)) containing peaks corresponding to 18 repeating units. The peak-to-peak
distance of 18 u is indicative of intramolecular water loss and loop (¢) formation. Figure b) is adapted
and figure ¢) is reprinted with permission from Wallace, W. E.; Guttman, C. M.; Antonucci, J. M.
Polymeric silsesquioxanes: degree-of-intramolecular-condensation measured by mass spectrometry.
Polymer 2000, 41, 2219-2226. Copyright 2000 Elsevier.?*® d) Possible structures that can form within
an oligosilsesquioxane containing 10 repeating units () through intramolecular condensation reactions
accompanied by water elimination. Theoretically, up to six loops can be generated using the formula t

=Yy(n+ 1) for n even, and t = Y(n - 1) + 1 for n odd.*®

Moreover, substituents such as organic side groups, OH, or OR groups can be identified based
on precise mass differences. This allows the distinction between open, partially condensed, and

closed structures within product mixtures of varying composition.?** 294

39



Theoretical Background

Within individual clusters, mass differences of 18 g'mol™! are frequently observed and
correspond to the loss of water (Figure 18c). These signals indicate intramolecular condensation
reactions, specifically the formation of Si—O—Si loops (#) within a molecule (Figure 18d). Using
simple arithmetic analysis, the number and distribution of intramolecular ring closures per
oligomer can be determined. These insights provide valuable information about the molecular
topology, revealing whether an oligomer is branched-linear, ladder like, polyhedral, or a hybrid

of these forms.2%% 2%

MALDI-ToF MS thus provides direct access to the molecular composition and structural
diversity of silsesquioxane-based systems. It is particularly effective for verifying the formation
of well-defined cage structures. However, the interpretation of polysilsesquioxanes with broad
molar mass distributions and structural heterogeneity can be challenging due to the complexity

and overlap of mass spectral signals.

2.4.3.7 Differential scanning calorimetry (DSC)

DSC is a widely used method for investigating the thermal properties of polymers, making glass
transition, melting points, and degradation events visible. Most polysilsesquioxanes are
amorphous and exhibit a Tg, which provides information on the chemical composition,
architecture of the polymer network, and intermolecular interactions.

The T, is determined by segmental mobility, which depends strongly on crosslinking density.>%
Defects such as non-condensed groups or the incorporation of dialkoxysilanes into the
silsesquioxane network increase free volume and lower T, while increasing crosslinking
density reduces chain mobility and raises Tg. 23! 301302

Ladder-type polysilsesquioxanes show no or significantly higher T, compared to linear
polymers or random networks, due to the rigidity of their double-chain structure.'4!- 241303, 304
Other factors influencing the Ty include hydrogen bonding, which acts as intermolecular
“bridges” that increase the material’s rigidity and restrict segmental mobility.>*> The nature of
the organic substituents also plays an important role.’*® Aromatic groups are rigid and provide
significant steric hindrance, resulting in a higher T,. In contrast, the presence of spacers between
the silica backbone and the aromatic group (e.g., benzyl, phenethyl) increases mobility and

lowers the T,.>%
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Silsesquioxanes with long n-alkyl substituents (e.g. Ci4, Ci6, Cig) exhibit a melting signal in
DSC, which originates from the phase transition due to trans—gauche transformations of the
alkyl chains, as they shift from an ordered to a disordered state.8!: 308

POSS compounds can exhibit either a melting point or a T, depending on their substitution
pattern and cage size. They may form crystalline solids or behave like amorphous polymers.>>
309312 Dye to high thermal stability or volatility, POSS often do not show classical DSC
transitions in the accessible temperature range.*> 313

DSC analysis can therefore be effectively used to detect crystalline phases and phase transitions.
However, the detection of a Ty does not necessarily exclude the presence of POSS, as these
compounds can also exist in an amorphous form. Observing the T, is particularly useful for
analyzing changes in polymer architecture, for example as a result of temperature exposure.
Good solubility of the material, together with the absence of phase transitions (glass transition,

melting, or crystallization), is often an indication of an ordered ladder structure.!!!- 14!

2.4.3.8 Thermogravimetric analysis (TGA)

Polysilsesquioxanes are known for their high thermal stability, primarily due to the high bond
dissociation energy of the Si—O bond (108 kcal:mol ").3!* This value significantly exceeds that
of C—C (85.2 kcal'mol ') and C—O bonds (82.6 kcal'mol !).3!* The high degree of crosslinking
of the T-units further enhances stability by limiting rearrangement reactions and chain scission,
which are more commonly observed in linear polysiloxanes.?!¢ 2%

The thermal behavior of silsesquioxanes is strongly influenced by their molecular architecture
(cage vs. ladder structure), the type of organic substituents, molar mass, and DC.!01- 111, 136, 242,
254 In general, two major degradation pathways can be distinguished: volatilization of low-
molecular species and the formation of ceramic residues through thermally induced
rearrangements and oxidation processes.’!” The specific mechanisms are complex and
significantly affected by the atmosphere, whether inert or oxidative.?*?

Under inert conditions, fully condensed alkyl-substituted cage compounds (e.g. RsSigO12) often
show pronounced sublimation or evaporation behavior. The temperature at which volatilization
occurs increases with the size of the alkyl chain and overall molecular mass. Propyl cages
volatilize at 150-200 °C, whereas octyl-substituted cages remain stable up to > 300 °C. In such
cases, mass loss can exceed 80%, reflecting the high volatility of these discrete molecules.?!”

In contrast, partially condensed systems such as RgSigO11(OH)2 may undergo concurrent

condensation during heating, leading to a significantly higher residual mass.>!®
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Incorporation of POSS into a polymer largely suppresses sublimation, as the cages are
covalently bound in the network.>!® Degradation occurs primarily through cleavage of Si—C or
C—C bonds in the organic substituents, followed by redistribution reactions forming thermally
stable SiOC ceramics.?** 31

In oxidative environments, thermal behavior changes due to the strong influence of oxygen.
Although evaporation or sublimation still occurs, it competes with oxidation of the organic
moieties. This leads to subsequent fragmentation through classical radical pathways and
ultimately results in the formation of a silica phase.?** The significantly reduced loss of volatile
silsesquioxane species is reflected in the increased ceramic residue.’!”

Short ladder silsesquioxanes, such as isopropyl-substituted tricyclic to heptacyclic oligomers,
also sublime under nitrogen. However, their sublimation temperatures are significantly higher
than those of cage structures with the same number of silicon atoms (for instance, 2-propyl-
tricyclic ladder Tsubi. = 390 °C vs. 2-propyl-Ts POSS T, = 282 °C).!! As the chain length and
molar mass increase, volatility decreases. In high-molecular-weight ladder polymers,
sublimation is no longer observed. Instead, these materials exhibit decomposition at much
higher temperatures (e.g., methyl-substituted ladder polymer with a temperature at 5% mass
loss (Tos) above 400 °C)!%!, typically involving the degradation of the organic side chains
followed by crosslinking of the siloxane backbone.**

Phenyl substitution significantly increases thermal stability under both inert and oxidative
conditions.?>> 3! Decomposition temperatures well above 400 °C have been reported.!%¢ 141:322
As observed with alkyl-substituted systems, phenyl-substituted ladders exhibit higher thermal
stability than their cage-based counterparts. The Tos value is approximately 60 °C higher in
phenyl ladders compared to T12-phenyl POSS (Figure 19).!!!
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Figure 19: TGA under N, for phenyl containing ladder polymer (LPPSQ) and Ti,-phenyl POSS,
reproduced with permission from 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. Copyright 2015 American Chemical Society.!!!

In general, an initial mass loss below 250 °C in TGA is typically attributed to ongoing
condensation reactions releasing water or alcohol, indicating a partially condensed network.'*®
In this temperature range, volatilization of low-molecular-weight oligomers may also occur.2>*
In fully condensed materials, thermal degradation begins thereafter, typically above 400 °C in
the case of phenyl-substituted systems. POSS may undergo partial sublimation; alternatively,
similar to ladder-type materials, they can degrade via side-chain cleavage accompanied by
rearrangement into a dense network (Figure 20).

Under inert conditions, the resulting residue consists of a mixture of SiOC-type species,

whereas in oxidative atmospheres, the residue is predominantly silica.>*?

The shape of the TGA curve, including onset temperature, step profile, and percentage of final
residue, provides insight into thermal stability as well as information on the condensation state,
the underlying structure, and the stability of the organic substituents. Coupled techniques such
as TGA-FTIR or TGA-MS allow identification of the gaseous degradation products and thus

significantly enhance the interpretability of the thermal analysis.>>* 3>
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Figure 20: Mechanism of phenyl group functionalized silsesquioxane degradation of different structures
under air. Scheme based on the work of Zhang, D.; Yang, R.; Qin, Z.; Zhang, W. Study on the thermal
behaviors of polyhedral oligomeric octaphenylsilsesquioxane (OPS). J. Therm. Anal. Calorim. 2023,
148, 2345-2355.3%

2.4.3.9 Fluorescence spectroscopy

Fluorescence spectroscopy is a well-established method for investigating the photophysical
properties of aromatic polymers. While the siloxane backbone itself is non-fluorescent,
aromatic substituents such as phenyl, naphthyl, or other polycyclic groups can act as
fluorophores. Their emission is highly sensitive to the molecular environment, making them
useful probes for deriving structural information about the surrounding polymer network.

A notable phenomenon in such systems is the formation of excited dimers, which arises from
-7 interactions between closely spaced aromatic units. These so-called excimers are non-
covalent complexes that exist only in the excited state, typically involving an excited molecule
(A*) and a ground-state counterpart (A) (Figure 21a).>*® They are commonly observed in
polycyclic aromatic hydrocarbons such as pyrene, naphthalene, and perylene.*?*32® This
behavior also extends to polymers containing these aromatic units, where both inter- and
intramolecular interactions give rise to characteristic emission features.32-33!

The photophysical behavior of aromatic polymers has been extensively investigated by

fluorescence spectroscopy, with polystyrene serving as a prototypical model system, 2% 332,333

44



Theoretical Background

Two main types of fluorescence emission have been reported for polystyrene: monomer
emission from individual phenyl groups around 285 nm, and a broader, red-shifted band in the

320-340 nm region, attributed to excimer formation.**

a) Monomer Excimer
fluorescence fluorescence
A, =260 nm Mem=285nM A, =260nm A =325nm
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Figure 21: a) Formation of an excimer in polyphenylsilsesquioxanes with the corresponding excitation
wavelength (Aex) and the resulting emission wavelength (Aem) of the monomer and excimer emission. A
ground-state monomer [A] combines with an excited-state monomer [A*] to form an excimer [AA*].
b) Formation of intramolecular and intermolecular excimers within a polymer chain at high and low

polymer concentrations in solution.

Intramolecular excimer formation requires specific structural preconditions. These were studied
by Hirayama, who investigated diphenyl and triphenyl alkanes for their ability to form
intramolecular excimers. He discovered that phenyl groups separated by three carbon atoms
along an alkyl chain exhibited excimer fluorescence. Based on this, he formulated the so-called
“n = 3 rule,” which requires a parallel sandwich-like arrangement with an interchromophoric
separation of ~ 3 A.33

Of particular interest is the excimer-to-monomer intensity ratio (Ig/Im). Analyzing how this ratio

changes with concentration enables the distinction between interactions occurring within a
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single polymer chain and those involving multiple chains (Figure 21b).?*° If Ig/Im remains
constant upon further dilution, it indicates that the excimers are formed intramolecularly, since
intermolecular interaction become less probable at low concentrations.>*°

Liu et al. used fluorescence spectroscopy to investigate the molecular conformation of ladder-
like polyphenylsilsesquioxanes. Intramolecular excimer emission was observed, and molecular
modeling confirmed that this interaction is geometrically feasible only in a cis-isotactic

configuration. !

Ladder-type silsesquioxanes show pronounced intramolecular excimer
fluorescence due to the rigid, double-stranded polymer backbone, which facilitates efficient
interaction between chromophores.!%:337 An increased intensity of excimer emission correlates
with a higher degree of structural organization in the ladder-type framework.26% 338

In contrast, POSS exhibit significantly weaker excimer bands. The spatial distribution of
chromophores around the 3D core leads to less ordered interactions and reduced excimer

formation.>3’

Consequently, once chromophores are incorporated within the silsesquioxane network,
fluorescence spectroscopy becomes a powerful tool for visualizing n—n interactions along the

chains and for characterizing molecular architectures.

Numerous additional analytical or theoretical methods have been employed in the literature to
study reaction kinetics and structural properties, including X-ray photoelectron spectroscopy
(XPS), small-angle X-ray scattering (SAXS), transmission electron microscopy (TEM), atomic
absorption spectrometry (AAS), dynamic light scattering (DLS), rheology, and others.!4% 33344
These techniques are not discussed in detail here, as they are either not applied in this work or

only of marginal relevance and are therefore beyond the scope of this thesis.

2.4.4 Polysilsesquioxane-Based Particles as Host Matrices

The sol-gel process can be employed to synthesize nano- and microparticles with controlled
sizes and morphologies. A classical example is the well-known Stober method, developed in
1968, which enables the synthesis of monodisperse colloidal silica particles through base-
catalyzed hydrolysis and condensation of TEOS.!’

Silica nanoparticles are widely used as fillers in polymer-based nanocomposites.’*> However,
a major drawback of pure silica particles is their tendency to agglomerate, which often
compromises mechanical stability and optical properties of the polymer matrix.>*% 347 Surface

functionalization has been shown to improve compatibility between the silica filler and the
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organic polymer matrix, thereby promoting a more homogeneous particle dispersion.>*®** This
can be achieved either by post-synthetic modification of surface OH groups with silane
coupling agents (e.g. 3-aminopropyltriethoxysilane),”® by co-condensation of
organotrialkoxysilanes with TEOS,>*! or through direct synthesis from pure

organotrialkoxysilanes (Figure 22).>>? The last approach yields the highest organic content.
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Figure 22: Strategies for the synthesis of organically functionalized particles: a) surface post-
functionalization of silica particles, b) co-condensation of tri- and tetraalkoxysilanes, and ¢) preparation

of polysilsesquioxane particles.

The synthesis of polysilsesquioxane particles is typically carried out in aqueous or mixed
solvent systems via base- or combined acid—base catalyzed hydrolysis and condensation. This

353,354 or under additive-

can be performed either emulsion based in the presence of surfactants,
free conditions.**> 33 The substituents strongly influence hydrolysis and condensation kinetics,
thereby determining particle size and DC.>>? Reported particle sizes range from the nanometer
to the micrometer scale, depending on the chosen precursors and reaction conditions.** The
DC usually remains below 90%, with small substituents such as methyl yielding higher values
(~ 89%) compared to sterically demanding groups such as phenyl (~ 80%).%%” As a result,
several groups reported softening of phenyl-modified polysilsesquioxane particles at elevated
temperatures, resulting in a loss of spherical morphology.*?”- 33735 While this behavior may
initially appear disadvantageous, it can also be exploited in specific contexts, as discussed in
more detail in the next chapter on melting gels (Chapter 2.5).

In the literature, polysilsesquioxane particles have mainly been studied with respect to particle
size, morphology, dispersity and DC, whereas internal structural motifs have been less
frequently addressed. Dong et al. synthesized hollow spheres from MTMS, Ph'TMS, VTMS and
trifluoropropyl TMS and characterized them by ??Si NMR, XRD and FTIR, concluding that the

materials consisted of a mixture of incomplete cages, ladder-like, and network structures.>*° In

contrast, Wang et al. described polyphenylsilsesquioxane particles explicitly as ladder-type
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frameworks, based on 2°Si NMR, XRD and IR spectroscopy.?*! Overall, reports suggest that
polysilsesquioxane particles can exhibit different structural motifs depending on synthesis

conditions and substituents, but systematic and comprehensive analyses remain scarce.

Silica and silsesquioxane micro- and nanoparticles are also widely employed as hosts for dyes
or drug molecules.**!-*%* Encapsulation offers protection from external influences such as light
and humidity, prevents dye aggregation, or allows controlled release under defined
conditions,363: 363, 366

Generally, incorporation strategies can be divided into covalent and non-covalent approaches
(Figure 23). Covalent strategies involve the incorporation of functionalized dyes, for example
trialkoxysilane-modified perylene derivatives, into the silica network, thereby preventing dye
leaching (Figure 23a).¢7-3%8 Non-covalent strategies rely on weak physical interactions such as
electrostatic attraction. Chen et al. prepared organosilica nanoparticles containing intrinsic
secondary amines, which enabled the binding of either anionic or cationic dyes depending on
the surface charge of the particles.’®® Lu et al. integrated Rhodamine B (RB) into poly(3-
mercaptopropylsilsesquioxane) microspheres, where Si—OH groups of the matrix interacted
electrostatically with the dye (SiO---RB") (Figure 23b).3"

While ionic species can be readily incorporated due to their affinity for the hydrophilic silica
matrix, hydrophobic molecules are more challenging. Phenyl-modified polysilsesquioxane
matrices have proven particularly advantageous, as their hydrophobic and aromatic domains
facilitate entrapment of organic dyes. The phenyl substituents can engage in n—m interactions
with aromatic guest molecules, which promotes retention within the matrix and reduces dye
leaching (Figure 24c). In addition, the matrix provides a protective environment that limits
photobleaching and minimizes dye self-quenching, thereby preserving the photophysical
properties of the embedded chromophores.®%> 3" However, the amount of dye incorporated is
strongly dependent on the organic content of the network which complicates control over dye

loading.
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Figure 23: Covalent and non-covalent encapsulation of dyes in polysilsesquioxane particles: a) covalent
incorporation of trialkoxysilane-modified perylene in a silica matrix;*”* b) physical embedding of

Rhodamine B (RB) in poly(3-mercaptopropylsilsesquioxane) via electrostatic interactions with the

370

negatively charged matrix;’’° ¢) embedding of Lumogen Red in phenylsilsesquioxane-silica core-shell

particles, stabilized by n—r and hydrophobic interactions with phenyl groups.*®’

2.5 Melting Gel

Melting gels are silsesquioxane-based inorganic—organic hybrid materials that, due to the
covalent bonding between their organic components and the inorganic Si—O-Si network, are
classified as class II hybrid materials. They possess the ability to liquefy upon heating to a
temperature T (T1 > Tg, Ti typically around 110 °C) and to solidify again upon cooling below
T,. This process is reversible and can be repeated over many cycles without loss of their

softening capacity. When the gels are heated to the consolidation temperature Tcon (Tcon > Th),
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the degree of crosslinking in the siloxane network increases until the material loses its
thermoreversibility and transitions into a permanently solid state (Figure 24).* 3" The gels are
synthesized by mixing organically substituted alkoxysilane precursors, which are hydrolyzed
and condensed via a sol-gel-like process under acidic or combined acidic/basic catalysis.

Silsesquioxanes containing exclusively phenyl groups were the first system in which

thermoreversible properties were studied in detail >
catalyst/
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RO-8i-OR HO/Ro{slu—o~}n
OR R= Me, Et 3

\ J
|

(T;=110°C) T<T (Tgon>130°C) T

con con
softening consolidated

g T

reversible irreversible

Precursor
Melting Gel
processible glass like glass like
liquid hard very hard
soluble softenable not softenable
soluble (insoluble)

Figure 24: Schematic representation of the formation of a phenylsilsesquioxane melting gel showing
temperature-dependent thermoplastic and thermosetting behavior and its appearance at different
temperatures. The values for T, and Tcon given in parentheses refer to phenylsilsesquioxane melting gels

but may vary depending on the organic substituents.

The following chapter traces the progression from these early examples of
polyphenylsilsesquioxanes to purpose-designed functional materials synthesized from multiple
precursors. It examines reported systems, their key properties, the structural origins of these

properties, and the applications that have already been explored.

2.5.1 History and Development of Different Melting Gel Systems

The origin of melting gels stems from the distinct thermal behavior of certain
polysilsesquioxane resins, characterized by a Ty above room temperature that renders them both
flowable and processable. In 1987, Hurwitz et al. reported on the use of phenyl, methyl and
propylsilsesquioxanes as well as their copolymers as melt-processable precursor polymers for

the fabrication of ceramic materials. They exploited the melt flow of these materials to spin
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fibers, which were subsequently pyrolyzed under inert conditions.’’* 3> Around the same time
other groups investigated the thermoplastic behavior of aryl-substituted polysilsesquioxanes
and of copolymers composed of phenylsilsesquioxane and diphenylsiloxane units, employed as
more easily processable ceramic precursors.®’® 377

Matsuda et al. were the first to systematically apply the thermoplastic properties of
polysilsesquioxanes for the preparation of transparent films. They deposited phenyl and
benzylsilsesquioxane particles onto indium tin oxide (ITO)-coated glass substrates by
electrophoretic sol—gel deposition, and the resulting layers were melted above their T,. Melting

induced densification of the layers, leading to a reduction in thickness and an improvement in

transparency (Figure 25a).3%®
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Figure 25: a) Scanning electron microscope (SEM) images of benzylsilsesquioxane particles deposited
onto ITO-coated glass substrates by electrophoretic sol-gel deposition, shown before (left) and after
(right) heat treatment at 100 °C for 2 h. Reproduced with permission from Matsuda, A.; Sasaki, T.;
Hasegawa, K.; Tatsumisago, M.; Minami, T. Thermal Softening Behavior and Application to
Transparent Thick Films of Polybenzylsilsesquioxane Particles Prepared by the Sol-Gel Process. J. Am.
Ceram. Soc. 2001, 84 (4), 775-780. Copyright 2001 John Wiley & Sons, Inc.’”® b) Schematic
representation of the gel-melting method. ¢) Photograph of a PhSiOs), glass piece synthesized by the
gel-melting method. Figures b) and c) are reproduced with permission from 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. Copyright 2005 Springer Nature.’

While phenylsilsesquioxane underwent further crosslinking during isothermal treatment above
Ti1 and exhibited irreversible curing, polybenzylsilsesquioxane particles retained their

thermoplastic character even after heat exposure. The authors attributed these differences to
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variations in the degree of polymerization and to distinct molar mass distributions around the
softening temperature.®*® 3’8 The balance between thermoplastic and thermoset behavior could
be deliberately adjusted by the choice of solvent and by varying the monomer concentration
during synthesis.3%!- 3%

Masai et al. recognized the potential of the thermal softening properties of polysilsesquioxanes
for the development of lead-free low melting glasses with the aim of providing alternatives to
the commonly used lead-containing glasses. They developed the so-called gel-melting method
(GMM) (Figure 25b,c), in which phenyltriethoxysilane (PhTES) and diphenyldiethoxysilane
(DPhDES) or MTES and dimethyldiethoxysilane (DMDES) were first hydrolyzed under acidic
catalysis and subsequently condensed using ammonia. In this way, they obtained
polysilsesquioxane-polysiloxane networks with low softening points.> The synthesis was
extended through subsequent treatment of the gels with NaOH in Et;O in order to complete the
polycondensation reaction.’”® Using 2°Si NMR and SEC it was shown that the binary systems
consist of three-dimensionally crosslinked networks with organic groups, while at the same
time exhibiting high chemical and thermal stability. By varying the monomer ratios they
obtained materials with varying stability against thermal curing and loss of reflow properties.’
The characteristic rheological behavior of softenable polysilsesquioxanes was attributed to
temperature-dependent changes in the free volume of the material. Flowability arises from
weakly crosslinked and only slightly entangled molecules whose mobility is influenced by the
number of bridging oxygen atoms as well as by the organic groups. These organic groups
control the molar mass and act as network terminators,34%: 38

Further investigations focused on the influence of reaction parameters such as acid
concentration, water content, and temperature on hydrolysis and condensation.?” In addition,
the activation energy for viscous flow was determined to be 180-200 kJ per mol of monomer
which is comparable to the activation energy of alkali silicate glasses.’®! The influence of
terminating reagents such as trimethylsilyl or vinyldimethylsilyl groups was also examined.'*’
These studies focused in particular on softenable phenyl-modified silsesquioxanes.

In addition to GMM, in which the gel is first formed and subsequently transferred into the
molten state by heating, Kuniyoshi et al. developed the sol concentration method (SCM). In
this approach the monomers are hydrolyzed and condensed using HCl or acetic acid as catalyst.
The sol is then concentrated by heating above the softening temperature, resulting in the direct

formation of the glass melt without the need for a gelation step. The authors cited reduced

shrinkage, prevention of cracking, and higher transmission as advantages of SCM.*%? A
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subsequent rapid heat treatment (RHT) was also applied, in which the material was held briefly
just below the decomposition temperature of the organic groups. This treatment led to the
almost complete elimination of residual OH groups. '3 3%3

Jitianu, Klein and co-workers further advanced the concept of softenable hybrid glasses and
introduced the term melting gels for this class of materials. The designation derives from the
previously used expression “melting”, which had already been frequently used in the literature
in connection with these materials.> '3

More accurately, the term melting is not entirely correct, since melting gels are amorphous
materials and do not exhibit a classical melting point in the thermodynamic sense. Instead, they
undergo a continuous transition from a solid to a viscoelastic state characterized by a Tg. In this
regime parts of the network undergo relaxation-induced structural rearrangements without a
classical phase transition taking place. The term melting gel therefore refers less to an actual
melting process and more to the intended application of these materials as substitutes for
conventional low-melting-temperature glasses.

They developed various multicomponent melting gel systems based on phenyl- or methyl-
containing di- and trialkoxysilanes.®’”> SAXS measurements demonstrated that tri- and
dialkoxysilane components are homogeneously mixed and do not undergo phase separation.'#?
They also synthesized ternary systems by adding TEOS or TMOS to the binary mixtures.*3% 383
Their work focused in particular on the investigation of thermal stability, the relationship
between structure, Ty, and consolidation temperature, as well as the resulting application
potential,!50: 201, 386388

In addition to methyl and phenyl groups, longer chain alkyl groups have also been investigated
in softenable polysilsesquioxanes. Macan et al. analyzed the softening behavior of particles
synthesized from aryl- and alkyltrialkoxysilane precursors through acid- and base-catalyzed
hydrolysis and condensation reactions. Biphasic silsesquioxanes derived from phenyl and
methyl, ethyl, propyl, or octyl substituents exhibited a glass transition whose temperature
decreased with increasing chain length. The glass transitions were not reversible, as the
materials underwent further condensation and permanent crosslinking once the transition was
exceeded. At the same time, longer alkyl chains led to lower thermal stability.?®% 3% Alkyl
groups larger than butyl additionally tended to crystallize as a result of self-assembly.>"’

Seto et al. employed a cosolvent-free acid-catalyzed hydrolytic polycondensation to synthesize

thermoplastic poly(Ph co R’SQ) (R = ethyl, propyl, vinyl) systems. The incorporation of the

alkyl substituents effectively suppressed cracking during the preparation of transparent
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pellets.**! The same group also succeeded in synthesizing silsesquioxanes with melting gel
properties from cyclohexyltrimethoxysilane. Due to the steric hindrance imposed by the organic
groups, these materials exhibited increased resistance to thermal crosslinking, described as
thermoset resistance.'®?

A similar behavior was observed by Briesenick et al. who combined phenyltrimethoxysilane
with dialkoxysilanes containing polycyclic aromatic groups such as naphthyl and
phenanthrenyl in order to produce high RI films. Owing to the steric demand of these bulky
substituents the materials remained softenable even after thermal treatment at 200 °C.>*2
Another approach was pursued by Steinbriick et al., in which an alkoxy terminated
polydimethylsiloxane (PDMS) was incorporated into a system together with PhATMS, MTMS
and DMDMS. The integration of the siloxane chain resulted in elastic samples after curing,
referred to as elasto-melting gels. Material properties such as the Ty and the RI of the
consolidated samples could be tuned by varying the monomer composition.?’!

Klein and Jitianu reported in a review on previously unpublished work in which about one
percent of the silicon was replaced by germanium through the incorporation of
methyltriethoxygermane (MTEG). This slight modification of the composition resulted in a
significant reduction in Ty (—18.8 °C to —25.9 °C) and a decrease in consolidation temperature
(150 °C to 120 °C).*

Table 1 summarizes the melting gel systems developed to date, classified according to their
composition into single, binary, ternary and multicomponent systems. Only those systems were
considered if they either exhibit a T above room temperature or can be thermally consolidated
to yield a solid at room temperature. Materials such as phenethylsilsesquioxane were not
considered. This compound exhibits a Ty below room temperature and cannot be converted into
a solid even after thermal treatment at 200 °C.3”” This distinction was made with regard to
potential applications such as low melting sealing glasses, for which the presence of a solid

glass is essential.
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Table 1: Reported melting gel systems categorized by organic substituents. The systems are
distinguished by the number of monomers used and classified as mono-, di-, tri-, or multi-component
systems. The number of organic substituents indicates whether the material consists of T, D or M, units.
Q units are incorporated via TEOS or TMOS. Reported T, and Teon are listed; these values may vary
between studies depending on composition and synthesis method. Materials that did not cure are
designated as thermoset resistant, with the temperature given in parentheses at which no curing was
observed. Explicitly stated properties, as well as investigated applications reported in the references, are

included.

Organic group Ty [°C] Teon Special properties/applications

Mono-component

33-59,5 150

High thermal stability (T*° =

Phen la 163, 382, 392, 393 > 130 OC 5 1 0 OC),393 hOSt fOI' hydrOphObiC
Y 125,137 100 (24 h)!%0 dyes,** filler for thermal and fire
’ resistance,*? micropatterning’®
Thermoset High refractive index (RI = 1.62)%8,
Benzyl 35307.378 resistance micropatterning®”®
(300 °C, 2 hy*™
Thermoset Adhesive to glass, metals, several
Cyclohexyl 33163 resistance polymers, deep UV transparency (up
(200°C, 6 h)!$ 10220 nm)'®3
Thermoset High thermal stability (T*° =
1-Naphthy!? 50%% resistance 465 °C), high refractive index (RI =
(200 °C, 24 h)*®  1.615), fluorescence*®
High thermal stability (T*° =
2-Naphthyl? 41%¢ 200 °C (24 h) 3¢ 400 °C), high refractive index (RI =
1.61), fluorescence®*®
Di-component
130-180 °C High thermal stability (T°°=
(24 h),'% 440 °C),’’® High refractive index (RI
thermoset = 1.58),'% ultra low saturated water
Phenyl + Diphenyl 034,10 resistance absorption (< 0.1 .rnass%),m
86-9137 (70PhSiO3— hydrophobic coating (contact angle
30Ph,SiOy1, =96°),%
200 °C, 1200 hy*
. 150-205 °C Hydrophobic coating (contact angel
—_(~1_(K373,387
Phenyl + Dimethyl 61-6 (24 hy¥73. 387 ~102°),% host for EuALS’
Very low porosity,'#* adhesive to
metal,*” good UV stability,*”! LED
encapsulation material,*’!
. —57-0%733% 135-170 °C?>*" hydrophobic coating (contact angle
Methyl + Dimethyl
399 373
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Ethyl + Diethyl —91——344 122153 °C* Corrosion protection*®*
Phenyl + Cyclohexyl ~35-45163 b
Phenyl + Cyclopentyl ~ 15-40'6 b

~60-85,!
Phenyl + Methyl 200, 380°

~10-50,'  Thermoset Suppress crack formation, adhesive
Phenyl + Ethyl 91160, resistance to bond glass plates®!

1707 (140 °C, 24 h)*!

~—=20-45,16% Suppress crack formation,*! fiber-
Phenyl + Propyl 391 spinning”
Phenyl + Pentyl 145%° b

- 389,
Phenyl + Octyl 3<90RT 150, b
Phenyl + Vinyl ~35-65%1 b Suppress crack formation®”!
Cyclohexyl + Methyl ~ 40-70'6 200 °C (6 h) '¢
o, Sk o s
Cyclohexyl + Ethyl ~25-40'3 resistance d £1ass, ’ POTYIELS,
(200 °C, 6 h)'S? eep UV transparency (up to
’ 220 nm)'%

Tri-component
Phenyl + Dimethylvinyl
(end group) + Trimethyl 4-45'%7 b
(end group)
Ph + Diphenyl + TEOS 185 0385 Surface patterning for water
or TMOS 20-59 165218 °C harvesting*?
Ph + TEOS + Trimethyl ) High hydrophobicity (contact angle

1 5()c406
(end group) 130-150

Ph + Phenyl-1(2)-

113°), additive in pressure-sensitive
adhesive formulations*’

High refractive index (RI = 1.62),

Naphthyl or Phenyl- 5 gy Thermoset high thermal stability (T*° =
Phenanthrenyl + res1stz1nce 5 470 °C),?? host for EuA1,S4*’
Diphenyl or Dimethyl (200 °C, 72 h)

Multi-component

Phenyl + Methyl + 21 A Elastic, LED encapsulation
Dimethyl + PDMS <<RT 150-200°C material®!

aSystems are part of this thesis.

"No specific information about Tcons Was provided.

softeing point (> Ty)
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2.5.2 Properties and Applications of Melting Gels

Melting gels were originally developed as an alternative to conventional low melting sealing
glasses, whose processing temperatures are too high for many microelectronic applications,
particularly in electronic packaging.*’! Owing to their structural versatility and the wide range
of tunable properties associated with it, additional fields of application have since emerged

(Figure 26).
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Figure 26: Melting gel properties and corresponding application examples. The properties primarily

refer to phenyl- or methyl-functionalized melting gels.

The key characteristic of melting gels is their reversible thermoplastic behavior above the Tg,
which, depending on composition and degree of crosslinking can extend over a broad
temperature range (Figure 27).* This behavior is attributed to the predominantly linear structure
of the network, which in the unconsolidated state exhibits high segmental mobility. The Ty is
directly related to physical properties such as viscosity, dielectric constant, and mechanical
strength, and reflects the degree of crosslinking within the silsesquioxane network.'>* Through
careful selection of the monomers this parameter can be controlled: dialkoxysilanes reduce the
network density and thus lower the T, while trialkoxysilanes increase Ty by introducing

additional crosslinking points.>87-3%%
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When the material is thermally treated above a critical temperature, Tcon, residual silanol groups
condense, leading to the formation of a three-dimensionally crosslinked network. This process
is irreversible, yielding a material that can no longer be deformed thermoplastically.20! 35 407
The exact value of the consolidation temperature strongly depends on the type and ratio of
siloxane precursors employed. A high proportion of T units, for example from PhTES, lowers
Teon, Whereas the incorporation of D units, such as DMDES, leads to higher consolidation

temperatures (Figure 27). 150, 201, 387
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Figure 27: T, and Tcoq of various melting gel systems composed of T and D units with methyl, phenyl,
ethyl, and propyl substituents, plotted against the mol% of T units. Reproduced from Klein, L. C.;
Jitianu, A. Hybrid organic-inorganic gels that are melting gels. J. Sol-Gel Sci. Technol. 2025, 113, 30—
38, under CC BY 4.0.3%8

Not all systems referred to the melting gel family, however, undergo such irreversible curing.
Compositions with a high content of sterically demanding groups such as cyclohexyl,'®?
benzyl,*”” naphthyl, and phenanthrenyl?*? substituents remain permanently thermoplastic.

The precise composition of a melting gel therefore defines its processing window (T < T <
Teon), which can be tailored to the intended application. This window is critical for processes

such as molding, casting, and precise surface patterning. Takahashi et al. employed phenyl
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modified silsesquioxane particles to fabricate micropatterns on ITO-coated substrates.*** Klein
et al. structured melting gel surfaces for water harvesting by condensation from humid air.**
Melting gels exhibit excellent film-forming properties. Thin and thick layers can be applied by
casting, electrospraying, or electrochemical deposition.?’!: 38 4% The viscosity of the solution
enables precise control of the film thickness. Surface-near organic groups such as phenyl or
methyl result in contact angles greater than 90°, which makes these materials suitable for
hydrophobic coatings.!3% 20!

Structural analyses by SAXS and BET demonstrate that especially methyl-modified gels
contain almost no micro- or nanopores, since organic groups fill voids within the network.!**
385 As a result, these materials exhibit high barrier properties against atmospheric gases,

201, 398 and for

suggesting applications as hermetic protective coatings in microelectronics,
corrosion protection of AISI 304 steel or magnesium alloys.**% 402 4% The residual Si-OH
groups in incompletely consolidated materials further promote adhesion to glass or metallic
substrates through M—O-Si bond formation. '3

Optically, melting gels are highly transparent. Layers of phenyl modified polysilsesquioxanes
reach transmission values of up to 94% in the visible spectral range.3’8: 382 408. 499 At the same
time, they exhibit good UV stability, which makes them attractive as encapsulation materials
for high power thermally stable UV LEDs.*’! The optical band gap depends on the type of
organic substituent. Phenyl groups typically absorb around 284 nm due to m—n* transitions,*”
whereas alkyl modified systems such as those derived from cyclohexyltrimethoxysilane remain
transparent into the deep UV region, which is particularly relevant for optical components, for
example in UV disinfection.!'®?

The thermal stability of these materials is especially pronounced in aromatically substituted
systems. For phenyl-containing gels a 5% mass loss was only observed at 410-440 °C.3’ This
also makes melting gels promising as flame retardant additives for polymer composites. Either
the glass alone or in combination with clay acts as a flame retardant in epoxy resins by forming
a glassy layer with high thermal stability.>*> In contrast, the incorporation of alkyl groups
decreases thermal stability, with further reductions observed as the alkyl chain length
increases.'7 3%

Another advantage arises from the dielectric and optical properties of melting gels.
Aromatically substituted systems exhibit high refractive indices due to the polarizability of the

n electrons, with values up to RI = 1.57 for phenyl and RI = 1.62 for benzyl groups.?**3%® The

RI can be further tuned by adjusting the monomer ratios, for example by substituting Ph,SiO2/»

59



Theoretical Background

with PhSi0;3,.4” These comparatively high refractive indices in the field of polymer-based
materials make melting gels attractive for applications such as LED encapsulation or optical
waveguides.3%

In contrast, methyl substituted gels with a high content of dimethylsiloxane exhibit low
dielectric constants (k = 3.3 at 1 kHz), since direct Si—C bonds are less polarizable than Si—O—
Si linkages. They are therefore suitable as low-k dielectrics in interconnect layers or as
insulating materials in electronic packaging.3’* 3%

In addition, melting gels provide interesting opportunities as host materials for functional
nanoparticles or ternary sulfides. For instance, gold nanoparticles could be embedded in the gel

without affecting either their plasmonic properties or the softenability of the gel.**

Magnetic
particles such as magnetite and hematite were also successfully incorporated, paving the way
for applications such as magnetically controllable inks and inkjet printing under microgravity

conditions.>®

Furthermore, aryl group-functionalized melting gel matrices allow the
embedding of EuAl>S4 powder, providing moisture protection and simultaneously acting as an
intrinsic filter for the UV excitation of the Eu?* cations.*’

Finally, unconsolidated gels display remarkable storage stability. When sealed in airtight

containers, they retain their thermoplastic properties for more than one year.*

Over time, the synthesis of melting gels has become increasingly diverse and complex. The
pursuit of broader material properties has led to the incorporation of a wide range of
organoalkoxysilanes, each introducing additional functionalities to the system. In particular, in
the present era where energy efficiency and green chemistry are of central importance, further
advancement of this class of advanced materials is essential to tailor their properties to current

technological challenges.
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3 Motivation and Task Definition

Melting gels are inorganic—organic hybrid materials whose properties arise from the
combination of an inorganic siloxane network with organic substituents. By varying the
monomer structure (type and number of organic groups), the ratio of mono-, di- and
trialkoxysilanes, and the degree of crosslinking, their thermal, optical and mechanical properties
can be tailored in a modular way. This versatility makes melting gels a promising platform for
the design of functional materials in a wide range of applications.

To systematically exploit this potential, a detailed understanding of the structural foundations
is required, in particular with respect to reversible thermoplastic behavior and irreversible
consolidation.

The simplest and most extensively studied melting gel system is the polyphenylsilsesquioxane.
Despite numerous investigations, a comprehensive, multi-method characterization that
correlates structural motifs with the observed melting behavior is still lacking. In particular, the
role of specific network units such as cages, ladder motifs or cyclic structures has not yet been
systematically addressed in this context.

The aim of this work was therefore to investigate the structural prerequisites for melting gel
behavior using different polysilsesquioxanes as model systems. The focus was placed on
understanding how the type of organic substituent, the degree of crosslinking and the molecular

architecture influence the thermal properties.

The thesis is structured into four main parts:

1. Structural analysis of polyphenylsilsesquioxane as a melting gel model system

The established polyphenylsilsesquioxane was selected as a reference system for the
melting gel family and was comprehensively characterized using IR, Raman, NMR,
UV-Vis, fluorescence spectroscopy, TGA, DSC, PXRD and SEC. The objective was to
clarify how structural motifs, the degree of crosslinking, and defects in the form of non-
crosslinked OH or OR groups influence the thermal response of the material. A
particular focus was placed on correlating these structural features with the unique

properties that distinguish melting gels.
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Influence of aliphatic alkyl substituents on melting gel properties

Since polysilsesquioxane melting gels with purely n-alkyl substituents have not been
reported in the literature, the goal was to investigate how n-alkyl groups affect key
properties such as T,y and consolidation behavior. A series of n-alkyltrimethoxysilanes
with chain lengths from C; to Cig was studied. The resulting polysilsesquioxanes were
analyzed before and after thermal treatment at 300 °C and compared to the phenyl-based
melting gel regarding thermoplastic and thermoset behavior. The influence of chain
length on crystallization tendencies, crosslinking behavior and thermal transitions was

systematically evaluated and correlated with the molecular structure.
3. Influence of polycyclic aromatic groups on melting gel properties

To expand the structural spectrum of melting gels, polycyclic aromatic substituents such
as 1-naphthyl, 2-naphthyl and 9-phenanthrenyl were introduced. In addition to
examining the impact of isomerism and the size of the aromatic system on thermoplastic
and thermoset behavior, particular attention was given to fluorescence introduced via

the extended m-electron systems.

4. Utilization of thermoplastic properties of melting gels for the fabrication of

fluorescent microparticles

Finally, the reversible softening of the phenyl melting gel was exploited to fabricate
fluorescent microparticles. Due to the hydrophobic nature of the gel, hydrophobic
perylene dyes could be easily incorporated during the gelation stage of synthesis. By
means of a newly developed melt-emulsion strategy followed by base-catalyzed curing,
spherical fluorescent microparticles were obtained. In addition to fluorescence
properties, the effect of the base on the structure of the particles was also investigated

in detail.
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4 Results and Discussion

In this chapter, four publications related to the topic of the thesis are presented. The
contributions of the respective authors are specified for each publication, accompanied by a
brief summary. The associated supporting information can be found in Chapter 7. All results

presented have been published in peer-reviewed scientific journals.
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4.1 Thermoplastic Silsesquioxane Hybrid Polymers with a Local Ladder-
Type Structure

Published as an article:

Svenja Pohl, Oliver Janka, Ekkehard Fiiglein, Guido Kickelbick, Macromolecules 2021, 54 (8),
3873-3885. DOI: 10.1021/acs.macromol.1¢00310.

The supporting information is provided in Chapter 7 and is available online at:

https://doi.org/10.1021/acs.macromol.1¢00310.

Reproduced with permission from Macromolecules 2021, 54, 8, 3873-3885. Copyright 2021

American Chemical Society.

The author’s contribution to this work amounts to 75% (40% of the results were obtained

during the author’s master’s thesis and 35% during the PhD studies).
Detailed statement of the individual contributions of the author and co-authors:

Svenja Pohl wrote the complete draft of this manuscript that was acknowledged by all named
authors. She performed the synthesis and characterization of the melting gels and was primarily
responsible for the interpretation of the key data and results. The foundational research was
carried out as part of her Master's thesis,*'? including the synthesis of the melting gels and the
acquisition and evaluation of NMR, FTIR, Raman, DSC, PXRD, TGA, fluorescence, and UV-
Vis data. Additional experiments, such as TG-FTIR analyses, SEC and temperature-dependent
PXRD measurements, were performed during her PhD studies, along with the preparation of

the manuscript. Oliver Janka supported the PXRD and temperature-dependent measurements
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measurements and provided guidance in the interpretation of the results. Prof. Dr. Guido
Kickelbick initiated and supervised the project, contributed to scientific discussions, and

revised the manuscript to its final version.
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Melting gels are characterized by their temperature-dependent thermoplastic and thermosetting
behavior. Their tunable rheological and thermal properties allow precise control over material
shaping and processing, which has led to increasing interest in novel functionalities and
application fields. However, the structural origins of their thermal transitions remain only
partially understood. A deeper insight into the underlying network motifs could significantly
expand the scope of melting gel formulations and enable the design of materials with tailored

properties.

The publication titled "Thermoplastic Silsesquioxane Hybrid Polymers with a Local Ladder-
Type Structure” addresses this gap through a comprehensive structure—property analysis of a
model system based exclusively on PhSiOs units. Owing to its simplicity and well-defined
composition, polyphenylsilsesquioxane serves as a prototypical reference material for
elucidating key principles underlying melting gel behavior.

The synthesis involved solvent-free, acid-catalyzed hydrolysis and condensation of
phenyltrimethoxysilane. The resulting material was characterized using NMR, IR, Raman, and
fluorescence spectroscopy, thermal methods (TGA, DSC), temperature-dependent PXRD, and
SEC. In addition, time-resolved IR and Raman spectroscopy were employed to monitor the
hydrolysis and condensation processes during gel formation.

The combined results revealed a partially crosslinked structure with defects in the form of
residual methoxy and hydroxy groups. This low crosslinking allows segmental chain mobility
and explains the reversible softening behavior at higher temperatures. IR and fluorescence
spectroscopy showed that hydrogen bonding and n—m interactions within the precursor gel
contribute to its structural stability and result in a Ty above room temperature. PXRD data
indicate the presence of ladder-like motifs within the silsesquioxane network. However, the
structure also contains a high number of defects, such as cage-like units, small rings, and
randomly distributed elements. The reversible softening up to 110 °C was confirmed by DSC
and repeated temperature-cycled PXRD measurements, showing no significant structural
transformation over multiple heating cycles.

Upon thermal consolidation at 200 °C, remaining silanol groups undergo further condensation,
increasing the crosslinking density and reducing molecular mobility. This transition leads to a
permanently rigid, thermoset-like material that no longer softens. Additionally, structural
reorganization during consolidation leads to a higher proportion of ordered ladder-like

segments while reducing structural defects.
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This study offers a comprehensive structural characterization of a melting gel system and
identifies key network motifs that govern the characteristic thermal transitions. The insights

gained serve as a structural foundation for understanding and tailoring melting gel behavior in

related hybrid materials.
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ABSTRACT: Organosilsesquioxane hybrid materials are an
important class of functional materials due to their tailorable
functions and high thermal and optical stability. Recently, several
studies showed that phenyl-substituted trialkoxysilanes can be
converted into reversibly melting gels by applying hydrolysis and
condensation reactions. We studied the underlying mechanisms of
their formation and the final structure in detail by a combination of
various spectroscopic techniques, thermal analysis, size exclusion
chromatography, and X-ray diffraction. Our investigations reveal
that local ladder-type silsesquioxanes with a defect-rich structure
are formed in a first hydrolysis and condensation step. The partial
presence of stable —OH and methoxy groups attached to the aryl-substituted silicon atoms in the ladderlike polymer explains their
thermoplastic behavior. Heating above a particular consolidation temperature leads to further condensation reactions of the residual
groups as well as a structural reorientation of the ladder-type polymers. The final materials are hard and cross-linked hybrid glasses
with thermal stability higher than 400 °C and high optical transparency.

H INTRODUCTION densation reactions.'”'® Melting gels are inorganic—organic
hybrid materials that can soften when heated to a specific

Silsesquioxanes are known for decades; especially, cage
temperature T, and harden again when cooled to room

compounds have attracted a lot of attention in the 20th

century."” Derivatives of these compounds are partially temperature. The softening of the material was described as
condensed cages’ and ladderlike silsesquioxanes.” Since the melting. It is not melting in a thermodynamic sense but
first structural characterizations, the field of silsesquioxanes has describes the property of flowing due to incomplete cross-
greatly expanded and the molecules are used as building blocks linking. This reversible process is in strong contrast to all other
for inorganic—organic hybrid materials in a wide range of areas, observations on sol—gel-derived materials, which form
such as pharmacy or aerospace.” * Their outstanding optical thermally stable cross-linked resins. When the gels are heated
properties make them ideal materials for optoelectronic to the so-called consolidation temperature T, (T, > T)), the
applications, such as LED encapsulants.9 Structures of material permanently hardens and can no longer be melted.
silsesquioxanes can vary from open or closed cagelike The result is described as a hybrid glass."" "'
oligosilsesquioxanes consisting of discrete structures formed A softening behavior of polysilsesquioxane particles was
from a limited number of tetrahedral units to polymeric species initially observed by Matsuda et al.”>** Later on, Masai et al.
with a defined ladder structure or random networks (Figure developed binary gels of phenyl- and methyl-containing di- and
i trialkoxysilanes. Using the so-called “gel-melting method”, the
Oligo- or polysilsesquioxanes are commonly synthesized by researchers obtained organically modified siloxanes with low
polycondensation reactions based on the sol—gel process. softening points.'” Klein et al. also developed various one-,
Hydrolysis of monosilanes with the general structure RSiX; (R two-, and three-component melting gels containing phenyl and

= organic group, X = Cl, OMe, OEt, etc.) under acidic or basic 18,19,25
conditions forms the corresponding silanol species. In a second

step, the reactive groups condense with other silanols or

methyl substituents as organic groups. Their focus was
mainly on the investigation of thermal stability, the relationship

alkoxysilanes with elimination of water and alcohol to form : T
organosilsesquioxanes of different structures.''™"* The struc- Rec?lved: February 9, 2021 B A
tural motifs created are strongly dependent on the choice of Rev'fed: Mar_Ch 13, 2021 L
the precursor and the prevailing synthesis conditions."*”'® In Taleings Apal 15, 2001 &5@#
recent years, it has been shown that organoalkoxysilanes can ‘5‘(\‘”
produce so-called melting gels under very specific reaction ——

conditions in acid- or base-catalyzed hydrolysis and con-

© 2021 The Authors. Published by AT R
H H American Chemical Socie ps://doi.org/10. ‘acs.macromol.1c
v ACS Publications Y 3873 Macromolecules 2021, 54, 38733885
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Figure 1. Possible oligo- and polysilsesquioxane structures.
between structure, glass transition temperature (TS)' and UV—vis transmission measurements were performed in aluminum
consolidation temperature (T,,,), and the development of frames (8 X 2 mm?) on a Lambda 750 instrument (PerkinElmer Inc.,
possible applications.””*” Previously, we showed that the Shelton, USA) equipped with a 100 mm integration sphere from 250
concept can be applied for optoelectronic materials and can be b0 600 mrm Wit .4 i inenement and & 08 s integration time,

: e Solution NMR spectra were recorded on an Avance III 300 MHz
expanded to an elastomer-like behavior.” However, none of 8 &
these previous studies has investigated in detail the mechanism Secoms enanthan v (1 00 INED Sprctiomeces (Hinker

p : & : Billerica, USA) with 300.13/400.13 MHz for '‘H NMR spectra,
of the unusual behavior of these materials. . 75.47/100.61 MHz for *C NMR spectra, and $9.63/79.49 MHz for

The goal of our St‘}dy is to provide a det‘alled explana'tlon of 28i NMR spectra. All NMR samples were prepared in chloroform-d
the SRTICERTE evo?utlo‘n anld the mef:hanls.m _Of melting gel (CDCL,). Si NMR spectra of the dissolved polymers were analyzed
formation. For a simplification of the investigation, we applied after subtraction of a blank spectrum. Solid-state CP-MAS NMR
only phenyltrimethoxysilane as a precursor. All structures were spectra were recorded on an Avance III HD—Ascend 400WB
investigated for both the nonconsolidated and consolidated spectrometer (Bruker, Billerica, USA) using 4 mm inner diameter
materials applying NMR, IR, Raman, and fluorescence ZrO, rotors with a 13 kHz roﬁition frequency. The g:sonance
spectroscopy, DSC, TG, and XRD analyses. Time-dependent frequencies were 100.65 MHz for °C and 79.53 MHz for ~Si NMR
IR and Raman measurements were carried out to investigate SP‘?IE:}t:a' S (TC) —

. - . - . ermograwmetrlc measurements were carried ou app ylng
the kinetics of the hydrolysis and condensation reaction. DSC 2 TGA/DSC STARe System 1 (Mettler-Toledo, Schwerzenbach,
and XRD measurements were used to demonstrate the . . 1 N

ibili ¢ th Tt " £ of Switzerland) at a heating rate of 10 K min~" between 25 and 800 °C
reversibility of tl e' melting process. As Pr(?o 0 cqncept,'we using an oxygen gas flow of 40 mL min "',
expanfled the .StUdles Iag naphthyl-contammg polysilsesquiox- TG-FT-IR measurements were performed using a PERSEUS TG
ane with melting gel-like properties. 209 F1 Libra (NETZSCH-Geritebau GmbH, Selb, Germany and

Bruker Optics, Ettlingen, Germany). The measurements were carried
B EXPERIMENTAL SECTION out at a 20 K min ™" heating rate in the temperature range between 25

Materials. Phenyltrimethoxysilane (97%), l-bromnaphthaline and 1000 °C under synthetic air flow (40 mL min_l, N,/0, 75:25%).
(97%), and tetramethoxysilane (98%) were all purchased from aber Differential scanning calorimetry (DSC) was performed with a
(Germany), hydrochloric acid was provided by Bernd Kraft GmbH DSC 204 F1 Phoenix calorimeter (NETZSCH-Geritebau GmbH,
(Germany), and magnesium chips were obtained from Fisher Selb, Germany) using aluminum crucibles with pierced lids under
Scientific GmbH (Germany). All chemicals were used as received. nitrogen flow (100 mL min~") applying a heating rate of 10 K min™"
Hydrochloric acid was diluted to pH 2.5 with demineralized water. from —40 to 400 °C. The value of the glass transition temperature

Instrumentation. Fourier transform infrared spectra (FT-IR) (T,) was taken by determining the inflection point of the glass event.
were recorded in attenuated total reflectance mode on a Vertex 70 Fluorescence spectroscopy was performed applying a FluoroMax 4
spectrometer (Bruker Optics, Ettlingen, Germany) from 400 to 4500 spectrofluorometer (Horiba Scientific, Kyoto, Japan) with an
cm™" with a resolution of 4 cm™" and 10 scans. excitation wavelength of 260 nm.

3874 https://doi.org/10.1021/acs.macromel.1¢00310
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Figure 2. Melting gel synthesis via hydrolysis and condensation of phenyltrialkoxysilanes.

Size exclusion chromatography (SEC) was performed with a PSS
SECcurity’ system composed of a 1260 IsoPump-G7110B (Agilent
Technologies, Santa Clara, CA), a 1260 VW-detector G7162A at 270
nm (Agilent Technologies), and a 1260 RI detector G7114A at 30 °C
(Agilent Technologies), with THF as the mobile phase (flow rate 1
mL min~!) on an SDV column set (SDV 103, SDV 105, SDV 106)
from PSS (Polymer Standard Service, Mainz, Germany). Calibration
was carried out using PS standards (from PSS). SEC measurements
with DMF (1 g L' LiBr) as the mobile phase (flow rate 1 mL min™")
were obtained with a Waters system composed of a $15 HPLC Pump,
a 2487 UV detector at 260 nm, and a 2410 RI detector at 40 °C on a
GRAM column set (GRAM 30, GRAM 1000, GRAM 1000) from
PSS (Polymer Standard Service, Mainz, Germany) at 60 °C.
Calibration was carried out using PMMA standards.

Powder X-ray diffraction (PXRD) patterns of the pulverized
samples were recorded at room temperature on a D8-A25-Advance
diffractometer (Bruker AXS, Karlsruhe, Germany) in Bragg—Brentano
0—0 geometry (goniometer radius 280 mm) with Cu Ko radiation (4
= 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,
Karlsruhe, Germany) software,”® with the observed reflections being
treated via single-line fits. Powder X-ray diffraction patterns at
elevated temperatures were recorded on the same diffractometer using
an XRK 900 reactor chamber (Anton Paar GmbH, Graz, Austria).
The samples were investigated in air in the temperature range of 30—
110 °C at heating rates of 10 K min™". Again, a 12 gm Ni foil working
as a Ky filter and a variable divergence slit were mounted at the
primary beam side. The secondary beam side was equipped with a
Lynxeye detector and a variable slit diaphragm. Diffraction patterns
were recorded between 3 and 40° 26. The thermal expansion of the
reaction chamber and the sample holder was determined using
elemental Si (NIST Standard Reference Material 640f). The obtained
data was refined in TOPAS 5.0 software,”® keeping the lattice
parameter of Si fixed while refining the height displacement. This was
conducted for different temperatures and a linear regression was
performed. For the subsequent measurements, the z-height was
modified by the previously determined values depending on the
temperature used. Prior to the investigation, the gel was molded into a
stainless-steel sample holder so that the upper surface was in plane
with the edges of the holder. To account for a potential expansion of
the polysilsesquioxanes during heating, one sample was mixed with
S$i0, and measured at 30, 80, and 110 °C (SI Figure S14). From these
measurements, the zero shift was determined by linear regression,
which was subsequently used to correct the 26 angles of the peak
positions (SI Figure S15).

Monomer Preparation. The trialkoxysilane was synthesized
according to a modified literature procedure.”

3875

70

1-Naphthyltrimethoxysilane (1-NpSi(OMe);). Magnesium chips
(3.70 g, 0.152 mol, 1.5 equiv), tetramethoxysilane (46.35 g, 0.304
mol, 3 equiv), and abs. THF (160 mL) were stirred in a three-necked
round-bottom flask at 30 °C under an argon atmosphere. 1-
Bromnaphthaline (20.72, 0.100 mol, 1 equiv) was added dropwise
over a period of 20 min at 30 °C with a dropping funnel. The reaction
mixture was heated to 50 °C for 1 h, then the temperature was
increased further to 75 °C for 1 h, and finally allowed to cool to room
temperature overnight. Magnesium and THF were removed from the
reaction mixture by filtration and concentration. Afterward, 250 mL of
n-hexane was added to the residue, boiled for 10 min under reflux
conditions, and filtered after cooling to room temperature. The
procedure was repeated a second time using 125 mL of n-hexane. The
solvent of the combined filtrates was removed, and the product was
distilled (2 X 107> mbar, 140 °C), resulting in a transparent liquid
(19.32 g, 78%).

'H NMR (300 MHz, CDCL): § = 8.32—829 (m, 1H, 1-Np),
7.99-7.94 (m, 2H, 1-Np), 7.89-7.86 (m, 1H, 1-Np), 7.59—7.48 (m,
3H, l-Np), 3.68 (s, 9H, OMe) ppm.

13C NMR (75 MHz, CDCL): 8 = 50.93 (O—CHj), 125.11, 125.85,
126.73, 127.75, 128.39, 128.83, 131.50, 133.40, 136.31, 137.13 (1-
Np) ppm.

*Si NMR (60 MHz, CDCl,): § = —54.71 ppm.

Gel Preparation. The melting gel was synthesized according to a
modified literature procedure.'

Polyphenyisilsesquioxane Melting Gel (PhMG) and Poly-1-
Naphthylsilsesquioxane Melting Gel (1-NpMG). Here, we only
describe the procedure for the preparation of PhMG; the 1-NpMG
was prepared accordingly. One equivalent phenyltrimethoxysilane and
1.5 equiv hydrochloric acid (pH = 2.5) were stirred in a closed vial at
45 °C for 8 h. Afterward, the mixture was stirred with the lid removed
until gelation was completed (25 °C, 18 h). The vial was transferred
into a compartment drier to remove water and methanol in two steps.
First, the material was heated at 70 °C for 24 h and afterward at 110
°C for an additional 24 h. The transparent polymer was allowed to
cool to room temperature to obtain a solid hybrid glass material. The
precursor melting gel (PhMG,,...) softens reversibly at T; = 110 °C
and consolidates (hardens irreversibly) by thermal treatment at T, =
200 °C for 24 h to obtain a transparent solid glasslike material
(PhMG,,,,). To handle the precursor gel, it was melted in a preheated
110 °C oven for 10 min. After processing, it was cooled to room
temperature by removing it from the oven.

B RESULTS AND DISCUSSION

As described in the Experimental Section, phenyltrimethox-
ysilane can be polymerized to receive a nonconsolidated
melting gel that is reversibly meltable up to 110 °C and soluble
in solvents like acetone, chloroform, or THF. The hydrolysis
and condensation process can be visually monitored by
homogenization of the initial two-phase mixture in the first
few minutes and subsequently increasing viscosity. Temper-
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Figure 3. (a) ’Si CP-MAS NMR spectra of the nonconsolidated gel fitted by a Gaussian function, (b) **Si CP-MAS NMR spectra of the
consolidated gel fitted by a Gaussian function, and (c) BC CP-MAS NMR spectra of the consolidated and nonconsolidated gels.

ature treatment at 110 °C leads to the removal of condensation
byproducts such as water and methanol and further cross-
linking. As 110 °C is the highest temperature used in synthesis,
the melting gel is softened at this temperature for processing
and reversibility testing. Above 200 °C, without the addition of
any further catalysts, an irreversible consolidation forming a
transparent, solid, insoluble glasslike material takes place
(Figure 2).

NMR Spectroscopy. '*C and *Si CP-MAS NMR
spectroscopy was applied to investigate the molecular structure
of the prepared nonconsolidated and consolidated gels, to
generate an overview of the cross-linked groups, and to
determine the degree of condensation (DC). By means of ‘H
NMR, the number of remaining methoxy groups of the
nonconsolidated gel was quantified, which provided informa-
tion about the degree of hydrolysis of the monomer. By
combining the information from the NMR techniques, the
composition of the PAMG,,.. can be calculated, with respect to
the percentage of —OH, —OMe, and Si—O-Si- groups.
Furthermore, the consolidation step can be demonstrated by
changing the cross-linking units.

Solid-state '*C NMR spectra (Figure 3c) show intense peaks
from the phenyl groups in the region of 128—135 ppm and
weak signals from residual alkoxy groups at 50 ppm in the
nonconsolidated and consolidated melting gels. By integrating
the visible peaks in the "H NMR, the number of remaining
methoxy groups in the polymer can be determined (SI Figure
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S5). Approximately 10% of the —OMe groups remain in the
precursor gel. Due to the insolubility of the consolidated gel,
no quantitative information about the number of —OMe
groups in the consolidated state can be obtained. However, the
comparison of the area of the visible peaks in the '*C CP-MAS
NMR indicates that the number of —OMe groups is lower after
consolidation (Figure 3¢). ¥Si CP-MAS NMR spectra
(Figure 3a,b) of the polymers show two peaks in the range
of —74 to —66 and —80 to —77 ppm that can be assigned to T?
and T species.” The lack of T° signals shows a complete
integration of the precursor trialkoxysilane in condensed
species. The presence of T signals indicates the existence of
—OH or —OMe groups in the gel because not all
trialkoxysilane groups are fully condensed to T* species. Liquid
NMR spectra of the nonconsolidated sample confirm the
results of the CP-MAS NMR spectroscopy (SI Figures $6 and
S§7). Fitting and integration of the T* and T® signals by a
Gaussian function allow the calculation of the T unit ratio and
thus the degree of condensation according to the following
equation?’1

T3 [%]-3 + T2 [%]-2
3

DC [%] =

Using the proportion of the cross-linked Si atoms (DC) and
the remaining methoxy groups of the nonconsolidated gel,
obtained from the integration of the 'H NMR, the percentage

https://doi.org/10.1021/acs.macromol.1¢00310
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of hydroxy groups can be calculated applying the following
formula™

OH [%] = 100% — DC [%] — OMe [%]

Table 1 shows that the consolidation process of the precursor
gel leads to a higher degree of condensation. Temperature

Table 1. Ratio of Condensation Products T* and T3, Degree
of Condensation, and Ratio of —OMe and —OH Groups

T2[%] T*[%] DCI[%] OMe[%] OH [%]
PhMG, . 71 29 76 10 14
PhMG., 51 49 83 <10

treatment results in further condensation of —OH and —OMe
groups. Flexible T* chains transform into a rigid network
formed by T? species, which is the reason for the irreversible
hardening of the previously meltable gel.'” However, PAMG_,
does not show a complete cross-linking, which can be due to
the following two facts: (i) the bulkiness of the phenyl groups
and (ii) the electronic structure of the phenyl substituent,
which is known to stabilize the formation of silanol
groups 3353

FT-IR/Raman Spectroscopy. FT-IR and Raman spectros-
copy was used to identify the functional groups and to monitor
the progress of the hydrolysis and condensation reaction
(Figure 4a). The presence of phenyl groups in the FT-IR
spectra was identified by the presence of absorption peaks at
3074 and 3052 cm™' (Vpyym(CH)pp Vigm(CH),,), 1593 cm™
(v(C—H),,), 1427 em™ (2(C—C),,), 1027, 994 cn™! (C Hg
ring deformation), 1126 cm™ (£(Si—C),,), and 734, 692 cm™
(6(C—H),.).""* The organic group remains unaffected by the
hydrolysis and condensation reaction and the thermal
treatment. The presence and intensity of other vibrations
depend on the progress of the synthesis. The precursor gel
showed the vibrations of the Si—OH grou{ps at 950 em™'; it
served as evidence for hydrolyzed groups.”® The vibrations of
the hydroxy groups, found between 3700 and 3000 cm™, are
dependent on the environment.>” A distinction can be made
between H-bonded (3500—3150 cm™) and isolated (3620
cm™") groups (Figure 4b). Since water and methanol were not
present in the polymer after the gel synthesis, it can be

assumed that the visible peaks are not overlapping with the
vibrations of the byproducts and can be assigned solely to the
vibrations of the melting gel. After the consolidation, only the
vibration of the isolated hydroxyl groups existed. It can be
concluded that the —OH groups, which previously interacted
via H bonds, were condensed and only the isolated groups
remain in the gel. This result suggests that the interacting
groups are important for the stabilization of the non-
consolidated melting gel structure and the melting behavior
of the gel. Vibrations of the methoxy groups (1190 cm™)
disappeared almost completely in both melting gel stages,
indicating the completion of the hydrolysis reaction.’® The
condensation reaction is reflected in the presence of the Si—
O-Si band between 1000 and 1150 cm™" (Figure 4c).** The
broad complex band shows the presence of different
silsesquioxane species. Silsesquioxanes show absorption at
1050 ¢cm™ (vrmg,sym) that can be assigned to low-symmetry
structures, like random networks. More symmetrical species,
like ladder structures or open cages, show an additional
absorption at 1150 cm™! (IJ,;,\H_M),,H).3 Small tricycles are visible
at 1018 cm™".* The consolidation process led to a more cross-
linked structure and an increase in absorption at 1100 cm™.
This suggests an increase in symmetric structural units like
ladder structures.

Raman spectroscopy confirmed the FT-IR results (Figure
Sa). The reduction of the intensity of the —OCH; vibrations
by 1103, 654, and 477 cm™! served as proof of the hydrolysis
reaction.”® New bands present at 198 and 582 cm™ could be
assigned to condensed siloxane species.hm The spectra of the
nonconsolidated and consolidated melting gels showed no
significant difference (Figure $13).

Raman and IR measurements confirm the NMR results and
suggest a partially cross-linked silsesquioxane. In addition to
the —OMe groups visible in the NMR spectra, the IR
measurements show the remaining —OH groups interacting via
H bonds in the nonconsolidated gel. The defect-rich structure
determines the thermoplastic properties. Consolidation of the
gel leads to a further condensation of the interacting groups
and a transformation of the silsesquioxane structure, resulting
in a rigid hybrid glass.

Time-Dependent IR and Raman Spectroscopy. IR and
Raman spectra were measured at different times for a better
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Figure 4. FT-IR spectra of the nonconsolidated (blue) and consolidated (green) phenyl-silsesquioxane melting gels: (a) complete spectra, (b)
detailed view of the vibrations of isolated and associated hydroxy groups, and (c) detailed view of the Si—O—Si vibrations.
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Figure 6. Time-dependent Raman spectra from the hydrolysis and condensation of phenyltrimethoxysilane at selected time intervals: (a) complete
spectrum from 150 to 3100 cm™ and (b) magnified area from 570 to 720 cm™.

understanding of the process of hydrolysis and condensation
within the melting gel synthesis. In contrast to NMR
spectroscopy, the —OH groups in the gel are directly visible
and can be included in the studies. The measurements were
started with the addition of hydrochloric acid to phenyl-
trimethoxysilane. At distinct time intervals, samples were
withdrawn from the reaction vial, and IR and Raman spectra
were recorded (selected time intervals, Figure 6a; all recorded
spectra are shown in Supporting Information Figure $12). IR
spectroscopy allows the monitoring of the formed byproducts
methanol (1408 cm™') and water (1639 cm™') as well as the
hydrolysis and condensation of the educts and the products
Si—OMe (1190 ecm™'), Si—OH (900 ecm™), and Si—O-Si
(1150—1000 cm™').*® The range of the Si—O—Si vibration was
difficult to quantify because of the overlap of different
silsesquioxane species with methanol and methoxy groups. At
this stage of the reaction, we focused on the absorption of the
tricycles at 1018 cm™" as this is the band that undergoes the
greatest transformation. Figure Sb shows a significant change
of all bands in intensity from the sixth minute, The intensity of
the Si—OMe peak decreased and that of the Si—OH peak and
the MeOH peak increased. This process represents the
hydrolysis reaction: —OMe groups were replaced by —OH
groups and methanol was formed. The reaction occurred
abruptly and was indicated by homogenization of the solution.
Water was not used in an equimolar amount. Therefore, it was
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immediately consumed in the reaction and limited the initial
hydrolysis reaction. As soon as the first groups were
hydrolyzed, the condensation reaction started, visibly by an
increase in the band at 1018 cm™". Since the methanol peak at
1408 cm™ showed no significant change after the initial
hydrolysis, but the band at 1018 cm™ continued to rise, this
increasing peak could be attributed to the formation of Si—O—
Si bonds. In the same way as methanol, the intensity of —OH
and —OCH,; vibrations developed toward a plateau after the
hydrolysis. Also, the peak of Si—O—Si vibrations flattened out
at a later stage. An equilibrium was established between the
different siloxane species.

Raman spectroscopy offers the possibility to observe the
intermediate hydrolyzed monomer species in the range from
640 to 700 cm™' (Figure 6b).”° During hydrolysis, the
vibration of the PhSi(OMe); monomer shifted to a higher
frequency with increasing number of hydrolyzed groups. Since
the hydrolysis in the melting gel synthesis was extremely fast,
the monomer peak at 654 cm™" disappeared instantly when the
two-phase reaction solution became homogeneous. The
vibration bands of the hydrolyzed phenyltrimethoxysilane at
666 (1 OH), 676 (2 OH), and 687 cm™ (3 OH) were not
present for an extended time, which leads to the conclusion
that a fast condensation occurred. At the same time, new bands
at 198 and 582 cm ™' emerged and could be assigned to the
formation of siloxane species. The vibration at a higher

https://doi.org/10.1021/acs.macromol.1c00310
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frequency (582 cm™') is attributed to cyclotrisiloxanes.'”*' ="

Hence, the Raman results confirm the IR measurements.

The first step of the melting gel synthesis consists of an
initial hydrolysis reaction in which the water is completely
consumed. Due to the almost simultaneous condensation
reaction, small, condensed siloxane species like cyclotrisilox-
anes are formed. These were partially hydrolyzed and stabilized
by the methanol formed.* IR bands between 1050 and 1150
cm™!, which indicate a cross-linked structure, were not visible
up to this point. Only the following gelation step and the
temperature treatment at 110 °C led to further condensation
reactions and a cross-linking takes place, as revealed in the FT-
IR spectrum (Figure 4).

From all NMR, IR, and Raman spectra, mainly the
hydrolysis and condensation reactions can be followed. In
the literature, it is suggested that the condensation of trisilanols
leads to linear, cyclic, and final polycyclic or polyhedral
silsesquioxanes,” "> which is underlined by our results.
However, interpretation of the final structure is quite vague,
given the spectroscopic data. If ladder structures are
established during the hydrolysis and condensation steps, this
should lead to variations in structural observations, which can
be detected by XRD and fluorescence spectroscopy due to the
formation of regular intra- and intermolecular distances as well
as the interactions arising between the aromatic groups.

Powder X-ray Diffraction (PXRD). The XRD patterns of
our samples show two diffraction maxima, which are described
to be characteristic of a ladderlike structure.'”**™* The first
reflection at lower angles is associated with the chain-to-chain
distance (d,) between the siloxane backbones and correlates
with the packing density of the network.”*" The second
reflection is related to the average thickness of the double-
stranded siloxane backbone (d,) (Figure 7, Table 2). Both
samples reveal similar d, values (0.45 nm), which is a known
phenomenon in ladderlike structures."** The chain-to-
chain distance d, shows a shift to lower 26} values within the
consolidation process. As shown before, d; also depends on the
bulkiness and the steric demand of the organic groups as well
as the defect concentration in the form of unreacted —OH and
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Figure 7. PXRD pattern of nonconsolidated PhAMG,, (blue line) and
consolidated PhMG,_,,, (green line).
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Table 2. Comparison of the Theoretically Calculated d, and
d, Values for the Cis-Isotactic and Cis-Syndiotactic
Configurations of a Polyphenylsilsesquioxane Ladder
Structure with the Measured Values of the Prepared PhMG
and Determined R Values

theoretical calculations from

Liu et al.”” measured values from XRD analysis

cis-isotactic  cis-syndiotactic = nonconsolidated  consolidated gel
[nm] [nm] gel [nm] [nm]
d, 1.18 0.8 0.83 1.15
d, 0.49 0.62 0.45 0.45
R 0.98 1.15

—OMe gmups.ls’53 The precursor gel has a flexible structure
due to the non-cross-linked and defect-rich architecture and
the increased T2 content. Therefore, the siloxane chains can
arrange themselves quite close to each other, which leads to a
lower chain-to-chain distance (0.83 nm). The consolidation
process results in a higher degree of condensation and a more
rigid structure. The restricted chain mobility and the bulky
aromatic groups lead to a larger chain-to-chain distance (1.15
nm) and a lower packing density close to the values described
in the literature for ladderlike polyphenylsilsesquioxanes.*** It
becomes clear that the condensation process does not only
occur intramolecularly in the ladder-type structure but also
intermolecularly. A thermal-induced exclusively intramolecular
cross-linking would lead to a more perfect ladder-type polymer
structure, which still can be molten or softened, like a polymer
chain. Only an intermolecular process at the consolidation
temperature can lead to a cross-linked nonmeltable hybrid
glass.

The ratio of the intensity of the d; and d, values (R = I(d,/
d,)) reflects the structural regularity of the ladderlike
structure.”® R becomes smaller when the defect concentration
increases and the percentage of ladderlike segments in the
material decreases. Table 2 shows the increasing R value
caused by the consolidation process and an increase in the
ladder structure parts. The PXRD measurements show that
ladderlike silsesquioxane units are present in the gel, which are
further increased after the consolidation process by a
reorientation of the siloxane chains and an inter- and
intramolecular condensation of unreacted —OMe and —OH
groups.

The PXRD analysis offers an insight into the structure of the
material. For this reason, the method was used to observe the
reversibility of the PhAMG,,,... A previously melted and cooled
sample was heated in situ to 110 °C several times and then
cooled again to 30 °C. XRD measurements were carried out at
defined temperatures over a period of 2 h. To verify that the
visible changes are intrinsic to the sample and not caused by
thermal expansion/contraction of the measurement setup, a
reference sample was measured (see the Experimental Section
and the Supporting Information, Figures S14 and S15). All
reported data have been corrected for the results of this
calibration. An in sifu observation of the consolidation process
at 200 °C could not be carried out, as no meaningful results
were generated due to the formation of bubbles in the sample
during the measurement.

By comparison of the d, d,, and R values (Figure 8ab), a
statement about structural changes in the gel can be made.
First, it is noticeable that all values strongly fluctuate with
applied temperature changes. An increase in temperature leads

https://doi.org/10.1021/acs.macromol.1c00310
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Figure 8. Evolution of the (a) R value and (b) d, and d, values of
nonconsolidated PhAMG,,.. determined from PXRD data measured at
different temperatures. The break after three cycles is marked by a
vertical line; at this stage, the sample was melted under standard
conditions.

to a stronger oscillation of the atoms and subsequently to
increased interatomic atomic distances. To compare the
different cycles, we focused only on the measurements at 30
°C. Interestingly, cycle 1 differed from the other cycles by a
strong increase in all values. This suggests that the slow and
controlled heating and cooling processes and the long
measuring times, which differ from the standard procedure,
led to a rearrangement of the individual structural elements
and further condensation reactions. After the third cycle, the

measurement was stopped, and the gel was melted outside the
reaction chamber using the standard melting conditions to
check if the sample returned to the initial state before cycle 1
due to the abrupt heating and cooling. However, there is no
reduction of the d and R values back to the starting point.
Therefore, it can be concluded that the system irreversibly
changed due to the in situ heating conditions. The d, and R
values demonstrated no more change in cycles 4—6. The
constant R value indicated that no further condensation of
—OH and —OMe groups occurred and the degree of cross-
linking remained the same over the next cycles. In contrast, the
d, value showed a small increase with each heating cycle. If we
assume that the d value depends on the defect concentration
and the steric effect of the phenyl groups, and a change in the
cross-linking can be excluded by the constant R value, it can be
concluded that the increasing chain distance must be a
consequence of the rearrangement of the organic groups and a
change in tacticity after every cycle.

In summary, the degree of cross-linking and the number of
defects remained constant and therefore a reversible melting
process can be assumed under defined heating and cooling
conditions. Therefore, the melting gel can be used as a
thermoplastic polymer.

Fluorescence Spectroscopy. The photophysical proper-
ties of aromatic polymers are extensively investigated in the
literature by fluorescence spectroscopy. Polystyrene and
derivatives thereof are the preferred materials in the application
of this method.” ™’ However, tacticity studies can also be
carried out on ladderlike polyphenylsilsesquioxanes by
fluorescence spectroscopy.ss’sg The emission spectrum of the
precursor melting gel, dissolved in CH,Cl,, showed two
emission bands of 285 and 325 nm (Figure 9a). The first one
could be assigned to a single monomeric phenyl group and the
second one to excimer fluorescence of an excited complex of
two phenyl groups.‘w_61 The presence of intramolecular
excimer fluorescence depends on the spacial arrangement of
the phenyl rings. Their evidence allows conclusions about the
steric structure of the substituted ladder. By varying the gel
concentration, the fluorescence emission intensities at 290 nm
(Iyy) and 325 nm (I) remained constant in the range of 0.74—
5.35 wt % (Iy/I; = const.) (Figure 9b). Furthermore, no shift
of the bands could be detected in the spectrum in the same
concentration range. Both properties described here are typical
for intramolecular excimer formation.””*
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(blue line) and PhAMG_,,, (green line) and (b) DSC analysis of PhAMG,,,, reversibility tests.

Ladderlike polyphenylsilsesquioxanes have two types of
conformations: cis-syndiotactic and cis-isotactic. Huang et al.
report that intramolecular excimer fluorescence is only possible
in the cis-isotactic configuration. A high emission at 270 nm
indicated a sterically irregular structure with syndiotactic units
and defects in the form of non-cross-linked gr01.11;)s.53‘SS This
suggested that the precursor melting gel contained a ladderlike
structure with a cis-isotactic conformation. However, the rather
strong monomer band at 270 nm indicated a defect-rich
structure. The comparison of the d, and d, values determined
by PXRD of the prepared melting gels with calculated values of
Liu et al. for a cis-isotactic and a cis-syndiotactic conformation
of ladderlike polyphenylsilsesquioxanes confirmed this result
(Table 2).*° The chain-to-chain distance of the precursor
melting gel is located between the calculated conformations.

Fluorescence measurements of the consolidated melting gel
in CH,Cl, were not possible because of the insolubility of the
material. The values obtained by PXRD measurements, which
are almost identical to those of the cis-isotactic structure, and
the higher degree of condensation indicate a ladder structure
with a cis-isotactic structure with fewer defects than in the
precursor gel. In summary, the fluorescence measurements
complement the previously performed XRD studies and
confirm that defects, as well as units with other tacticity, will
be fixed and rearranged by the consolidation process. It can be
assumed that the 7—x stacking plays an important role in the
structure formation and contributes to stabilization of the
melting gel structure.

Size Exclusion Chromatography. SEC measurements of
two separately synthesized PhMG,,.. samples were performed
in DMF (PMMA standard) and THF (polystyrene standard)
and were detected with RI and UV detectors (SEC results can
be found in the Supporting Information, Figure $16). The
prepared samples displayed only minor deviations in the
measured values, which shows the very good reproducibility of
the materials under the given synthetic conditions. Both RI and
UV detectors were able to detect the polymer equally well,
imaging almost the same SEC profile. The data obtained in the
different eluents differ significantly. In DMF, a weight-average
molecular weight (M,,) of 1416 (RI) was measured with a
molecular weight distribution (M,,/M,) of 1.534. In THF, M,,
increased to 3451 and showed a broad distribution, with an
M, /M, of 2.354. The increased polydispersity index in THF
can be explained by interactions of the non-cross-linked
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hydroxy and methoxy groups with the eluent and an associated
broadening of the SEC profile. Similar low molecular weights
in the range of 300—7000 were also reported in the literature
for softenable polyphenylsilsesquioxanes.z‘]”('3 Ladder structures
synthesized via base-catalyzed polycondensation show signifi-
cantly higher values.* In general, the standards used for the
calibration of the SEC system are more suitable for the
characterization of flexible single-chain polymers. However, the
melting gel consists of a cross-linked structure, Therefore, the
absolute molecular weights must be interpreted with caution.
However, the results show the presence of relatively short-
chain polymer structures with hydrogen bond-forming groups
that could be reproducibly synthesized.

Thermal Analysis. Differential Scanning Calorimetry
(DSC). DSC was used to determine the glass transition
temperature ( Tg) and to analyze the cross-linking behavior of
the precursor gel and the consolidated material. An increase in
T, indicates an increase in rigidity and cross-linking.g’64 The
DSC curve of the precursor gel showed a T, of ~ 60 °C
(Figure 10a). This value is higher than that of melting gels
prepared from di- and trialkoxyilanes in the literature,”'® but
lower than that of ladder-type polyphenylsilsesquiox-
anes,'>*”% and shows that there were still some defects in
the form of unlinked groups. The application of temperatures
higher than the melting temperature of 110 °C led to further
condensation reactions of the methoxy and hydroxy groups.
The consolidation process resulted in additional cross-linking,
with the consequence that no T, was visible anymore. As the
reversible softening of the samples is directly related to cross-
linking, reversibility can be demonstrated by DSC. Within
three heating cycles to 110 °C, there was no change in the T,
of the precursor gel (Figure 10b). No further condensation
occurred, and the polymer remained meltable. This agrees well
with the XRD reversibility studies.

TG-FT-IR. To characterize the thermal stability and to
observe the consolidation process, both the precursor gel and
the consolidated gel were heated to 800 °C under an oxygen
atmosphere. The temperature at which 5% of the mass is lost
(Tys) was determined to be 400 °C for the precursor gel and
510 °C for the consolidated gel. The difference between the
Ty values could be observed by the first mass loss at 236 °C,
which occurred only in the precursor gel (Figure 11). In
agreement, the consolidated gel showed a higher residual mass
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than the precursor gel. In general, the melting gel presented an
extremely high thermal stability.

-3.95 % (MeOH, H,0)

Mass [%]

My = 45.21 %

40 My = 42.16 %

T d T T T T T
300 400 500 600 700 800

Temperature [°C]

— —
100 200

Figure 11. Thermogravimetric results of the nonconsolidated
PhMG,,.. (blue line) and the consolidated PhMG,,,, (green line)

prec

(10 K min™, O,).

cons

TG-FT-IR measurements of PhMG,,,.. were carried out in a
synthetic air atmosphere to identify the released gases during
the first mass loss step and further decomposition products
(Figure 12a). The thermogravimetric results showed that the
degradation temperature shifted to higher values compared to
Figure 11, due to increased heating rates and lower oxygen
content. The first mass loss can be attributed to the elimination
of water and methanol (Figure 12b). The unreacted —OH and
—OMe groups present in the precursor gel condense, resulting
in increased cross-linking. Since the consolidated gel did not
show this mass loss step, it can be assumed that it exhibited the
highest possible degree of cross-linking. At higher temper-
atures, cleavage of the Si—phenyl bond and proton abstraction
took place, forming benzene. The proton abstraction and
dehydrogenation reaction led to a condensation of the
aromatic structures, resulting in further cross-linking.(’&_&g
The free carbon was oxidized during thermal treatment in air,
and CO, and CO were detected (Figure 12b). The white
residual mass of 43.76% remaining in the crucible can be

attributed to SiO,, formed by the full decomposition of the
melting gel.

Studies on Polycyclic Aromatic Compounds (1-
NpMG). To prove the generality of the obtained results for
aryl-substituted melting gels, we repeated selected experiments
with 1-naphthyltrimethoxysilane as the monomer. 1-NpMG
was produced applying the same procedure as that for PAMG.
The only observed difference between the two polymers was
the time it takes to homogenize the starting solution. 1-
NpSi(OMe); took about 15 times longer than PhSi(OMe),,
which could be attributed to the bulkier naphthyl groups and
resulting slower hydrolysis. The final gel was a glasslike,
transparent material that reversibly softened at 110 °C (1-
NpMG,,..). However, complete curing could not be
established by a heat treatment at 200 °C for 24 h (1-
NpMGr). The increased bulkiness of the naphthyl group led
to a significantly lower degree of condensation of 55% for the
1-NpMG and 67% after thermal treatment (l—NpMGT).,’1 The
high number of nonconnected groups ensured that the gel
could still be melted. Furthermore, the XRD patterns showed a
chain-to-chain distance (d,) of 12.0 A after thermal treatment,
which was larger than the d, value of the PAMG,,,,. The rigid
naphthyl group provided larger distances between ladder
structures, resulting in a decreased packing density.”® The
thermally treated material is less transparent and yellowish
because the high degree of aromaticity preferentially absorbed
shorter-wavelength light and the sample appeared yellow
(Figure 13)."® The corresponding NMR, DSC, XRD, TG, and
FT-IR measurements can be found in the Supporting
Information (SI Figures S$17—S29 and Tables S2 and S3).
The produced softenable transparent gel shows that the
melting gel synthesis can be transferred to further trimethox-
ysilane precursors. It is also possible to use bulkier residues
than phenyl groups to synthesize thermoplastic-like materials
with a partial ladder structure. The size of the organic group
influences the cross-linking and the softening and consol-

idation of the polymer.

B CONCLUSIONS

The molecular structure and the melting gel formation
mechanism of nonconsolidated and consolidated phenyl-
silsesquioxane melting gels were investigated. The model
system showed a partially cross-linked structure with some
defects originating from unlinked methoxy and hydroxy
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Figure 12. (a) TG of PhAMG,,. (20 K min™', synthetic air) and (b) FT-IR spectra of the released gases at 290, 588, and 680 °C of PhMG,..
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Figure 13. UV—vis spectrum and pictures of 1-NpMG,,,.. and 1-
NpMG.

groups. We suppose that the defects were responsible for the
reversible melting of the precursor gel at temperatures above
110 °C, while hydrogen bonds and z—x interactions stabilize
the network. Thermal treatment at the consolidation temper-
ature leads to further cross-linking and irreversible curing
(Figure 14). PXRD revealed local ladder structures with a cis-
isotactic structure in both melting gel states; fluorescence
measurements underlined this structural picture by observing
excimer fluorescence unique to this structural arrangement. The
consolidated material exhibited a higher percentage of the
ladder structure with fewer defects in the form of unreacted
groups and cis-syndiotactic units. In addition, the IR spectrum
showed roughly defined siloxane structures in addition to the
ladder structure, which could be cycles or cages involved in a
random network. Finally, DSC and temperature-dependent
PXRD studies proved the reversibility of the melting process at
110 °C under defined heating conditions. As proof of concept,
a transparent reversible meltable polynaphthylsilsesquioxane
has also been prepared. The bulky naphthyl groups lead to a
less cross-linked structure, preventing complete curing. It could
be shown that these larger aromatic groups lead to a melting
gel-like processable transparent gel. This work shows that even
under nonrigorously controlled conditions, ladderlike silses-

quioxane polymers with a thermoplastic behavior can be
obtained. From the current standpoint, this process seems to
be universal for aromatic trialkoxysilanes. Due to the unique
optical and thermal properties of the resulting materials and
their potential consolidating step, which creates nonmeltable
hybrid glasses, this material class opens new routes for
applications in various fields.
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Results and Discussion

In the preceding chapter, it was demonstrated that polyphenylsilsesquioxanes can form
transparent, glass-like materials, which exhibit thermoplastic softening above their Ty and
irreversible curing at higher temperatures. This so-called "melting gel" behavior has so far been
observed predominantly in silsesquioxanes with aromatic substituents, but not in systems

bearing only linear n-alkyl groups.

The publication "Influence of alkyl groups on the formation of softenable polysilsesquioxanes”
systematically investigates whether alkyl-substituted systems can exhibit melting gel behavior
and how the length of the alkyl chain affects the resulting silsesquioxane structure. For this
purpose, various n-alkyltrimethoxysilanes with chain lengths ranging from C; to Cig were
reacted under acid-catalyzed, solvent-free conditions analogous to the synthesis of the phenyl
substituted melting gel. The resulting polyalkylsilsesquioxanes were comprehensively
characterized with respect to their structure and thermal properties using NMR, FTIR, TGA,
DSC, SEC, and PXRD.

The results reveal a pronounced chain-length-dependent structural evolution. Short-chain
derivatives (Ci—C3) form densely cross-linked, glassy solids that promote extensive
intermolecular condensation and rigid network formation, thereby suppressing thermoplastic
behavior. Medium-chain systems (Cs, Cg) yield viscous resins that favor intramolecular
reactions. Despite their relatively high degree of condensation, these materials lack a continuous
network structure and instead consist of isolated, locally cross-linked domains, which prevent
irreversible curing. In the case of long-chain substituents (Cio, Ci2, Cis, Cig), hydrophobic
interactions and self-assembly lead to lamellarly ordered materials exhibiting distinct
crystalline phase transitions.

Unlike phenyl substituents, n-alkyltrialkoxysilanes alone were found to be unsuitable for the
preparation of melting gel-type polysilsesquioxanes. The presence of moderately bulky
substituents is required to stabilize residual hydroxyl and alkoxy groups and to balance
intermolecular condensation, thereby preventing premature network formation. In addition,
suppressing molecular ordering that promotes crystallinity is essential for obtaining glassy,
softenable materials.

Overall, this study therefore provides further insights into the structural requirements for the
development of thermoplastic-thermosetting properties and highlights the critical role of

aromatic substituents in stabilizing reactive groups in such hybrid systems.
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Abstract

Polysilsesquioxanes (PSQ) containing phenyl groups as substituents on the silicon atom can form transparent, hard and glassy
materials at room temperature, which reversibly soften when heated above the glass transition temperature. Further increase in
temperature leads to irreversible curing. With this property, polyphenylsilsesquioxanes can be assigned to the so-called melting
gels. In contrast to the aromatic systems, polysilsesquioxanes with alkyl groups belonging to this class of materials are not
known. To identify structural differences between aryl and alkyl systems, polyalkylsilsesquioxanes (RPSQs with R = methyl,
ethyl, propyl, hexyl, octyl, decyl, dodecyl, hexadecyl, and octadecyl) were synthesised by a solvent-free, acid-catalysed
hydrolysis and condensation reaction of alkyltrimethoxysilanes followed by thermal treatment at 300 °C under N, atmosphere.
The influence of the alkyl chain length on the structure built and the thermally initiated further condensation reactions were
investigated via NMR, FTIR, TGA, DSC, SEC, and XRD. Depending on the alkyl chain length, the formation of highly
crosslinked, insoluble systems (Me-PrPSQ), low molecular weight oligosilsesquioxanes in the form of cages (Hex-DecPSQ) to
semicrystalline, lamellar layers (Dodec-OctadecPSQ) were detected. A low degree of condensation, inhibition of self-assembly
and preferentially intermolecular condensation reactions were found to be crucial factors in the melting gel formation.

Graphical Abstract

So called melting gels are usually prepared by acid-catalysed hydrolysis and condensation of aromatic trialkoxysilanes. The final
materials show a thermoplastic and a thermoset temperature regime based on the stabilisation of silanol groups in the material. In
this study we transferred the typical synthetic conditions to alkyltrialkoxysilanes with different alkyl chain lengths and obtained
completely changed structures of the synthesised polyalkylsilsesquioxanes compared to their aromatic counterparts. Depending on
the chain length, densely cross-linked solids, viscous gels with cage-like structure and waxes with a lamellar composition were
formed. Moreover, missing stabilisation of the OH groups and self-assembly phenomena, which favour the cage and
semicrystalline layer formation were detected in the resulting materials, which leads to the loss of the typical melting gel properties.
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Highlights

Synthesis of polyalkylsilsesquioxanes (RSi0; s), (R = methyl, ethyl, propyl, hexyl, octyl, decyl, dodecyl, hexadecyl,

octadecyl) via an acid-catalysed solvent-free hydrolysis and condensation reaction.

Comparison of the structure-property relationship of alkyl groups containing polysilsesquioxanes with a polyphe-

nylsilsesquioxane in terms of temperature dependant thermoplastic and thermosetting behaviour.

Depending on the length of the alkyl chain, solid materials with a dense network structure (C;—C,), viscous liquids with

cage-like motifs (Cq, Cg, Cjp), and waxy materials with lamellar layered structures (C g, Cja, Cj¢, C1g) were formed.

The presence of groups in trialkoxysilanes that inhibit self-assembly and lower the degree of condensation due to steric

hindrance is an essential factor in the softening properties of polysilsesquioxanes.

1 Introduction

Polysilsesquioxanes (PSQ) with the general formula
(RSiOy 5), consist of an inorganic Si-O-Si backbone and
various organic groups. Due to their hybrid character, sil-
sesquioxanes offer a broad range of properties, such as
excellent heat stability and flame retardancy, resistance to
environmental conditions, an ultra-low dielectric constant,
good mechanical properties, and biocompatibility [1-6].
The synthesis is typically carried out by an acid- or base-
catalysed hydrolysis and condensation reaction from orga-
notrialkoxy- or organotrichlorosilanes. Depending on the
synthesis conditions, such as temperature, monomer con-
centration, water content or pH value and the properties of
the organic substituent, silsesquioxanes with different
structures are formed [7-9]. Ladder-like structures, open
and closed cage structures of different sizes or random
networks are the best-known structural motifs [10].

The so-called melting gel is a unique material that either
contains silsesquioxane structural features or consists entirely
of them. The term melting is used incorrectly when referring
to these materials known from the literature, as it is not a
crystalline material. Instead, it is used to describe the soft-
ening of the material, i.e., the glass transition. The term
“melting gel” was first used in connection with organically
substituted, melting siloxane-based inorganic glasses and has
come to be used to describe the materials [11, 12]. The
compounds are usually prepared from di- and trialkoxysilanes
with methyl and phenyl groups via an acid- and/or base-
catalysed hydrolysis and condensation reaction [11]. They
form transparent, glass-like materials at room temperature that
can be reversibly softened at about 110 °C. If the temperature
is further increased, irreversible hardening can be observed.

In particular, Klein et al. produced materials with differ-
ent glass transition temperatures (T,) and consolidation
temperatures by varying the ratio of di- and trialkoxysilanes,
as well as by changing the organic group or introducing
tetraalkoxysilanes [13, 14]. The hybrid character and the
variable composition according to a modular system lead to
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various promising properties, such as high transparency,
high thermal stability, an adjustable high refractive index,
low gas permeability, and low water absorption [15-18].
Due to the thermoplastic and thermosetting behaviour, pro-
cessability via spin coating or injection moulding is possible.
The group of Klein et al. investigated the softenable material
in a variety of applications, such as anticorrosive coatings,
imprinted lithography, electrospray deposition or in the field
of water harvesting [19, 20]. In recent studies, our group
focused on a detailed structure description of a softenable
polyphenylsilsesquioxane, synthesised via a one-step acid-
catalysed, solvent-free sol-gel reaction of phenyltrimethox-
ysilane [18]. We identified a low crosslinked structure with
random parts and ladder-like domains. The oligomeric units
interacted via m-m-interactions of the aromatic groups, as
well as via hydrogen bonds of non-bridged OH and OCHj,
groups. Increasing the temperature up to 200 °C led to fur-
ther condensation reactions and a highly crosslinked mate-
rial. It was suggested that the hydroxy and methoxy groups,
stabilised by aromatic groups that are difficult to accom-
modate in the network, contributed to the reversible soft-
ening and subsequent irreversible curing. The material is
mainly characterised by a T,, which shifts to higher tem-
peratures through further condensation reactions and dis-
appears entirely in the consolidated state [11].

So far, the temperature-dependent thermoplastic and
thermosetting behaviour has been observed mainly in sys-
tems containing trialkoxysilanes substituted by aromatic
groups, as well as in mixtures with methyltri- and dime-
thyldimethoxysilanes [16, 19, 21]. Melting gels with long
chain alkyl groups have not been described to our knowl-
edge. Consequently, we wanted to investigate the reason for
this lack of thermosoftening and why aromatic substituents
seem to play an essential role in this class of materials. We
were particularly interested in the differences in the struc-
ture of the final material, depending on the chain length of
the alkyl group.

Previous investigations on the hydrolysis and con-
densation  behaviour of alkyltrialkoxysilanes and
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alkyltrichlorosilanes mainly focused on octadecyl and
hexadecyl groups due to their self-assembling properties to
form ordered lamellar layers [22-28]. Detailed structural
studies on the influence of chain length on the degree of
order of lamellar layer structures as well as the packing
order and conformational order of alkyl chains were per-
formed by Shimojima et al. [29] (C;,—C g) as well as Ni
et al. (Cg—C;g) [30]. Low molecular mass products were
observed for shorter-chain PSQs starting from ethyl as
organic group, building cage structures and cyclic oligo-
silsesquioxanes with increasing chain length [31-33]. A
systematic study of the polycondensation of alkyl- and
aryltriethoxy- and trimethoxysilanes with a particular focus
on gelation properties was performed by Loy et al. [34]
Strong inhibition of gelation by phase separation of oligo-
meric and polymeric silsesquioxanes was shown. Similar to
our studies, Kajihara et al. synthesised from ethyl-, propyl-,
and butyltrimethoxysilanes stable, viscous liquids with an
increased proportion of OH groups at room temperature and
investigated the further crosslinking at higher temperatures
[35]. Takahashi et al. concentrated their studies on the
influence of substituents in polyorganosilsesquioxane par-
ticles on glass transition phenomena. They were able to
show that materials with shorter alkyl groups (<Cy), as well
as aromatic compounds, exhibit a T,, while longer chains
(Cs, Cg) tend to crystallise [36].

Most previous works focused on synthesising preferably
crosslinked polymers and the self-assembly of the hydro-
lysed long-chain alkyltrihydroxysilanes in the material.
Little attention was paid to defect-rich, incompletely
hydrolysed systems and their properties. In addition, there
is no systematic structural study on the polycondensation
of organotrialkoxysilanes starting from small methyl sub-
stituents to octadecyl alkyl chains and their thermal initi-
ated structural changes. In the present study,
polysilsesquioxanes were prepared from alkyltrimethox-
ysilanes with methyl, ethyl, propyl, hexyl, octyl, decyl,
dodecyl, hexadecyl, and octadecyl groups by a solvent-
free, acid-catalysed hydrolysis and condensation reaction in
bulk. The structure of the partially hard and glassy to
highly viscous and transparent silsesquioxanes, as well as
samples thermally treated at 300 °C under a nitrogen
atmosphere, were investigated by FTIR, liquid and solid-
state NMR, DSC, XRD, TGA, and SEC. The influence of
the length of the alkyl chain on the structure and the sta-
bilisation of non-crosslinked OH and OMe groups in the
materials were analysed. Furthermore, the effect of high
temperature on the rearrangement of the system was con-
sidered. The results were compared with a softenable
polyphenylsilsesquioxane that had previously been inves-
tigated in detail [18], to determine the effect of replacing
the aromatic groups with alkyl groups on the structure-
property relationships of the resulting materials.
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2 Experimental
2.1 Materials

Methyltrimethoxysilane (C,TMS, 97%), n-octyltrimethoxysilane
(CgTMS, 97%), n-dodecyltrimethoxysilane (C,,TMS, 95%), and
tetramethylsilane  (TMS, 99.9%), were obtained from
abcr (Karlsruhe, Germany). Ethyltrimethoxysilane (C,TMS,
97%), n-hexyltrimethoxysilane (C,TMS, 97%),
n-hexadecyltrimethoxysilane (C;sTMS, 92%), and octadecyl-
trimethoxysilane (CgTMS, 92%) were received from Gelest
(Morrisville, USA). n-Propyltrimethoxysilane (C3TMS, >98.0%)
and decyltrimethoxysilane (C;yTMS, > 97.0%) were ordered
from TCI (Portland, USA) and chromium (III) acetylacetonate
(Cr(acac)s, 98%) from bldpharm (Shanghai, China). All che-
micals were used without further purification and the reactions
were performed under ambient atmosphere.

2.2 Instrumentation

Fourier transform infrared spectra (FTIR) were recorded in
total reflectance mode on a Vertex 70 spectrometer (Bruker
Optics, Ettlingen, Germany) from 450—4500cm™' with a
resolution of 4 cm™ and 16 scans. Low temperature FTIR
measurements were carried out from 2600-3200 cm ! with
a resolution of 2cm ™' and 32 scans. The samples were
cooled below the phase transition using a container cooled
with liquid nitrogen.

Solution NMR spectra were recorded on an Avance III
300 MHz spectrometer and an Avance [II HD 400 MHz
spectrometer (Bruker, Billerica, USA) with 300.13/
400.13 MHz for "H NMR spectra and 59.63/79.49 MHz for
»Si NMR spectra. All NMR samples were prepared in
chloroform-d (CDCl3). Quantitative >°Si NMR measure-
ments were performed in deuterated chloroform containing
vivl%TMS as internal standard and Cr(acac); as relaxation
agent (107 2mol L™"). "H NMR spectra were analysed with
MestReNova; [37] 2Si NMR spectra were evaluated with
OriginPro [38] using a Gaussian function.

Solid-state SPE-MAS NMR spectra were recorded on an
Avance III HD — Ascend 400WB spectrometer (Bruker,
Billerica, USA) using 4 mm inner diameter ZrO, rotors with
13 kHz rotation frequency. The resonance frequencies were
79.53 MHz for **Si NMR spectra and 100.65 MHz for *C
NMR spectra. Adamantane was used for 13C NMR and
octakis(trimethylsiloxy)silsesquioxane for 2°Si NMR as
external standard. The spectra were analysed and integrated
with OriginPro [38] using a Gaussian function.

Thermogravimetric measurements (TG) were carried out
using a TGA/DSC Stare System 1 (Mettler-Toledo, Grei-
fensee, Switzerland) applying a heating rate of 10 K min™
between 30 and 1000 °C using an oxygen or nitrogen gas
flow of 40 ml min~".
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TG-FTIR measurements were performed on a TG F1 Iris
(NETZSCH-Gerdtebau GmbH, Selb, Germany). Samples
were heated at 10 K/min from RT to 1000 °C under nitrogen
atmosphere (40 ml/min). The evolving gases were transferred
through a heated line (200 °C) to a Bruker Vertex 70 spec-
trometer, mentioned above. The FT-IR spectra were recorded
with 32 scans, a resolution of 4 cm ™' and in a range of 4500
to 550 cm ™.

Differential scanning calorimetry (DSC) was performed
with a DSC 204 F1 Phoenix calorimeter (NETZSCH-Ger-
dtebau GmbH, Selb, Germany) using aluminium crucibles
with pierced lids under nitrogen atmosphere (100 mL min ")
applying a heating and cooling rate of 10 K min™' from
—130/—120 to 110 °C with an isothermal step for 10 min at
110 °C for the viscous PSQs. Solid PSQs were heated from
0 to 200 °C. Three cycles were run in each measurement.

Size exclusions chromatography (SEC) measurements
were performed in toluene with a Waters 515 pump
(Waters, Milford, Massachusetts) applying two PSS SDV
1000A and a PSS SDV 100000A column from PSS
(Polymer Standard Service, Mainz, Germany) using a
flowrate of 1mlmin~' and a RI-Shodex-101 detector
(Showa Denko KK, Tokyo, Japan). Calibration was carried
out using polystyrene standards (from PSS). For data
acquisition and evaluation of the measurements, PSS
WinGPC® UniChrom [39] was used.

Powder X-ray diffraction (PXRD) patterns of the pul-
verised or viscous samples were recorded at room tem-
perature on a DS8-A25-Advance diffractometer (Bruker
AXS, Karlsruhe, Germany) in Bragg-Brentano 6-8-geo-
metry (goniometer radius 280 mm) with Cu K, -radiation
(A= 154.0596 pm). A 12pm Ni foil working as 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 sec-
ondary beam side. Experiments were carried out in a 20
range of 3-40° with a step size of 0.013° and a total scan
time of 1 h.

Low temperature powder X-ray diffraction (LT-PXRD)
patterns were recorded on the same diffractometer using a
TTK600 (Anton Paar GmbH, Graz, Austria) low-
temperature chamber. The samples were dropped onto the
sample holder lined with Teflon tape (XRD of the sample
holder with and without Teflon in Supplementary Fig. S1).
The samples were investigated in vacuum in the tempera-
ture range of 5 to —180°C with cooling rates of
20-50 K min™', respectively. A 12 pm Ni foil working as K}
filter and a variable divergence slit were mounted at the
primary beam side. The secondary beam side was equipped
with a LYNXEYE detector (192 channels). Diffraction
patterns were recorded between 3 and 40° 20 with a step
size of 0.013° and a total scan time of 2h with 30 min
precool time for each temperature. The thermal contraction
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of the reaction chamber and sample holder was determined
using elemental Si (NIST Standard reference material 640 f,
a=>54311(1) nm). The obtained data were refined using
the Bruker TOPAS 5.0 software package [40], keeping the
lattice parameter of Si fixed while refining the height dis-
placement. This was conducted for different temperatures
from which a linear regression was determined (Supple-
mentary Fig. S2). For the subsequent measurements, the z-
height was modified in the software package by the pre-
viously determined values as a function of the temperature
used. All recorded data was evaluated using the Bruker
TOPAS 5.0 software [40],with the observed reflections
being treated via single-line fits.

2.3 Preparation

The polyalkylsilsesquioxanes were synthesised according to
a modified literature procedure for melting gels [18]. The
alkyltrimethoxysilane (RTMS) (1.5 g, 1 eq) was stirred with
aqueous HCI solution in a closed 20 ml headspace vial at
45 °C for 8 h or 7 days. The silane/water ratio was 1.5 or 3
and the pH value was adjusted to 2.5 (exact synthesis
parameters for different AlkylSi(OMe); are described in
Table 1). Afterwards, the sample was stirred open at room
temperature for 18 h. To remove by-products of the sol-gel
reaction, such as water and methanol, the samples were
placed in a compartment dryer at 70 °C and 110 °C for 24 h
each. For further consolidation, samples were thermally
treated at 300 °C under nitrogen atmosphere for 1 h. Addi-
tional measurements were carried out with the polyalk-
ylsilsesquioxanes (RPSQ) and the thermally treated
polyalkylsilsesquioxane (RPSQr) cooled down to RT.

3 Results and discussion

The synthesis procedure used in this work is based on the
preparation of a softenable polyphenylsilsesquioxane via
solvent-free acid-catalysed hydrolysis and condensation
reaction, described elsewhere (Fig. la) [18]. Maintaining
the conditions of this standard synthesis, the influence of the
alkyl groups on the behaviour during synthesis and on the
properties and structure of the final product should be
directly comparable to the behaviour of a poly-
phenylsilsesquioxane as a model system for temperature-
dependant reversible softenable and irreversible curable
melting gel systems.

In the first synthesis step, stirring of the trialkoxysilanes
with 1.5 equivalents of water and acid at 45 °C, the phe-
nyltrimethoxysilane showed a homogenisation of the
2-phase mixture of an organic and aqueous component after
approximately 10 min. In this step, hydrolysis and partial
condensation occur with the simultaneous formation of
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Table 1 Alkyltrimethoxysilanes used, synthesis conditions and properties of PSQs in comparison with a polyphenylsilsesquioxane, investigated elsewhere [18]

Curable at 200 °C*

Change in viscosity at 110 °C

Appearance after synthesis

Stirring time at 45 °C [d]®

Sample name Ratio water"/silane

RSi(OCH3);

yes

yes

Hard, transparent, glass like

0.33
0.33
0.33

PhenylTMS PhPSQ 1.5

MethylTMS
EthyITMS

no

Hard, transparent, glass like

MePSQ
EtPSQ
PrPSQ

no

Hard, transparent, glass like

no

Hard, transparent, glass like

1.5
1.5

PropylTMS
HexylTMS
OctylTMS

no

no

Viscous, transparent, liquid

HexPSQ
OctPSQ

no

no

Viscous, transparent, liquid

no

no

Viscous, transparent, liquid

no

no

Viscous, transparent, liquid

no

yes, transparent liquid

White, waxy

no

yes, transparent liquid

White, waxy

~ 0~~~

DecPSQ

DecylTMS

DodecPSQ

DodecylTMS

6

HexadecPSQ
OctadecPSQ

HexadecylTMS
OctadecylTMS

*Aqueous acid with pH 2.5

®n a closed headspace vial. The following synthesis steps, 18 h stirring at RT, 24h 70 °C, 24h 110 °C in an open headspace vial are the same for all samples

“Test with spatula. Does not deform by pressure on the specimen at 200 °C

dAlready cured after the synthesis
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methanol. Methanol serves as a solvent for the present
partially hydrolysed dimers and small cycles. The alkyl-
trimethoxysilanes with methyl, ethyl, propyl, and hexyl
groups showed similar behaviour, with homogenisation of
the two-phase mixture taking different times depending on
the alkyl chain. The longer the alkyl chain, the longer the
homogenisation takes. Methyltrimethoxysilane displayed
homogenisation after a few seconds, while hexyl-
trimethoxysilane changed to a one-phase solution after one
day. Octyl-, decyl-, dodecyl-, hexadecyl-, and octadecyl-
trimethoxysilane showed no homogenisation within the
applied 8h of stirring time. Only when 3 equivalents of
water and an extended stirring time of 7 days were used, a
change within the reaction mixture was observed for the
long-chain derivatives. Thus, Cg-, Cyo-, and C,,TMS
formed a cloudy gel phase, while C;TMS was present as a
white, waxy compound. C;¢TMS needed 6 eq of water to
change into a white, waxy material. Subsequently, all pro-
ducts were stirred in open vessels for 18 h at RT, and then
the by-products methanol and water were removed by a
treatment in the compartment dryer for 24h at 70 and
110 °C each. Except for the HexadecPSQ and OctadecPSQ,
all polysilsesquioxanes were homogeneous and transparent
after the synthesis (Fig. 1b). Me-, Et-, and PrPSQ were hard,
glassy and insoluble in common solvents and showed no
change in the viscosity at 110 °C. In comparison, Hex-,
Oct-, Dec-, and DodecPSQ, were highly viscous liquids.
The HexadecPSQ, and OctadecPSQ featured a waxy, white
form that reversibly transformed into a transparent liquid
upon heating (Fig. 1c). The synthesis parameters and the
appearance of the materials obtained, compared with the
known PhPSQ, are shown in Table 1.

HexadecPSQ and OctadecPSQ differ optically from the
shorter-chain materials by their waxy and white consistency
and phase transformation at elevated temperatures. It is
known that long-chain trimethoxysilanes can form lamellar
layers due to the surfactant-like behaviour of the hydrolysed
alkyltrialkoxysilanes [29]. An order-disorder process of the
alkyl chains can explain the reversible phase transition from
liquid to solid. NMR and FTIR- measurements showed a
low degree of hydrolysis and condensation in the samples
prepared here, with a remaining number of methoxy groups
>67% (Supplementary Figs. S3 and S4) and a significant
monomer peak in the ?Si NMR (Supplementary Fig. S5).
In consequence, the polycondensation of the long-chain
TMS is difficult under the conditions presented here. For
this reason, we decided to limit our structural characterisa-
tion to the shorter chain PSQs (C1—C;5).

Visually, it was established that none of the present
products from C;- to C;,PSQ showed comparable proper-
ties to a PhPSQ, such as a transparent, hard and glass-like
appearance with a reversible softening at 110 °C as well as
irreversible curing at 200 °C. Nevertheless, the different
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Fig. 1 a General equation for the acid catalysed hydrolysis and condensation reaction of the AlkylPSQ, b pictures of AlkylPSQs after synthesis at

RT, ¢ pictures of HexadecPSQ and OctadecPSQ at 110 °C

behaviour during synthesis indicated a significant influence
of the chain length on the hydrolysis and condensation
reaction and therefore on the resulting materials structure.
Structural differences of the Me-, Et-, Pr-, Hex-, Oct-, Dec-,
and DodecPSQ, as well as the influence of thermal treat-
ment, were analysed using various spectroscopic and ther-
mal methods, as well as PXRD measurements at different
temperatures, in comparison with a softenable poly-
phenylsilsesquioxane [18].

3.1 Characterisation
3.1.1 TGA and TG-FTIR

Polysilsesquioxanes are generally known to be thermally
very stable. Polyphenylsilsesquioxane in particular, is
characterised by temperature stability up to about 500 °C
under inert and under oxygen atmospheres [41, 42].
Alkylsilsesquioxanes, on the other hand, decompose earlier,
with stability depending on the organic group, the structure,
and the atmosphere where the samples are treated. Poly-
octahedral silsesquioxanes (POSS) with propyl to octadecyl
groups, for example, showed evaporation under N, atmo-
sphere in a one-step process directly from the molten state,
with the onset of weight loss shifting to higher temperatures
with increasing alkyl chain length (TgCj; at 166 °C, TgCq at
353°C) [43]. The alkyl chains can form volatile compo-
nents by Si-C as well as by C-C chain cleavage [44].
Redistribution of volatile cycles and polycyclic oligomers is
also possible [45]. In contrast, oxidation and partial cross-
linking of the material occurs under oxygen atmosphere,
which leads to the observation that the total weight loss is
lower than under nitrogen atmosphere [46].

This tendency can also be detected in the thermal
decomposition of the synthesised AlkylPSQs. The total
weight loss under O, atmosphere increases with increasing
chain length (Fig. 2a, exact values in Supplementary Table S1).
Under inert atmosphere, the total weight loss is larger but
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shows no dependence on chain length, indicating differ-
ences in the crosslinking and the amount of volatile
silsesquioxane components evaporated during the heat
treatment.

The temperature, where 95 % of the sample is still pre-
sent (Tys), can be considered as a parameter for the thermal
stability (Fig. 2b, exact values in Supplementary Table S1).
In the oxygen atmosphere, the value is lower than in a N,
atmosphere, as the onset of decomposition is at lower
temperatures [46]. Compared to POSS systems, the mate-
rials prepared here are not fully crosslinked, resulting in an
effect of residual OH and OMe groups on stability.

It is known that further condensation reactions of the
non-crosslinked units can occur [22, 47, 48]. The soft-
enable polyphenylsilsesquioxane, for example, showed
the loss of methanol and water at 236 °C. After the con-
solidation, this step was no longer detectable [18]. An
initial mass loss between 150 and 300 °C is also visible
for the AlkylPSQs, which affects the Tys value. The
samples treated under O, show a strong overlap of the
condensation step with the decomposition step of the
organic chains (TGA curves are shown in Supplementary
Fig. S6). Under N, atmosphere, however, a mass loss
could be detected in the Et-, Pr-, Hex-, and DodecPSQ,
which can be assigned to condensation reactions (inset,
Fig. 2¢). The condensation stage indicates the presence of
stable OH and OMe groups in the material, which react
only at high temperatures [49]. Oct- and DecPSQ, on the
other hand, show only a single decomposition step at
around 500 °C. The absence of further mass losses sug-
gests a high degree of condensation and a low number of
non-crosslinked groups.

The decomposition of MePSQ has been considered in
detail in the literature [SO]. The three stages, also visible
here, were assigned to the loss of ethanol and oligo-
silsesquioxanes, methane and oligosilsesquioxanes, and
methane, water, and hydrogen. Furthermore, the incor-
poration of carbon into the network was observed.
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Since the TG curves of the other PSQs are significantly
different from that of the MePSQ, the decomposition gases
were investigated via TG-FTIR (Supplementary Figs. S7
and S8). Unfortunately, neither methanol nor water could be
detected within the first decomposition stage. The amount is
expected to be too small to be visible in the FTIR spectrum.
The loss of oligosilsesquioxanes within this stage can also
not be ruled out. Decomposition by partial loss of organic
substituents at around 500 °C is detectable in all PSQs. The
loss of oligosilsesquioxanes is also possible since an
absorption could be detected in the region of the Si-O-Si
band. Furthermore, subsequent incorporation of the
remaining organics into a SiO,C, network can be expected
[47].

As it is demonstrated that the thermally initiated con-
densation step takes place up to 300 °C, all samples were
treated at 300 °C for 60 min under N, atmosphere. The aim
was to force the stable OH groups to undergo further con-
densation reactions, comparable with the consolidation
behaviour that is known for the melting gel family. After
thermal treatment, the materials remained transparent, and
no discolouration was detected. This suggests that no
decomposition of the organic groups or incorporation of

Temperature (°C)

carbon into the network occurs up to this temperature. In the
TG curve, the first mass loss disappeared in all samples and
a single decomposition step at about 500 °C was observed
(Fig. 2d). Consequently, all PSQs show a comparable high
Tos value around 480 °C (Fig. 2b). Furthermore, the residual
mass is higher compared to the thermally untreated samples
because it is now independent of non-reacted groups and is
determined by the decomposition of the network and the
mass of the organic group. As a result, it shows a depen-
dence on chain length from C; to C;,PSQ and becomes
larger the longer the alkyl chain (Fig. 2a).

In summary, Me-, Et-, Pr-, Hex-, and DodecPSQ contain
stabilised OH and OMe groups that can thermally react.
Oct- and DecPSQ already exhibit a highly condensed
structure after synthesis. Thus, the decomposition is deter-
mined by the degradation of the alkyl groups as the main
mass loss step. After thermal treatment at 300 °C, all PSQs
show almost identical decomposition in one degradation
step and high thermal stability under inert atmosphere,
suggesting that highly condensed materials are present. A
detailed determination of the structures present and the
influence of thermal condensation on the structure will be
investigated in the following sections.
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3.1.2 DSC

DSC measurements of all materials were performed to
visualise possible phase transformations and T, The
phenyl-containing PSQ showed a T, at about 60 °C, which
reflected the amorphous structure as well as the softening of
the material [18]. The T, depends on the mobility of the
polymer chains and therefore on the substituent and the
degree of crosslinking [51, 52]. Further condensation
reactions and complete curing of the PhPSQ could be
demonstrated by the complete disappearance of the T,. The
solid samples with methyl, ethyl, and propyl groups were
measured from 30 to 200 °C to investigate softening in this
temperature range (Fig. 3a). No significant change in heat
flow was detected in the Me- and PrPSQ, and reversible
softening, can be excluded. A Ty is visible in EtPSQ at
35°C. This can be attributed to increased mobility due to a
large number of non-crosslinked groups, as already seen in
the TGA, based on the first decomposition step. However,
the softening is weak, so the material retains its original
shape at higher temperatures. Processing the softened
material, similar to the PhPSQ, was not possible.

The prepared polysilsesquioxanes with chains between
Cg and C;, exist as viscous liquids at room temperature,
therefore low-temperature measurements down to —130 °C
were performed. Oct- and HexPSQ showed a glass transi-
tion at —77 and —97 °C, respectively. No crystallisation can
be observed, which also indicates an amorphous structure.

In contrast, DecPSQ and DodecPSQ showed a distinct
endothermic signal at 5 °C (Fig. 3b) and —20 °C (Fig. 3c)
that remains constant over three cycles with an isothermal
treatment at 110 °C for 10 min at every cycle. This beha-
viour has already been observed for poly(di-r-alkylsilox-
ane) with alkyl chains of C; to Cyy [53], as well as for
polyalkylsilsesquioxanes with dodecyl, hexadecyl, and
octadecyl groups [22, 24, 54]. The endothermic signal is
assigned to lamellar layers, where the transition from solid
to liquid is thermally induced by a trans-gauche transfor-
mation of the long-chain alkyl groups, which leads to a
disordered structure [54].

After thermal treatment, the signals of Hex-, Dec-, and
DodecPSQ shift to higher temperatures (Fig. 3d). As the T,
depends on the crosslinking of the polymers, the increase in
the T, of CgPSQ can be attributed to an increased degree of
condensation due to the thermal treatment. However,
OctPSQ showed no condensation step in the thermal ana-
lysis, indicating that no significant crosslinking was ther-
mally initiated, which explains the missing change of the
DSC signal.

Since it is described in the literature that the endothermic
signal in Dec- and DodecPSQ is generated by the crystal-
lisation of the alkyl chains, it depends mainly on their
arrangement and less on the crosslinking of the Si-O-Si
backbone. The shift to higher temperatures and the simul-
taneously more defined signals indicate increased order and
regularity in the alkyl chains [55].
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In general, DSC measurements reveal a clear dependence
of the structure on the length of the alkyl chains. While Me-,
Et-, and PrPSQ are present in a dense amorphous network,
showing little mobility, the long-chain C¢ and Cg deriva-
tives lead to increased mobility with a resulting low T,.
Decyl and dodecyl groups, on the other hand, result in a
phase transition by cooling to a semi-crystalline material,
suggesting a structure with lamellar layers and an increased
alkyl chain order by temperature treatment.

3.1.3 FTIR spectroscopy

FTIR spectroscopy can be used to identify groups that are
part of the hydrolysis and condensation process. These
include the methoxy groups, which can be detected in the
monomer at 2839 cm ™', 1191 em™", and 1082 cm™" [56]. In
particular, the PSQs with shorter alkyl groups (methyl,
ethyl, and propyl) show a significant decrease in the
absorption at 1191 cm™', indicating nearly complete
hydrolysis of the alkoxy groups (Fig. 4c). The bending
mode of the CH, groups attached to the Si reveals a red-
shift with longer alkyl chain length (1271 cm ™! for MePSQ
and 1191 cm ™! for HexPSQ) and overlaps with the vibra-
tion of the OCH;3 group at 1191 cm~' [35]. Therefore, in
Cg-, Cg-, and CpPSQ, the disappearance of the absorption at
2839 cm ™' demonstrates the reaction of the monomer (Fig. 5).
DodecPSQ still presents a peak at 1082 cm ', indicating that
in comparison with the other materials, an increased number
of OMe groups or monomers is still present.

Bands arising from hydrolysed and non-crosslinked OH
groups can be located between 3000 and 3700 cm ™!, as well
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as at 893 cm™! (Fig. 4a, c). The absorption band of the VOH
in silanols can be divided into different regions depending
on the interaction of the OH group [57, 58]. Between
3550-3200cm™!, strongly hydrogen-bonded OH-groups
with a short distance between these bonds are visible
(OH,,). At about 3630 cm™', vicinal hydrogen bonded
silanols are found (OH,;.) and isolated as well as geminal
hydroxy groups are further shifted to higher wavenumber.
Noticeably, the strongly interacting groups are significantly
more represented in the C;-, C,-, and C3PSQs. It is assumed
that the different siloxane species are located closer together
due to the smaller groups, resulting in the formation of
H-bridges that interact intra- and intermolecularly over
shorter distances. The longer hydrophobic alkyl chain in
Hex-, Oct-, Dec-, and DodecPSQ ensure separation of the
different silsesquioxane species, whereby a blue shift of the
vOH band becomes visible by the absorption of vicinal
interacted silanols. After thermal treatment at 300 °C,
absorption of the silanols was no longer visible, indicating a
further condensation reaction and confirming the TGA
measurements. Further crosslinking can also be shown in
Oct- and DecPSQ, although this was first excluded in the
TGA. However, these reactions are assumed to occur pri-
marily via condensation of OH groups, visible in the FTIR
spectra. This leads to a lower mass loss compared to con-
densation between OH and OMe groups.

The Si-O-Si region in the FTIR spectra is often used in
the literature to identify defined moieties, such as ladder
structures, cycles, or cages. Ladders are detected by two
defined peaks at 1020cm ™! and 1115c¢m™!, which can be
assigned to the vibrational mode of the (Si-O), cycles. The
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symmetric stretching vibration at 1020cm ' is character-
istic of a two-dimensional linear structure of ladders, while
the antisymmetric stretching vibration at 1115cm ' is
associated with a three-dimensional structure of cages
[59, 60]. These two signals are particularly prominent in the
Me-, Hex-, Oct-, Dec-, and DodecPSQ, indicating a ladder-
like structure. It is noticeable that with increasing chain
length, the peak at 1116 cm™! becomes more prominent,
which suggests an increase in cage-like units. It can be
assumed that more extended hydrophobic groups favour
intramolecular condensation reactions over intermolecular
ones, explaining the formation of a larger number of three-
dimensional structural units [33]. After the thermal treat-
ment, there is also an increase in the intensity of the Ving.asym
at 1116cm ' in comparison with the Vring-sym at lower
wavenumbers. It indicates an increase in cage-like oligo-
silsesquioxanes (Fig. 4c). Furthermore, a disappearance of
the OMe band at 1082 cm™' is observed in the DodecPSQ,
showing that methoxy groups, in addition to OH groups are
further condensed by the thermal treatment.

Long-chain trimethoxysilanes are known to show
surfactant-like behaviour, leading to highly ordered lamellar
layers in which the alkyl groups are in an all-trans zig-zag
conformation. Based on the methylene vibrations, the
crystalline trans conformation can be distinguished from the
amorphous parts with a certain gauche character [25]. The
positions of the symmetric CH; and CHj stretching vibra-
tions (d+, r+) and anti-symmetric CH, and CHj stretching
vibrations (d—, r—) can be correlated with the conforma-
tional order of the alkyl chains [22]. In amorphous samples
or solution, the peaks are shifted to higher wavenumbers
because more gauche defects are present, leading to higher
vibrational energies.

Considering the symmetric CH; stretching vibrations (d
—), Dec- and DodecPSQ show a slight shift of 3cm ™' and
2em ), respectively (Fig. 5a, b), to lower wavenumber,
indicating an ordering of the alkyl chains relative to the
monomer due to polycondensation. Compared to literature
values of all-trans alkyl chains (d+: 2846-2850 cm ™!, d—:
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2915-2918 cm ™ ') [61], the change in band position is very
small, suggesting a large disorder with many gauche defects
in the chain.

However, DSC measurements showed a phase transition
at low temperatures for Dec- and DodecPSQ. It was
described that an order-disorder transition of the alkyl
chains in the lamellar PSQs takes place. To verify this
hypothesis, a low-temperature IR spectrum of the two
samples was measured below the phase transition tem-
perature. In the spectrum, an increase in the background is
apparent, due to condensed water using liquid nitrogen.
However, this does not affect the position of the peaks. In
particular, the DodecPSQ shows a substantial shift to
smaller wavenumber (2916 cm™!, Fig. 5a), indicating an
increasing population of chains in trans conformation. The
shift in the DecPSQ (2919 cm™!, Fig. 5a) is much smaller,
suggesting the presence of gauche defects below the phase
transition due to a lower self-assembly ability, which
strongly impacts the packing and conformation of the alkyl
chains [30]. The thermally treated samples show the same
behaviour with the shifts to lower wavenumber with
increased order (Supplementary Fig. S9). This suggests an
intact order of the alkyl chain conformation even after
thermal treatment, as already shown in the DSC
measurements.

FTIR spectroscopy demonstrated the successful synthesis
of crosslinked AlkylPSQ. Absorption between 3000cm ™
and 3700 cm™! showed non-crosslinked interacting OH
groups in all samples. The measurements generally reveal
different structural motifs depending on the chain length.
Et- and PrPSQ, for example, have a broad Si-O-Si profile
with few defined bands, comparable to PhPSQ. This indi-
cates a primarily random structure with many different
structural units, including ladders and cages. With a longer
alkyl chain, intramolecular condensation reactions are
favoured over intermolecular ones, forming cyclic and cage-
like motifs. The longer the chain, the more hydrophobic
interactions of the alkyl chains play a role and influence the
order and packing of the alkyl chains. Below the phase
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transition, an order of the alkyl groups in Dec-, and
DodecPSQ can be shown, indicating a lamellar structure.
Thermal condensation led to further condensation of non-
crosslinked OH and OMe groups, as well as an increase in
cage-like structural motifs. The order of the alkyl chains
does not seem to be affected.

3.1.4 NMR spectroscopy

Further information on the structure of the resulting poly-
silsesquioxanes was obtained via 'H, *°Si, and "*C NMR
spectroscopy. To allow quantification, liquid NMR spectra
were conducted in the presence of the relaxation agent
Cr(acac); [62, 63], and solid-state NMR spectra were
measured in a single pulse experiment [25]. Thus, the areas
of the 2°Si and *C NMR signals are proportional to the
fraction of the assigned compound. Me-, Et-, and PrPSQ
were not soluble in the conventional solvents and were
analysed via MAS-NMR ("*C-MAS NMR is shown in
Supplementary Fig. S10).

In all "H NMR spectra of the soluble AlkylPSQ and the
thermally treated samples the CHj3-, -CH,-, and CH,-Si
signals could be observed in the correct ratio (Supplemen-
tary Figs. S11 and S12), indicating no decomposition of the
alkyl chains by thermal treatment [35].

Furthermore, residues of OCHj; groups in the range of
3.5 ppm were detected, and the content in the sample was
determined by integration (Table 2). This value gives an
idea of how well the hydrolysis worked and how large the
defect density of non-reacted groups is in the material. Me-,
Et-, Pr-, and HexPSQ show values between 2.3 and 9.4%.
Oct- and DecPSQ present almost no OMe groups, and
DodecPSQ exhibits the highest value with 15.3 %. It is
known that a higher proportion of H,O leads to a higher
hydrolysis rate, whereas groups with larger steric hindrance
decrease hydrolysis [64, 65]. Me- and EtPSQ demonstrate
almost complete hydrolysis of the monomer. From propyl to
hexyl group, the number of remaining non-crosslinked
groups increases, while longer-chain trimethoxysilanes
(> Cg) synthesised with 1.5 eq. of water showed no reaction
within the synthesis conditions used here. By increasing the
amount of water to 3 eq., complete hydrolysis of Oct- and
DecPSQ is obtained, whereas the formation of silanols in
DodecPSQ decreases significantly. A high number of
monomers can be detected in Hexadec- and OctadecPSQ. A
clear influence of the amount of water and the alkyl group
length on the number of remaining methoxy groups can be
detected. It is expected that hydrophobic interactions of the
alkyl groups rather than steric hindrance play a role in the
polycondensation of samples >C;PSQ [32].

After thermal treatment, a significant reduction of the
OCHj; groups can be observed (Table 2) in all samples,
confirming the assumption that the first mass loss in the

93

Table 2 Percentages of residual OCH;, T-units and degree of
condensation of the AlkylPSQ, obtained from 'H, ¥si, and "C
NMR in comparison with a PhPSQ [18]

Sample T (%] T'[%] T?[%] T* (%] Residual DC [%]

OCH;

groups [%]
PhPSQ [18] / / 71 29 10 76
PhPSQy [18] / / 51 49 <10 83
MePSQ* / / 30 70 2.3 90
MePSQr / / 23 77 1 92
EtPSQ* / / 56 44 2.7 81
EtPSQr / / 45 55 2 85
PrPSQ* / 5 40 55 4 84
PrPSQr / 20 80 3 93
HexPSQ / 10 24 66 94 85
HexPSQr  / / 11 89 <l 97
OctPSQ / / 22 78 <l 93
OctPSQr / / 20 80 / 93
DecPSQ / / 21 79 2.0 93
DecPSQr / / 13 87 / 95
DodecPSQ 5 14 21 60 15.3 78
DodecPSQr / 6 30 64 5.0 86

“Measured by SP-MAS NMR

TGA represents, besides the reaction of two hydroxy
groups, the condensation of hydroxy and methoxy groups.

The influence of chain length on crosslinking is visible in
the 2°Si NMRs. The spectra show various signals with
different chemical shifts, depending on the number of
siloxane bonds (Fig. 6a). As only trialkoxysilanes were
used, only T" units in the range between —41 ppm and
—69 ppm are visible, with n =number of siloxane bonds.
Besides the assignment of the T-units, it is possible to
determine the percentage of crosslinking units and the
degree of condensation (DC = (T'+ T%2+T>3)/3) by
integrating the area of the peaks. Apart from the Dode-
cylPSQ, none of the samples show signals of the monomer
(TY, indicating a complete integration of all alkyl-
trimethoxysilanes. Depending on the chain length and the
amount of water used, the percentages of T units change.
Me- and EtPSQ show only T2 and T> units, while Pr- and
HexPSQ exhibit further dimers (T'). Oct and DecPSQ
demonstrate the highest crosslinking with a degree of con-
densation (DC) of about 93% compared to all other PSQs.
DodecPSQ, on the other hand, contains residual monomer
in addition to T', T2 and T? units, which also explains the
high amount of OMe groups and the distinct band at
1083 cm™" in the FTIR spectra. In general, it was found that
the higher water content and the longer stirring time resulted
in increased condensation.
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Fig. 6 2°Si NMR spectra
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Furthermore, in the series of 1.5 eq. water and 3 eq.
water, a higher number of T' units and even monomers
were detectable with longer alkyl chain length. However,
this tendency cannot be transferred to the number of
crosslinked T? and the degree of condensation. In general,
especially the longer-chain PSQ Cg¢, Cg, and Cjy show a
comparatively high proportion of T* units, while Et-, PrPSQ
and also the PhPSQ have a balanced ratio of chain-like (T
and crosslinking (T%) silsesquioxane groups. The high
number of T* units, while at the same time, low crosslinked
T' units are also present, indicates that hydrolysis or con-
densation of already hydrolysed systems is preferred. Due
to the hydrolysis of trialkoxysilanes, monomers with longer
alkyl chains form amphiphilic molecules that tend to
aggregate. The longer the chain, the more easily the
aggregates form and condensation occurs [23]. The silanols
of methyl-, ethyl-, and propyltrimethoxysilane are instead
distributed homogeneously and disordered, which leads to a
lower degree of condensation, a higher number of chain-like
units, and thus a more extensive network.

Thermal treatment significantly increases the degree of
condensation. The monomer signal in the DodecPSQ, as
well as the T signals in the Pr- and HexPSQ disappeared
and the number of crosslinked T units increased (Fig. 6b).
This confirms again, the thermally initiated condensation
reactions. Furthermore, it is noticeable that after thermal
treatment, defined signals are formed mainly in the T
region of the *’Si NMR of Hex-, Oct-, and DecPSQ. It is
known that there is a competition between intermolecular
condensation and intramolecular cyclisation in the forma-
tion of polysilsesquioxanes. The tendency to cage formation
increases with increasing size of the organic groups [31,
33]. Intramolecular condensation reactions are preferred due
to surfactant-like behaviour, whereby the hydrolysed head
groups are directed inward, and the hydrophobic alkyl
chains are oriented outward [32]. The defined signals
indicate the building of cages and can be assigned to Ty
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(—66.7 ppm), Tg (—68.6 ppm), T, (>70 ppm) and also
incomplete condensed cages [33, 66].

In DodecPSQ, no defined peaks of open and closed cages
can be detected. Instead, an increase in T, units was
observed and the degree of condensation is comparatively
low with 86.1%, implying the presence of lamellar layers.
Compared to the polyalkylsilsequioxanes, the PhPSQ
showed low crosslinking (76%) with a high number of
remaining OMe groups (10%). It is described that a high
amount of stabilised unbridged groups and a low cross-
linked structure are important factors for the reversible
softening of the material [18].

It is concluded that methyl to propyl groups in PSQ form
a dense network with only a few non-bridged stabilised
groups, resulting in a solid material without visible softening.
At the same time, long-chain AlkylPSQs of C¢—C,y show a
high proportion of T units, which further increased after
thermal treatment. The almost complete conversion of the
alkoxy groups, together with the appearance of defined sig-
nals that can be assigned to cubic systems, confirms the
conclusion that primarily the long-chain PSQs undergo
intramolecular condensation reactions to form cages. As the
DodecPSQ has a lower crosslinking than the shorter-chain
PSQs, it can be assumed that a lamellar structure is induced
by the increasing hydrophobic interactions. Overall, the
formation of oligosilsesquioxanes separated by the long alkyl
groups and the mainly intramolecular condensation reactions
are considered to be the reason for the lack of complete
curing compared with the polyphenylsilsesquioxane.

3.1.5 SEC

SEC measurements in toluene were carried out to determine
the molecular weight distribution of the soluble AlkylPSQ
and the thermally treated soluble samples (exact values of
M,,, M, M,, D are presented in Supplementary Table S2).
Since polystyrene was used as the standard and its structure
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is very different from the samples described here, no SEC measurements demonstrate the thermally

absolute values can be determined. Nevertheless, tendencies
between the molecular weights of the individual samples
could be observed. The measurements demonstrate higher
molecular weights with increasing water content (Fig. 7)
[67]. Thus, Oct-, Dec-, and DodecPSQ exhibit significantly
larger molecular weights than HexPSQ. The degree of
condensation and the high proportion of T* units revealed in
the NMR measurements were also reflected in larger
molecular weights of the longer-chain AlkylPSQs. After
thermal treatment, increased molecular weight and an
increased P-value were obtained for the HexPSQ (Fig. 7a)
[35]. Surprisingly, PSQ with longer alkyl chains showed the
opposite tendency and a lower and more defined molecular
weight distribution was obtained. This confirms the pre-
vious observation that PSQs with long alkyl chains con-
dense primarily intramolecularly. Also, Andianov et al.
described a reduction of OH groups and a lower molecular
weight during distillation of the hydrolysis products of hexyl-,
heptyl-, octyl-, and iso-nonyltrichlorosilane [31]. They con-
cluded that intramolecular condensation reactions form cage-
like and cyclic systems. A defined shoulder that can be
assigned to 13 and 14 RSiO, 5 units is observed for Hex-,
Oct-, and DecPSQ (Fig. 7b). Since the 2Si NMR spectra
showed the formation of cage structures with various sizes, it
can be assumed that open or closed cages are represented
here, which is in agreement with the observation of Andianov
et al.. In addition to the shoulder at 1783 g/mol, HexPSQ
shows an increase in molecular weight unlike the other
measured PSQrs, leading to the conclusion that the intra-
molecular cyclization rate is almost equal to the chain elon-
gating condensation. While the extended hydrophobic alkyl
chains in Oct- and DecPSQ are expected to form mainly
cubes, the unstructured SEC curve of DodecPSQ suggests
that the thermally induced condensation reactions pre-
ferentially occur within the postulated lamellar layer structure
and no cages were formed, as already indicated by the lack of
defined peaks in the NMR spectra.

95

induced intramolecular condensation reactions favoured
by long alkyl chains to form mainly cage-like silses-
quioxanes. Within the soluble materials, HexPSQ, with
the shortest alkyl chain, shows intermolecular con-
densation reactions to form a network in addition to the
formation of cage structures. In contrast, despite intra-
molecular condensation, no cubes can be detected in
DodecPSQ with the longest chain despite intramolecular
condensation, indicating a lamellar structure of partially
crosslinked ladders.

3.1.6 PXRD

DSC and low-temperature FTIR measurements detected a
phase transformation to an ordered structure in Dec- and
DodecPSQ. Furthermore, the presence of cage structures, as
well as a lamellar layered structure were postulated. To
visualise the transition and clarify the structural differences
from PSQs with smaller alkyl chains, PXRD measurements
at room temperature (RT-PXRD) and at low temperatures
(LT-PXRD) down to —180 °C were performed.

3.2 RT-PXRD
PXRD is widely used to study the structure of poly-
silsesquioxanes. The amorphous form of poly-

methylsilsesquioxane has already been analysed in detail in
the literature [59, 68, 69]. The two broad reflections
appearing at 8.53 A (d) and 3.89 A (d,) are attributed to the
plane-plane distance, as well as the thickness of molecular
chains, and generally assigned to the occurrence of ladder
structures (Fig. 8a) or a layered material [70]. It is known
from the literature, the smaller the 20 value of d,, the less
defect rich the structure. For example, uncondensed meth-
oxy and OH groups, as well as conformational changes of
the organic groups, contribute to an increased 20 value [71].
PhPSQ also has two broad reflections with d; = 8.3 A and
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d, =45 A. After the consolidation of this material, the d,
value shifts to a lower angle and a chain distance of 11.5 A
can be detected, indicating further condensation reactions
and reorientation to a more ordered structure containing
ladder motifs [18].

All polysilsesquioxanes, synthesised here, are amor-
phous at room temperature and exhibit the two reflections
characteristic of ladder-like systems (Fig. 8a). The d; value
shifts with longer alkyl groups to larger chain-to-chain
distances from 8.53 A (MePSQ) to 22.07 A (DodecPSQ).
Plotting the d; values against chain length demonstrates a
linear dependence between chain-to-chain distance and
chain length with an increment value of 1.3 A (Fig. 8b).

Shimojima et al. described an increase in basal spacing
of 2.53A per carbon atom when considering lamellar
ordered Cy;-, C4-, Cie-, and C1gPSQs [29]. This value
could be assigned a value twice as large as the average C-C
distance of all-trans alkyl chains. The authors concluded a
bimolecular layered structure with alkyl chains perpendi-
cular to the layer.

The value obtained here is much lower, suggesting a
high gauche content and an entanglement of the longer alkyl
chains in agreement with the FTIR measurements at room
temperature [53]. It has already been shown that thermal
treatment leads to further condensation, which should sig-
nificantly lower the defect concentration in the form of non-
condensed groups. It is expected that the distance between
the chains, analogous to the phenyl-containing material, will
increase and generally a higher order will result [72]. Et-
and MePSQ confirm this statement by showing a shift of the
20 value (d;) to smaller angles after further condensation.
However, all other PSQs demonstrate the opposite ten-
dency, and a lower plane-to-plane distance is observed. The
plot of the chain lengths against the d; value simultaneously
shows a smaller slope and yields an incremental value of
1.03 A (Fig. 8b).
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The average distance of the main chains of Me-, Et-,
and also Ph- containing PSQs are largely independent of
the conformation within the organic group. Only defects
in the Si-O-Si chain and the arrangement of the backbone
into a cis-syndiotactic or cis-isotactic conformation con-
tribute to the change of intermolecular distances [71, 73].
Consequently, condensation reactions alone influence the
arrangement of the Si-O-Si network, forming of a wide-
ranging and less defective network. In contrast, the final
structure and ordering in PSQs with long-chain alkyl
groups strongly depend on the alkyl chains conformation.
It is assumed that the alkyl chains can adopt random
arrangements due to thermally increased mobility, which
reduces the steric hindrance and allows condensation
reactions that were not possible before [29]. Thus, the
structure favoured by the hydrophobic groups can become
more disordered by a thermal treatment. A reorientation of
the system and preferentially intramolecular condensation
reactions take place, and the formation of cycles and
cubes leads to a change of the chain-chain distance to
smaller distances, destroying the layered structure. This
reorientation has already been described in the literature
after the thermal treatment of a octadecylsilsesquioxane,
where a significant increase in T signals and the forma-
tion of an amorphous material was observed after heating
up to 100 °C [29]. It was explained as the formation of
random orientations of the interlayer alkyl chains at
higher temperatures resulting in further condensation
reactions leading to an irreversible rearrangement into a
more disordered system. However, the conformation of
the alkyl chains was less affected by the thermal treatment
[61], explaining why the DSC measurements showed an
endothermic transition of the Dec- and DodecPSQ syn-
thesised here, even after thermal treatment. Also, the
FTIR measurements indicated no change in the alkyl
conformation after curing.
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In general, all PSQs have a highly disordered amorphous
structure, with a ladder-like or layer-like composition of the
silsesquioxane units. The average chain-to-chain distance is
mainly influenced by the length of the alkyl chains, which
are in a disordered state at room temperature. Furthermore,
the crosslinking, as well as the hydrophobic interactions
between the alkyl chains and the resulting structures, also
play a role. Therefore, further crosslinking in Me- and
EtPSQ leads to a more ordered structure, while the thermal
treatment reduces the lamellar structuring properties of the
alkyl chains in the longer-chain PSQs. Random condensa-
tion reactions can take place, leading to a more disordered
structure. This influence becomes more prominent the
longer the alkyl chain and the stronger the hydrophobic
interactions.

3.3 LT-PXRD

Using DSC and low-temperature FTIR measurements, a
phase transition was detected in Dec- and DodecPSQ,
implying a crystalline structure. To visualise the structural
change upon cooling, the two PSQs in comparison with
OctPSQ, cooled below the phase transition or T, were
investigated by LT-PXRD (Fig. 9). Due to the surface
tension of the gels, there may be height differences between
the samples within the preparation of the XRDs, resulting in
a slight shift of the reflections. The exact values must be
interpreted with caution.

Dec- and DodecPSQ show a significant narrowing and a
small shift of the d, value, while at the same time, the d,
value disappears completely in all investigated PSQs (Fig.
9a, b). The appearance of the defined reflection at 20.73 A
and 20.54 A reflects a phase rearrangement to a semi-
crystalline material, as already expected from DSC. It can
be assigned to the alkyl chain packing within the layers,
which crystallizes into an all-trans conformation at low
temperatures [22]. The significantly broader ds reflection in
DecPSQ and the amorph structure in OctPSQ (Fig. 9c)

[
3}

Fig. 9 PXRD measurements of
a DecPSQ, b DodecPSQ, and
¢ OctPSQ at different
temperatures

20.03°

—

Normalized intensity (a.u.) &

DecPSQ

indicate a higher gauche content with shorter alkyl chain
length [53]. Furthermore, sharp and defined reflections in
the small angle region have been described in the literature
for crystalline polyalkylsilsesquioxanes with 12—18 carbon
atoms. The basal spacing and the associated higher order
diffraction, were assigned to the repeating distances of the
lamellar layers [29]. For Dec- and DodecPSQ two weak and
broadened signals can be identified in the small angle region
instead of the more intense d; value, indicating the
destruction of the order in the Si-O-Si backbone after the
phase transition. Crystallisation of the alkyl groups is
described as the driving force by which arrangement into a
lamellar structure occurs [33]. The structural arrangement
changes the distance of the siloxane backbone, causing the
complete disappearance of the amorphous d; signal. The
semicrystalline behaviour described here is preferred for
lamellar materials, which lose their long-range order by
further condensation [24, 29]. It can be assumed that the
hydrophobic interactions of the alkyl chains, in combination
with the synthesis conditions, are not sufficient to generate a
highly ordered system.

In general, the low-temperature measurements show that
the phase transition of Dec- and DodecPSQ is mainly
caused by the crystallisation of the alkyl chains. This leads
to a rearrangement of the Si-O-Si backbone into a more
disordered lamellar structure. The lack of order, despite
long-chain hydrophobic chains, can be attributed to the high
degree of condensation, which results in a collapse of the
lamellar arrangement.

4 Conclusion

In a solvent-free acid-catalysed hydrolysis and condensation
reaction of phenyltrimethoxysilanes, glass-like, transparent,
reversibly softenable and irreversibly curable at high tem-
peratures systems so-called melting gels can be synthesized.
The synthesis of a known polyphenylsilsesquioxane melting
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gel was transferred to the preparation of polyalk-
ylsilsesquioxanes with methyl, ethyl, propyl, hexyl, octyl,
decyl, dodecyl, hexadecyl, and octadecyl groups. Short-
chain trimethoxysilanes (Me-Pr) showed a glassy and
transparent appearance but no softening ability. On the
other hand, long-chain PSQs (Hex-Dodec) were highly
viscous at RT and indicated no significant increase in
viscosity even after thermal treatment at 300 °C. Hexadec-
and OctadecPSQs were white and waxy and formed
reversibly transparent viscous liquids with increasing tem-
perature. In both cases, high monomer content and low
crosslinking were observed. The goal was to determine the
structural difference of the various AlkylPSQs, even after a
temperature treatment at 300 °C, compared with a soft-
enable, phenyl groups containing material using spectro-
scopic, chromatographic, and thermal methods.

Overall, the role of the organic group in structure for-
mation was shown to be crucial. Important factors include
the steric hindrance and the increasing hydrophobic inter-
actions with longer alkyl chains. Hydrolysis and con-
densation involve competition between the random
condensation reaction and the self-assembling hydrophobic
properties also observed in surfactants. There is an equili-
brium between inter- and intramolecular condensation
reactions, which depends on the size of the organic group.

Methyl, ethyl, and propyl groups exhibited mainly
intramolecular condensations to an extended silsesquioxane
network with a wide variety of silsesquioxane units due to
the short chains with low steric hindrance and low hydro-
phobic interaction. The immediate change to a dense
structure was the reason for the missing visible softening
and solubility. In contrast, hydrophobic interactions as well
as increased steric hindrance of long-chain alkyl groups (Cs,
Cg) led to aggregation during synthesis revealing pre-
ferential intramolecular condensation reactions to form
cage-like structural motifs and an overall high degree of
condensation. This reaction was particularly favoured by
thermally induced condensation reactions.

When the alkyl chain length was further increased (C,y,
Cya, Cyg, Ci3), the self-assembling hydrophobic interactions
resulted in the formation of lamellar layers. Dec- and
DodecPSQ showed a phase transition upon lowering the
temperature to —20 and 5°C, while longer-chain
AlkylPSQs (Cj4, Cig) were already present in a waxy
state at RT, demonstrating the formation of a semicrystal-
line material. It was shown that the transition was mainly
favoured by the crystallisation of the alkyl chains. In con-
trast to the other materials obtained, the T, characteristic of
softenable polysilsesquioxanes could not be detected.

The results described lead to the conclusion that the
choice of the organic group is crucial, to obtain a material
that can be assigned to the melting gel family. Substituents
that prefer self-assembly into cage structures or lamellar
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layers should be avoided. At the same time, substituents that
exhibit increasing steric hindrance and form an incomple-
tely cross-linked structure with stabilised residual OH and
alkoxy groups are required.

Overall, the influence of alkyl chains of different lengths
on the structure formation could be shown using different
characterisation methods. As a result, the main character-
istics that an organic group must have in order to produce a
softenable material with temperature dependant thermoset-
ting properties were established.
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Results and Discussion

Previous studies have shown that aromatic groups play a central role in the formation of melting
gel behavior. While phenyl substituents have proven to be highly suitable for producing
thermoplastically deformable materials that subsequently cure irreversibly, n-alkyl groups are
far less effective in this regard. Based on this observation, the question arises as to how
polycyclic aromatic substituents, particularly their molecular size and substitution pattern,
influence the structure and processing behavior of silsesquioxanes. Although naphthyl and
phenanthrenyl groups have already been studied in copolymeric polysiloxane systems, where
they demonstrated melting gel-like behavior, such investigations have so far been lacking for

pure silsesquioxane systems.

The publication "Impact of Size and Substitution Isomerism in Polycyclic Aromatic-Substituted
Trialkoxysilanes on the Formation of Softenable Polysilsesquioxanes" systematically explores
the influence of both the size of the aromatic system and the substitution pattern in
silsesquioxanes. For this purpose, 1-naphthyl-, 2-naphthyl-, and 9-
phenanthrenyltrimethoxysilanes were polymerized under acid-catalyzed, solvent-free
conditions. The resulting materials were comprehensively characterized with respect to their
structural and thermal properties using NMR, FTIR, MALDI-ToF MS, SEC, fluorescence
spectroscopy, and PXRD.

The study demonstrates that the nature of the organic substituent has a decisive influence on
the resulting network structure as well as on the thermoplastic and thermosetting behavior. Both
I-naphthyl- and 2-naphthyl-substituted polysilsesquioxanes form transparent, glass-like
materials with a high RI of approximately 1.61, characteristic fluorescence, and high thermal
stability up to about 460 °C. While both materials can be reversibly softened, only the 2-
naphthyl-derived polymer undergoes irreversible curing at 200 °C, similar to classical phenyl-
based melting gels. In contrast, the 1-naphthyl-based material remains softenable even after
thermal treatment. This behavior arises from structural effects of the substitution isomerism:
the sterically more demanding 1-naphthyl group reduces the overall degree of condensation and
stabilizes residual methoxy and silanol groups, thereby hindering the formation of an extended
cross-linked network and preserving flow behavior.

A further enlargement of the aromatic system to the 9-phenanthrenyl substituent results in
predominantly intramolecular condensation reactions, leading to isolated, cage-like
silsesquioxane structures. The combination of extended aromaticity and restricted segmental

mobility yields a rigid, brittle solid that exhibits neither flowability nor processability.
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Results and Discussion

The results demonstrate that an increase in aromatic ring size can, in principle, promote melting
gel-like behavior; however, excessive steric congestion and molecular rigidity ultimately hinder

processability.

Overall, the study deepens the understanding of the structural prerequisites for the formation of
softenable polysilsesquioxanes and demonstrates that the network architecture can be
deliberately tailored by varying the polycyclic aromatic substituent. This strategy broadens the

portfolio of functional silsesquioxanes exhibiting enhanced optical and thermal properties.
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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.

H INTRODUCTION containing low-melting glasses.R The ability to exhibit a defined
glass transition temperature (Tg),g_“ above which the
polysilsesquioxane shows reflow behavior, ie., 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.'* Most of them are hard
and glass-like at room temperature and can be reversibly

Polysilsesquioxanes (RSiO, ), 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.' ™ Synthesis typically involves acid- or
base-catalyzed hydrolysis and condensation reactions with
organotrialkoxy- or orgam:;trichlorosilanes.5 The resulting

structure varies depending on synthesis conditions such as Received: November 6, 2024
temperature, monomer concentration, water content, pH Revised:  January 6, 2025
value, and organic substituent nature, leading to ladder-like Accepted: January 20, 2025

structures, open and closed cages, or random networks.”’ Published: February 3, 2025

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

© 2025 The Authorﬁ. Published by httoss/d 101021/ L4c02737
H H American Chemical Societ: ps://doi.org/10. ‘acs.macromol.4c|
W ACS Publications Y 1208 Macromolecules 2025, 58, 1298—1313
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Figure 1. Scheme of the melting gel synthesis and structure of used trimethoxysilanes (TMS) with different aromatic substituents.

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 T, the viscosity, the consolidation
temperature, and the refractive index can be adjusted."‘_16
These properties, as well as high thermal stability,'” hydro-
phobic surface,'™'” low gas permeability,”® and transparency in
a wide wavelength range,ls’“1 make the materials interesting as
hermetic barrier,”’ anticorrosive coatings,”> for imprinted
lithography,”” in the field of water harvesting® and for
optoelectronic applications.zim

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.”” Stable OH and
alkoxy groups (OR) interacting via H-bridges, as well as intra-
and intermolecular 7—s-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.” Only together with a comonomer like
phenyl or methyltrialkoxysilane, n-alkyl substituents result in
glass-like thermoplastics.””*” "' Recently, a poly(cyclohexyl)-
silsesquioxane was described to form a stiff, transparent,
softenable material.”’ 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
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benzyl groups in silsesquioxanes.'** 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.”® 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 silanols**** 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.””**** An influence of the type of the polycyclic
group was also observed, both in the condensation tendency
and in the fluorescence behavior.”® 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.”” 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,”” 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

https://doi.org/10.1021/acs.macromol.4c02737
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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).

B 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.””

Naphthyl Melting Gel (NpMG). 1-Naphthyltrimethoxysilane (2-
naphthyltrimethoxysilane) (2 g, 8 mmol, 1 equiv) was stirred with
aqueous HC], pH 2.5 (0.217 mL, 1.5 equiv related to H,O) 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 HC, pH 2.5 (0.168 mL, 3 equiv related
to H,0) 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.

Bl 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(OCH,),
as monomer was reported to occur after approximately 6
min,”” while 1-naphthyl- and 2-naphthyltrimethoxysilane
investigated in this study required significantly more time to
exhibit a visible reaction. The 1-NpSi(OCH,); 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(OCH,); 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), was identified as an intermediate in the reaction
(Figures $4—56). Contrary 1-NpSi(OCH,); 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
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1-NpMG 2-NpMG 9-PhenMG

Figure 2. Images of non-consolidated and consolidated 1-NpMG, 2-
NpMG, and 9-PhenMG under daylight and UV light (254 nm).

large number of delocalized s-electrons and the high
polarizability of the naphthyl groups.*****

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 91)henanthrenyltriethoxysi]an&:.'w Under the
standard conditions (1.5 equiv of H,0, 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.™
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.

https://doi.org/10.1021/acs.macromol.4c02737
Macromolecules 2025, 58, 1298—1313
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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 T} of about 60
°C. This temperature remained constant across several heating
cycles up to 110 °C, highlighting its reversible softening
behavior within this range.Z’J After consolidation, the T, was no
longer detectable, suggesting the formation of a three-
dimensional network and the loss of reflow behavior.®

The T, 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.”' " As a result, T, 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 T, of around 50 and 40
°C, respectively (Figure 3), while the 9-PhenMG shows a
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Figure 3. DSC measurement of non-consolidated and consolidated 1-
Np-, 2-Np-, and 9-PhenMG, including determination of the T,.
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.

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.***

However, cross-linking density also plays a crucial role,
Despite having the smallest aromatic group, PhAMG exhibits a
T, 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 T, increases by
approximately 30 °C for 1-NpMG and 70 °C for 9-PhenMG,
reflecting enhanced cross-linking. However, a complete
disappearance of T, 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
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thermal treatment. 9-PhenMG shows no flow behavior despite
the presence of a T, which is due to the larger conjugated
system with increased 7—x interactions and greater steric
hindrance, whereby the movement of the polymer chains can
also be hindered above the T,

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. 'H
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 $10).
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 '"H NMR and "*C 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 "H 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,”** whereby the stability of
silanols decreased with increasing size of the aromatic
compound.’® 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 **Si NMR spectra were collected (Figure 4c,d). Since
only organotrimethoxysilanes were involved, species with one
direct silicon—carbon bond (T") are expected. Depending on
the cross-linking, the chemical shift decreases with each added
O-Si segment, marked with a superscript (T, T', T, ).%
None of the samples showed a T° peak, indicating the
complete conversion of the monomers. Instead, T, T2, and T?
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
(Q") is expected in addition to T species. However, no signal
was observed in the typical Q'—Q* range between 85 and 110
ppm,* 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.”” For example, 1-NpMG shows

https://doi.org/10.1021/acs.macromol.4c02737
Macromolecules 2025, 58, 1298—1313
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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.”’
formula: DC (%) =
using the formula: OH (%) = 100 (%) — DC (%) —

The DC was calculated using deconvoluted 2°Si CP-MAS NMR according to the
(T2 (%)-3 + T* (%)-2 + T' (%)) /3. OH group percentages were derived from OMe group amounts, determined from "H NMR
OMe (%), (b) '*C CP-MAS NMR of consolidated and non-consolidated melting gels, with a

zoom of the region of residual OMe groups, (c) *Si CP-MAS NMR of consolidated and non-consolidated melting gels, fitted with a Gaussian
function, showing T!, T* and T? percentages based on integral calculations, (d) liquid 28i NMR in CDCI, of consolidated and non-consolidated

melting gels, with peak assignment for 9-PhenMG,,.

individual peaks in the area of T' and T? before consolidation,
indicating oligomeric units in an early stage of condensation
(Figure 4d).>® Thermal treatment, which increases cross-
linking and molecular mass, results in peak broadening and an
increase in T” and T°. 9-PhenMG, on the other hand, exhibits
the opposite behavior. After consolidation, individual peaks
appear in the T2 and T° 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.”’

The amount of T" species and the degree of condensation
can be determined semiquantitatively by deconvolution and
integration of the *Si 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.””" 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 [*°Si SP-MAS and **Si
CP-MAS NMR spectra for 2-NpMG,,, showed very similar
spectra (Figure $15)].>*
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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 T° species and a
decrease in T", 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 'H 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 a-position results in a greater
inhibition of attack by water or a Si—OH group compared to
the fB-position, resulting in a lower degree of condensation.

https://doi.org/10.1021/acs.macromol.4c02737
Macromolecules 2025, 58, 1298—1313
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Figure 5. (a) SEC measurements (PS standard in THF) showing M,, M,, and B. (b) MALDI-ToF MS spectra of soluble consolidated and non-

consolidated 1-Np-, 2-Np-, and 9-PhenMGs.

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 (D), 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
(M,,) of 820 g/mol with a small D 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 M,, = 1800 g/mol, along
with a widening of the molar mass distribution, which is typical
for intermolecular condensation reactions.”’ 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 M, = 1790 g/mol and a polydispersity of 1.47. As the
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molecular mass is an important parameter influencing flow
behavior at temperatures above the T, the low M, even after
thermal treatment, is visible in the lack of curing of the 1-
NpMG.'® Compared to the PAMG ;. con,. With M,, = 3470 g/
mol and P = 2.41,” 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.>

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).%
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.

https://doi.org/10.1021/acs.macromol.4c02737
Macromolecules 2025, 58, 1298—1313
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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-PhenMG

cons.)

(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-NpMG,,,,, (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 §i—O bonding.

The comparison between the non-consolidated and
consolidated samples is particularly insightful, as it provides
information about inter-
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:
PhengSigO, + Ag*) as the main peak as well as T® with an
open edge and OMe or OH groups (1960 g/mol:
Pheng$igO,,(OH), + Ag", 1974 g/mol PhengSi;O,;(OH)-
(OCH,) Ag*) as the second and third peaks. After
consolidation, T*—T?" 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 **Si NMR spectrum can thus be correlated

or intramolecular condensation
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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.””

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-NpMG_,,,,
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-
NpsSigOs(OCH;), + Ag® and 1276 g/mol: 1-

https://doi.org/10.1021/acs.macromol.4c02737
Macromolecules 2025, 58, 1298—1313
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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.

NpsSigO-(OCHj;), + 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-NpMG, y,_cons. i$ comparable to that
of 1-NpMG,,,; 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 M,
compared to 1-NpMG,,, ons- 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.
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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 examinin
specific vibrational bands of methoxy- and hydroxy groups.”
All polysilsesquioxanes display a reduction in the signals from
the OMe at 2834 and 2933 cm™' (vCH,), 1193 cm™
(pCH;0), and 1069 cm™ (»CO) due to the hydrolysis
reaction (Figure 7).57%° 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™" and
between 3000 and 3700 cm™'. A distinction can be made
between OH groups interacting via hydrogen bonding (3000—
3500 ecm™') and isolated OH groups (>3600 cm™').® 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™".

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™'. This segment of the
spectrum is particularly interesting, as it provides insights into
the forming silsesquioxane network.””** Both NpMGs exhibit
a defined Si—O-Si vibration band focused on lower
wavenumbers between 1000 and 1100 cm™! with two maxima
around 1040—1060 cm™', featuring the Si—O—Si network with
low symmetric linear or cross-linked units, and 1015/1018
cm™! representing strained cycles."* ™%

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-NpMG,,, show a
decrease in the Si—O—Si network band at 1058 cm™, while
the band corresponding to the strained cycles shifts from 1018
to 1005 cm™! 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):,.(’("67 During the melting gel
synthesis, the partial formation of 2-NpSi(OH); was detected.

https://doi.org/10.1021/acs.macromol.4c02737
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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—0); or cyclcetrisiloxanes)‘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™', representing
open cages of varying sizes, as detected in the MALDI-ToF
MS.%° 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—S§i 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 ™. 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 (d,) varies in the literature,
attributed to the width of ladder-like structures’”™ "> or
interpreted as the intermolecular chain-to-chain distance in
ladders or between layers or cages.”"””>"" 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 d, value and
lower packing density.” Defects, such as non-condensed
methoxy or hydroxy groups, as well as changes in the
conformation of the organic group, lead to a lower d, distance
and a decrease in the relative intensity of the first reflection
compared to the second (R value).”” All three aryl melting
gels display a signal corresponding to d, (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 d; 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 d, 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 d, 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.** The higher the proportion of OH groups, the more
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Figure 8. PXRD patterns of consolidated and non-consolidated 1-
Np-, 2-Np-, and 9-PhenMG with marked positions of the d, and d,
reflections.

Table 1. d,, d,, and R Values of Consolidated and Non-
consolidated 1-Np-, 2-Np-, and 9-PhenMG Measured by
PXRD“*’

maximum d;,  maximum d R
sample [nm] [nm] (I(d,)/1(d,))
I-NpMG non-cons. 105 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. 147 1.78
PhMG non-cons. 0.83 0.45 0.98
cons. 0.98 1.15

“Values for PhAMG were taken from the literature.””

structuring units are present, resulting in a more uniform
structure.

The amorphous part of the material is represented by a d,.
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.>”*”® 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 d,. 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 d, 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 d, parameter, which

https://doi.org/10.1021/acs.macromol.4c02737
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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.”” In addition, the cross-linking properties minimize
bond cleavage and ring formation, which occurs more
frequently in linear polysiloxanes during thermal decomposi-
tion.”” 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.”” The phenyl melting gel showed a mass loss of 5% (T
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.”” 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,
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was observed at 590 and 670 °C through the monitoring of
benzene, CO,, 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 §16). 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

https://doi.org/10.1021/acs.macromol.4c02737
Macromolecules 2025, 58, 1298—1313
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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
Tys 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 §17). 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. !
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 '"H 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 TR detector and is therefore not visible in the TR spectra of
the gaseous degradation products ("H 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
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absorption of the aromatic C—H vibration. It indicates the
cleavage of the Si-naphthyl bond and the detection of
naphthalene.”” 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 CO, during the final degradation step, visible in all three
silsesquioxanes between 600 and 950 °C."

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.”***** 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.”*"’

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

https://dol.org/10.1021/acs.macromol.4c02737
Macromolecules 2025, 58, 1298—1313
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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

84—86
one,* %0

Excimer formation can also occur within oligomers
and polymers, such as polystyrenes, 7 polyvinylnaphthalenes,™
and even polyphenylsiloxanes™ or polyphenylsilsesquiox-
anes,”” provided the aromatic groups adopt a stable sandwich
conformation.”’ 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
e){pected.90 As PhMG is known to form inter- and intra-
molecular excited dimers,”” 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
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maximum between 392 and 408 nm.”” Concentration-
dependent fluorescence spectra of the monomers 1-Np- and
2-NpSi(OMe), in DCM confirm this observation (Figures $19
and S20, absorption spectra in DCM of monomers and
polymers see Figure S21). 1-NpSi(OMe); shows monomer
fluorescence at 329 nm with shoulders at 323 and 335 nm,
while 2-NpSi(OMe), 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),), as well as a structureless
band at 390 nm (2-NpSi(OMe);), 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 phenamthrenes,%_95 This
behavior is mirrored in the monomer 9-PhenSi(OMe),, which
displays a defined monomer fluorescence with a peak
maximum at 367 nm, accompanied by a spectral shift caused

https://doi.org/10.1021/acs.macromol.4c02737
Macromolecules 2025, 58, 1298—1313
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by self-quenching at increased concentrations (Figure $22).”

Unlike the naphthyl monomers, 9-PhenSi(OMe); 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
a and f 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 I, /I = 1.9
for the non-consolidated to Iy /Iy = 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.”” 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 $23),
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 Ig,/Iy, (Figures 10d and S24). The temperature
dependence of the excimers is a known phenomenon in the
literature and can be attributed to thermal dissociation.”®*”
These findings highlight the thermally initiated changes in
aromatic interactions that contribute to the observed thermo-
plastic behavior.

B 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
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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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Results and Discussion

The thermoplastic processability of melting gels, combined with their compatibility with
aromatic compounds, provides a promising platform for the encapsulation of functional,
hydrophobic molecules. n—r interactions with the phenyl-functionalized siloxane matrix enable
the straightforward incorporation of hydrophobic dyes such as Lumogen® F Red 305 by direct

addition during synthesis.

The publication “Melt, mix, and glow: emulsion-based fabrication of polyphenylsilsesquioxane
microspheres with embedded hydrophobic fluorophores”, presents a melt-emulsion approach
that utilizes the softening behavior of a phenyltrimethoxysilane-derived precursor gel to
generate fluorescent microspheres. The hydrophobic perylene-based dye Lumogen® F Red 305
(LG305) was successfully incorporated during the gelation step, yielding a red, fluorescent
hybrid material. Emulsification in a hot, aqueous surfactant solution followed by base-catalyzed
polycondensation resulted in spherical particles with a narrow size distribution. A broad range
of characterization techniques, including NMR, FTIR, TGA, fluorescence spectroscopy,
quantum yield and fluorescence lifetime measurements, and PXRD, was employed to
investigate the photophysical behavior and structural transformations during microsphere
formation.

The as-prepared particles were partially crosslinked and dispersible in polar solvents due to
residual surfactant present on the surface. Subsequent thermal treatment at 200 °C achieved
nearly complete crosslinking and surfactant removal, yielding solvent-resistant, hydrophobic
microspheres. Despite the high crosslinking density, selective dye leaching was observed in
certain organic solvents, while the dye remained stably encapsulated in polar and strongly
apolar media. Spectroscopic analysis revealed a significantly increased proportion of ladder-
like structural motifs compared to the original phenyl-based precursor gel.

Effective encapsulation of LG305 was achieved over a wide concentration range (220-26,000
ppm), yielding quantum efficiencies of up to 74% and a significant increase in fluorescence
lifetime compared to the pure dye. Furthermore, additional hydrophobic dyes such as Oracet®
FL Pink 285 and Oracet® FL Orange 240 were successfully embedded using the same strategy.
This melt-emulsion approach provides a versatile route for the preparation of functional
silsesquioxane-based microspheres, enabling controlled encapsulation of hydrophobic dyes
across a broad concentration range. The chemical stability of the silsesquioxane matrix
combined with adjustable emission characteristics make these materials suitable for

applications in optoelectronics or luminescent solar concentrators.
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A novel melt-emulsion strategy is presented for synthesizing polyphenylsilsesquioxane (PPSQ)
microspheres embedded with hydrophobic perylene-based fluorescent dyes. The approach utilizes a
low-crosslinked, thermally softenable PPSQ precursor — referred to as a “melting gel” — which incorpo-
rates polycyclic aromatic dyes such as Lumogen® F Red 305 (LG305) taking advantage of both hydro-
phobic compatibility and n—n interactions within the phenyl-rich matrix. Upon heating above 70 °C, the
precursor forms an emulsion in boiling water containing Triton™ X-405, followed by sodium hydroxide-
induced condensation to yield solid microspheres (~3 um diameter). A subsequent thermal treatment at
200 °C enhances crosslinking, forming a condensed PhSiO; s network and removing surfactant residues,
thereby shifting surface polarity from hydrophilic to hydrophobic. Comprehensive characterization using
NMR, FTIR, XRD, TGA, fluorescence spectroscopy, fluorescence lifetime and quantum yield analysis
confirms the formation of a ladder-type silsesquioxane structure and retention of dye fluorescence.
This two-step process enables efficient encapsulation of various hydrophobic dyes across a wide
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Introduction

Silica- and silsesquioxane particles modified with fluorescent
dyes have gained significant attention due to their versatile
applications in fields such as bioimaging," sensors,>* light-
harvesting systems® or light emitting diodes (LED).>® Their
silicon-oxide based matrix offers several advantages, including ease
of surface functionalization, good biocompatibility, chemical inert-
ness, and photochemical stability.” These properties make it an
ideal host for dye molecules, providing a protective environment
that minimizes both photobleaching and self-aggregation.**°
Moreover, the matrix’s transparency in the visible spectrum ensures
that the photophysical properties of embedded chromophores
remain unaffected.""?

Traditional synthesis methods for silica particles, such as
the Stéber process'® and reverse microemulsion techniques,™ rely
on sol-gel chemistry involving the acid- or base-catalyzed hydro-
lysis and condensation of alkoxide precursors. By employing

“Inorganic Solid-State Chemistry, Saarland University, Campus, Building C4.1,
66123 Saarbriicken, Germany. E-mail: guido.kickelbick@uni-saarland.de

® Saarene, Saarland Center for Energy Materials and Sustainability, 66123
Saarbriicken, Germany

1 These authors contributed equally to this work.

© 2025 The Author(s). Published by the Royal Society of Chemistry

materials for applications such as LED encapsulants and luminescent solar concentrators.

organofunctional alkoxysilanes as precursors, organically modi-
fied silica (ORMOSIL) nanoparticles can be produced, with tun-
able properties based on the nature of the organics substituents
attached to the monomers.’>'® Dyes may be incorporated into
these matrices either covalently or non-covalently. Covalent
attachment prevents dye leaching but requires suitable functional
groups on the dye that can react with the alkoxysilane
precursor.”’?°  While ionic dyes are
integrate,>"** nonionic, hydrophobic dyes pose a significant
challenge due to their poor solubility in common solvents used
in the sol-gel process like water or ethanol.

Recent efforts have explored modified Stober processes to
incorporate hydrophobic aromatic dyes into phenyl-
functionalized silica particles.***>* In these cases, hydropho-
bic and n-r stacking interactions between the phenyl groups of
the trialkoxysilane precursor and aromatic dye facilitate the
physical entrapment of the fluorophores within the matrix.
However, dye loading remains difficult to control and is largely
dependent on the phenyl group content in the matrix.*

An entirely different approach for particle synthesis involves
melt emulsification, a technique well-established in fields
such as food technology,”® pharmaceuticals,”® and additive
manufacturing.”” This method utilizes thermoplastic materials
that are melted and emulsified in a continuous phase with

relatively easy to
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surfactants under shear, forming droplets that solidify upon cool-
ing into spherical particles. Despite its versatility, this approach
has not been applied to silica-based systems, primarily due to the
absence of thermoplastic materials with a Si-O-Si backbone.

A promising class of materials that meets the requirements
for melt-emulsion processing is the so-called melting gel - a
silica-based gel that is rigid and glass-like at room temperature
but softens upon heating to approximately 100 °C. Further
heating above 130 °C induces irreversible thermal curing.*®?°
These materials are known for their high thermal stability,*® low
gas permeability,®’ and broad-range optical transparency.***
Most melting gels are functionalized with phenyl groups, which
not only contribute to their thermal and optical properties but
also enable non-covalent incorporation of aromatic, hydropho-
bic dyes such as perylene diimides. These dyes are particularly
attractive for applications in luminescent solar concentrators
(LSCs) and LED technologies.***

In this study, we report the synthesis of a polyphenylsilses-
quioxane (PPSQ) melting gel into which various perylene-based
dyes (Lumogen® F Red 305 (LG305), Oracet® FL Pink 285,
Oracet™ FL Orange 240) were incorporated during synthesis.
This precursor gel was used to form fluorescent microspheres
via a modified two-step melt emulsion method. In this process,
the dye containing softenable gel formed an emulsion in
boiling aqueous surfactant solution, which was subsequently
solidified by the addition of NaOH as a basic condensation
catalyst.

The successful encapsulation of the dyes was confirmed by
fluorescence spectroscopy and fluorescence lifetime analysis
and the effect of Lumogen® F Red 305 concentration on
quantum yield was investigated. The structure of the precursor
gel, as well as structural changes occurring during particle
formation, were analyzed using various spectroscopic and
thermal methods, as well as powder X-ray diffraction (PXRD).

Encapsulation within the PPSQ matrix not only protects the
embedded fluorophores from environmental degradation but
also facilitates their integration into secondary matrices, such
as elastomeric materials, for use in bulk optical applications.

Experimental
Materials

Phenyltrimethoxysilane (97%, abcr GmbH, Germany), polyoxy-
ethylene(40)isooctylphenylether solution (Triton™ X-405, 70%
in water, Sigma-Aldrich/Merck KGaA, Germany), hydrochloric
acid (Bernd Kraft GmbH, Germany) and sodium hydroxide
(85%, Griissing GmbH Analytica, Germany) were used as
received. The commercially available, curable OE6630 polysi-
loxane resin (Dow, Dow Corning Inc., USA) and the perylene
dyes Lumogen® F Red 305 (LG305, BASF, Germany), Oracet®™
FL Orange 240 (SunChemical, Germany) and Oracet®™ FL Pink
285 (SunChemical, Germany) were also used as received without
any further purification. The hydrochloric acid was diluted with
demineralized water (pH = 2.5). Sodium hydroxide was dissolved
in demineralized water (3 mol 17'). NMR characterization of

Mater. Adv.
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key reactants, melting gels, and microspheres is provided in
(Fig. S1-S8).

Instrumentation

Solution nuclear magnetic resonance (NMR) spectra were
recorded on an Avance III 300 MHz spectrometer and an Avance
III HD 400 MHz spectrometer (Bruker, Billerica, USA) with
300.13/400.13 MHz for "H NMR spectra, 75.47/100.61 MHz for
3C NMR spectra and 59.63/79.49 MHz for *°Si NMR spectra.
NMR samples were prepared in CDCl; and D,O. Spectra were
analyzed using MestReNova.?” Single-pulse (SP) magic angle
spinning (MAS) NMR spectra were recorded on an Avance III
HD - Ascend 400WB spectrometer (Bruker, Billerica, USA) using
4 mm inner diameter ZrO, rotors with 13 kHz rotation
frequency. The resonance frequencies were 79.53 MHz for >°Si
NMR spectra and 100.65 MHz for >C NMR spectra. The
measurements were performed with a relaxation of 20 s. Ada-
mantane was used for '*C NMR and octakis(trimethyl-
siloxy)silsesquioxane for *’Si NMR as external standard. Peaks
of >°Si CP-MAS spectra were deconvoluted and integrated with a
Lorentzian-Gaussian fit using MestReNova.*” For the visualiza-
tion of sub millimeter structures an Axioskop 50 transmitted
light/fluorescence microscope (Carl Zeiss Microscopy GmbH,
Germany) with an AxioCam MRc (1388 x 1040 pixel) was used.
The particles were counted with the help of the Image] software
(version 1.53 k).*® Attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectra were recorded on a Vertex 70
spectrometer (Bruker Optics, Billerica, USA) in total reflectance
mode from 450-4500 cm™" with a resolution of 4 cm™" and 16
scans. Thermogravimetric analysis-Fourier transform infrared
spectroscopy (TG-FTIR) was performed using a Vertex 70 spec-
trometer (Bruker Optics, Ettlingen, Germany) coupled to a TG
F1 Iris (NETZSCH-Geritebau GmbH, Selb, Germany). Each
FTIR spectrum was performed in the wavenumber range 550-
4500 cm ™" and by averaging 16 scans with a spectral resolution
of 4 cm™'. The measurements were carried out at 20 K min ™"
heating rate in the temperature range between 30 and 1000 °C
under synthetic air flow (40 mL min™', N,/O, 75%/25%).
Fluorescence spectroscopy of particles was performed applying
a FluoroMax 4 Spectrofluorometer (Horiba Scientific, Kyoto,
Japan) as solid in quartz glass tubes. Absolute photoluminescence
quantum yields were measured in a Quantaurus C11347-11
integration sphere setup (Hamamatsu Photonics, Hamamatsu,
Japan) with a xenon high-pressure lamp and a multichannel
analyzer. Fluorescence lifetime measurements were performed
on the samples in the solid state using time-correlated single-
photon counting (TCSPC) under magic angle conditions. A pulsed
laser (Aexe = 490 nm, FemtoFiber pro TVIS, Toptica Photonics,
Grifelfing, Germany, 80 MHz) served as excitation source, passed
through a 470/40 bandpass clean-up filter. For detection, a
photocounting detector (PDM series, Micro Photon Devices, Bol-
zano, Italy), a photocounting device (Pico Harp 300, PicoQuant,
Berlin, Germany), and a 685/70 bandpass filter were used. An
instrumental response function (IRF) was recorded with a diluted
colloidal silica solution (LUDOX TM-50, Sigma-Aldrich, St. Louis,
MO, USA). Data analysis was carried out with commercial software

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SymPhoTime.”® Powder X-ray diffraction (PXRD) patterns of the
pulverized samples were recorded at room temperature on a D8-
A25-Advance diffractometer (Bruker-AXS, Karlsruhe, Germany) in
Bragg-Brentano 0-0-geometry (goniometer radius 280 mm) with
non-monochromatic Cu K, radiation (4 = 154.0596 pm). A 12 pm
Ni foil working as K filter and a variable divergence slit were
mounted at the primary beam side. A Lynxeye detector with 192
channels and a variable anti-scatter slit in front of it was used at
the secondary beam side. Experiments were carried out in a 20
range of 3 to 40° with a step size of 0.013° and a total scan time of
1 h. The recorded data was evaluated using the TOPAS 5.0
software.*® UV-VIS measurements were performed on a Lambda
750 instrument (PerkinElmer Inc., Shelton, USA) equipped with a
100 mm integration sphere with a 2 nm increment and 0.2 s
integration time. Transmission spectra of the composites, cured in
aluminum frames, were recorded from 300 to 800 nm. Scanning
electron microscope (SEM) images were obtained using a JEOL
JSM-7000 F microscope (JEOL, Freising, Germany) operating at
20 kV with a working distance of 10 mm. The SEM samples were
prepared by placing a small amount of the particles on a specimen
stub covered with a carbon adhesive foil followed by deposition of
a gold layer (JEOL JFC-1300 auto fine coater, 30 mA, 40 s) to avoid
charging effects. The complex viscosity was determined applying a
MCR-302 rheometer with a CTD-450 convection heating system
(Anton Paar GmbH, Graz, Austria) in the oscillatory mode using
parallel-plate geometry with an upper diameter of 25 mm, an
amplitude of 1% and a frequency of 1 Hz. During the measure-
ment the temperature was lowered from 100 °C to 55 °C with the

rate of 2 K min—".

Preparation

Synthesis of precursor melting gel (MG). Following a
reported procedure,*' phenyltrimethoxysilane (7 g, 35.30 mmol)
and aqueous hydrochloric acid (pH = 2.5, 0.95 g, 52.95 mmol,
1.5 eq.) were stirred in a sealed vial (45 °C, 8 h). The solution
was transferred into a beaker (100 mL) and a certain amount of
LG305 (Oracet® FL Orange 240 or Oracet® FL Pink 285) was
added (5.15 mg, n(LG305) = 5.3 umol). The mixture was stirred
until gelation was completed (25 °C, 18 h), visible by a sig-
nificant increase in viscosity. The beaker was transferred into a
vacuum oven to interrupt reactions by removing water, hydro-
chloric acid and methanol in two steps (30 mbar, 70 °C, 24 h;
110 °C, 24 h). The viscous and flowable red material was cooled
to room temperature to obtain the solid PPSQ precursor melt-
ing gel (4.48 g, 1150 ppm dye). The material softens reversible
at temperature >70 °C. At temperatures >130 °C it consoli-
dates irreversibly. The unconsolidated material containing the
dye LG305 was denoted with MG LG305. The consolidated
material (200 °C, 24 h) was denoted with MGeons, LG305.

For concentration-dependent quantum yield measurements,
additional MGs containing 26 000 ppm, 10 600 ppm, 4350 ppm,
2450 ppm and 220 ppm of LG305 were prepared by simply
adjusting the amount of dye added during synthesis. The exact
sample weights and calculated dye concentrations are provided
in (Table S1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Variation of stirring rate, stirring time and dispersion method for
the synthesis of MGP LG305

Sample Stirring rate [rpm] Stirring time

MGP-1 500 1h

MGP-2 500 2h

MGP-3 800 1h

MGP-US 500 10 min
Only ultra-sonic (150 W) 2 min

MGP-UT 500 10 min
10000 (disperser) 2 min

Synthesis of melting gel microspheres (MGP). Polyoxy-
ethylene(40)isooctylphenylether solution (90 mg, Triton™
X-405, 70 wt% in water (~0.356 mmol g~ ")) was added to water
(14 mL, 0.77 mol) and stirred at 500 rpm at 100 °C. The
precursor melting gel (100 mg) was then added to the hot
solution, forming an emulsion upon softening. Stirring was
continued at a 800 rpm for 1 h at 100 °C. A sodium hydroxide
solution (1 mL, 3 mol L™") was subsequently added to the
emulsion, followed by further stirring at 500 rpm for 1 h at
100 °C. The emulsion was then cooled in an ice bath. The
resulting melting gel microspheres were isolated by centrifuga-
tion, washed four times with water, and dried in a compart-
ment drier under reduced pressure (80 °C, 5 mbar). The
product obtained from MG LG305 was denoted as MGP LG305.

To investigate the influence of varying mechanical energy
input on particle morphology, five experiments were conducted
using different stirring procedures (Table 1), employing MG
LG305 (1150 ppm). Different stirring rates and durations were
tested, along with the effect of high-energy processes, by applying
an ultrasonic probe (US) (150 W) and an Ultra-Turrax™ disperser
(UT) (10 000 rpm) after an initial stirring at 500 rpm for 10 min at
100 °C. The specified stirring rates and durations refer to the
experimental steps prior to the addition of sodium hydroxide.
After the base was added, all samples were stirred at 500 rpm for
1 h at 100 °C. Particle size and distribution were determined by
measuring and counting particles from microscopy images.

Post-curing. For further investigations of temperature-
induced changes in structure or heat stability, the MGP
LG305 microspheres were additionally heat treated in a post-
curing process (200 °C, 24 h). The obtained tempered particles
were denoted with MGP-T LG305.

Particle integration in polyphenylmethylsiloxane resin.
MGP-T microspheres (1 wt% of MGP-T (1150 ppm dye)) were added
to the polyphenylmethylsiloxane resin Dow Corning OE6630 (Dow).
The two Dow components, A and B, were premixed according to
the manufacturer’s specifications (1/4). The particles were then
incorporated into this matrix, and gas was removed under reduced
pressure (4 mbar, >30 min). The degassed mixture was cast into
aluminum frames (8 x 2 mm) and cured for 2 h at 150 °C.

Results and discussion
Synthesis and characterization of the dye-doped precursor

The dye-doped precursor melting gel was synthesized via an acid-
catalyzed polycondensation reaction of phenyltrimethoxysilane,
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forming partially crosslinked structures.**> During the gelation
step a perylene-based dye (Lumogen®™ F 305 Red, Oracet™ FL
Orange 240 or Oracet™ FL Pink 285) was added (Fig. 1). At this
stage, oligomeric phenylsilsesquioxane and methanol generated
from hydrolysis and partial condensation are present, providing a
medium in which the dye is soluble. This enables homogeneous
incorporation into the network despite its insolubility in water.
In the following, we will concentrate on the characterization of
the material containing Lumogen®™ F 305 Red (MG LG305,
1150 ppm dye).

The resulting material is a rigid, transparent, red-colored
solid, soluble in organic solvents and thermally softenable
above 70 °C. Rheological measurements (Fig. S10) confirm
its softening behavior. Upon thermal treatment above 130 °C,
irreversible curing occurs, yielding MGcons. LG305, which is
insoluble and no longer softenable. The structural properties of
both the precursor and the cured precursor, excluding the dye,
have been thoroughly examined in a previous study.*'

FTIR spectroscopy of MG LG305 reveals the expected
vibration bands of the PPSQ network, including broad v(Si-
0-Si) vibrations between 1000 and 1150 cm ' and phenyl
group associated signals at 3080-3010 ((C-H);ing), 1595 and
1430 cm™" ((C-C)ring) and 1130 em ™" ((Si-C)ying). Additional
vibration bands at 3380 (/(O-H)associated)s 3620 ((O-H)isolated),
910 (1/(Si-OH)), 29402840 (1(C-H(O-CHj))), 1090 and 806 cm !
(/(Si-O-CH3)) indicate the presence of residual hydroxy and
methoxy groups (Fig. 2).43™%

| PhSi(OMe), + H,0/HCL (pH: 2.5,1.5eq.) |
1
| 45°C, 8h, sealed |

Perylene dye
e.g. LG305
25°C QO
18 h, open o /= o &0
’ N Q Q N
I C%i,mi 39
70°C ¢
24h =X8)
vacuum oven
1
110°C
24 h

vacuum oven
1

Precursor Melting Gel
with fluorescent dye
(MG LG305)

Fig. 1 Synthesis procedure for the Lumogen®™ F 305 Red (LG305) con-
taining polyphenylsilsesquioxane precursor melting gel (MG LG305). The
amount of monomer and dye loading can be adjusted; in this study,
samples with dye concentrations between 220 and 26 000 ppm were
prepared. Alternatively, other hydrophobic dyes can be incorporated using
the same approach.
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'H and "*C NMR spectra confirm the presence of phenyl and
methoxy groups, with phenyl proton signals between 7.84-
6.65 ppm and methoxy proton signals at 3.76-2.86 ppm. The
estimated remaining methoxy group content is around 10%
(Fig. S4). The corresponding carbon chemical shifts appear at
134.35-127.83 ppm (phenyl) and 50.65 ppm (OCHz) (Fig. 3(a)).
Due to the low dye concentration (1150 ppm) in the sample
investigated, signals from the integrated dye are barely visible
in both the IR and NMR spectra.

*°Si NMR spectra indicate a partially crosslinked structure,
predominantly composed of T> (-71.6 ppm) and T°
(—79.5 ppm) units, where T refers to a silicon atom bonded
to one carbon atom and three oxygen atoms, while the super-
script denotes the number of siloxane bonds (Si-O-Si) per unit.
The percentage share of T> and T° is 53% and 40%, as
determined by deconvolution of *°Si SP-MAS NMR spectra
(Fig. 3(b) and Fig. S5). The low degree of condensation (DC)
of 78%, along with residual alkoxy and hydroxy groups causes
flexibility of the polymer chains at elevated temperatures and
explains reversible softening and solubility.**

Thermal treatment of the precursor at 200 °C induces further
condensation of residual OH and OCHj; groups, resulting in
irreversible consolidation. This is evidenced by a TGA mass loss
of 4% starting at about 200 °C. The evolved gas analysis by FTIR at
these temperatures shows characteristic vibrations of the con-
densation by-products, methanol and water (Fig. S11). Following
this consolidation step, degradation of the organic groups and the
polymer network begins only at 500 °C, demonstrating the
material’s high thermal stability. The FTIR spectrum of the cured
material shows a reduction in OH-associated bands at 3380 cm™"
(Fig. 2), while *°Si SP-MAS NMR indicates an increase in T> units
and a decrease in T and T" species (Fig. 3(b)) consistent with
further crosslinking. However, the presence of residual OCHj;
groups detected in *C SP-MAS NMR, along with a degree of
condensation of 83%, and the persistence of isolated OH group,
observed in FTIR spectra at 3620 cm !, suggest incomplete
crosslinking. This partial crosslinking of phenyltrialkoxysilanes
was already reported for silsesquioxane-based particles and can be
explained by the bulky phenyl substituents that sterically hinder
the formation of dense T° networks.’>*®*” Nevertheless, the
crosslinking is sufficient to eliminate chain mobility, rendering
the material insoluble and thermally stable.

PXRD and FTIR spectroscopy provide more detailed insights
into the structure of silsesquioxanes, which typically include
cage, open-cage, and ladder structures, as well as random
silsesquioxanes or mixtures thereof.*® PXRD analysis reveals
two broad amorphous peaks, indicative of ladder-like structural
motifs (Fig. 4). The first reflection (d;) corresponds to inter-
chain distances modulated by phenyl groups, while the second
(dy) relates to Si-O-Si spacing.**~>"

Thermal curing leads to a shift of 20, to lower values (larger
chain-to-chain distance), an increase in the 20, /20, intensity
ratio, as well as a sharpening of 20, reflection (reduction in full
width at half maximum) (Table S2). These changes indicate
enhanced structural order and an increase in ladder-like con-
tent in the MGeops. LG305.5%%3
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Fig. 2 FTIR spectra of MG LG305, MG¢ons. LG305, MGP LG305 and MGP-T LG305, showing the full spectrum and a magnified view of the OH-group
region and the Si-O-Si vibration region with assignment of the most important vibrations.

FTIR spectra support this interpretation, showing a moder-
ate splitting of the Si-O-Si stretching vibrations at (Si-O-
Si)ring-asym = 1106 cm ™' and #(Si-O-Si)singsym = 1023 cm ™',
characteristic of ladder-like architectures.’**> However, the
intensity of 1/(Si-O-Si);ing-asym coming from highly symmetrical
(Si-0), ring subunits is significantly lower than that observed for
phenyl ladders reported in the literature.**>®*” Furthermore the
Si-O-Si region is quite unstructured, indicating a high number

of defects caused by residual hydroxy and methoxy groups,
random structural units with various silsesquioxane motifs, such
as small rings or open and closed cages.*!

Overall, the integration of LG305 does not significantly
affect the hydrolysis or condensation behavior of phenyltri-
methoxysilane and the final structure of the precursor gel, due
to the low dye concentration. At the loading of 1150 ppm used
in the material investigated here, the dye is barely detectable by

a) | MG LG305

-OCH,

ArO-Si-Ow
i /L clJcH3
i MG LG305

~~" Tring

cons.

N

Yol MGP LG305
-OCH,-

\ -CCH,
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1

b) iMc LG305 T2
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|MGP LG305 DC= 85%
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{MGP-T LG305
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Chemical shift (ppm)
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Fig.3 (a) 13C SP-MAS NMR spectra of MG LG305, MGcopns. LG305, MGP LG305 and MGP-T LG305, illustrating the removal of the surfactant and further
condensation of the microsphere structure, (b) 295 SP-MAS NMR spectra of MG LG305, MGcons. LG305, MGP LG305 and MGP-T LG305, showing the
changes in T units and the degree of condensation (DC), calculated from deconvoluted 2°Si SP-MAS NMR spectra according to the formula: DC (%) = (T®

(%)-3 + T2 (%)-2 + TH (%)/3.
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Fig. 4 Powder XRD patterns of MG LG305, MGeons LG305, MGP LG305

and MGP-T LG305 with marked positions of 20(,1 and 20:12 and corres-
ponding d; and ds values.

NMR and IR spectroscopy. Only at an increased concentration
of over 2000 ppm do peaks appear in the NMR spectra that can
be attributed to LG305 (Fig. S9).

Formation of microspheres via melt emulsion

For the subsequent formation of microspheres, MG LG305 was
added to a boiling aqueous solution of the nonionic surfactant
Triton™ X-405 (Fig. 5). Upon heating, the material softened, and
continuous stirring led to the formation of a hot emulsion in
which the surfactant stabilized the molten droplets, preserving
their spherical morphology and controlling particle size. In the
absence of surfactant, particle formation is not driven by
controlled dispersion but rather by mechanical fragmentation,
resulting in angular, irregularly shaped particles (Fig. S12).
The hydrophobic perylene-based dye LG305 remained con-
fined within the organic phase, preventing leaching into the
aqueous medium. Subsequent addition of NaOH initiated base-
catalyzed hydrolysis and condensation of residual hydroxy and
methoxy groups at the droplet surface, chemically consolidat-
ing the microspheres and preserving their shape. The resulting
particles (MGP LG305) were isolated by centrifugation.

&

Softénable
precursor gel

Triton X-405

NaOH (3M)
)

Microspheres

e o °o

L]
100°c USRI I
Stirring e® oo 40
®e®e,,

Consolidation

100°C
Stirring

Precursor
liquifies

Fig. 5 Schematic workflow for the preparation of PPSQ microspheres.
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Due to light scattering effects, the color of the material
changed from red to pinkish (Fig. 6(a)).

Microscopic analysis reveals spherical particles within the
micrometer range (Fig. 6(b)). SEM measurements confirm
the spherical morphology of the particles, but also show the
presence of cavities within the spheres that are larger than
~5 pum in diameter (Fig. 6(c)). These holes can be explained by
the formation of water and methanol as by-products of the base-
catalyzed polycondensation reaction. As these volatile com-
pounds evaporate, gas bubbles become trapped within the
partially solidified microspheres. Since the material can no
longer soften at this stage, the cavities remain open and persist
within the particle structure. Consistently, similar voids are also
observed in control samples prepared without surfactant (Fig.
S12b), indicating that outgassing of condensation by-products is
the main origin of this morphology, while the surfactant appears
to have little or no direct influence on cavity formation.

Notably, such hollow features are absent in smaller micro-
spheres <5 um (Fig. 6(d)).

The obtained microspheres are completely insoluble in water
or ethanol but exhibit swelling and partial solubility in acetone
or chloroform, leading to the degradation of the particulate
structure and leaching of the dye (Fig. S13 and S14). In hydrophilic

e ,
Fig. 6 (a) Image of MGP LG305 under natural light and showing red
fluorescence under LED light (2 = 450 nm), (b) microscopy image of MGP
LG305, dispersed in EtOH, (c) SEM image of MGP LG305 at 2500x
magnification, (d) SEM image of MGP LG305 at 10 000x magnification,
showing a region with sub-5 pm particle sizes, (e) image of isolated
microspheres, dispersed in water, left MGP-T LG305 and right MGP
LG305, (f) microscopy image of MGP-T LG305 after dispersion in acetone
for 30 minutes.
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solvents, the particles remain dispersible due to the residual
surfactant coating from the synthesis, which imparts a hydrophilic
surface to the spheres (Fig. 6(e)).

For a more comprehensive characterization of the materials
structure, 2°Si and *C SP-MAS NMR, PXRD, FTIR spectroscopy,
and thermal analysis were performed in comparison with
both the precursor MG LG305 and the consolidated precursor
material MGqps. LG305.

FTIR spectroscopy confirmed the presence of Triton™ X-405
in MGP LG305 via the C-H vibration at 2873 cm ™" in the FTIR
spectrum (Fig. 2). The *C MAS-NMR spectrum (Fig. 3(a))
showed characteristic signals of both the surfactant and the
PPSQ matrix. The aromatic carbons appear at 133, 130,
127 ppm (C-H (phenoxy/phenyl)) and additional signals at
70 (O-CH,) and 31 ppm (C-CHj3;) can be attributed to Triton™
X-405. A peak at 50 ppm indicated residual methoxy groups of
the T? units, suggesting that the base-induced condensation
also results in a partially crosslinked structure, similar to that
of the MGeons. LG305. This result is further supported by >°si
SP-MAS NMR data. In the NMR spectrum of MGP LG305, T> and
T units are observed at —71 and —79 ppm (Fig. 3(b)). The
calculated percentage of T units is 55%, and the DC is 85%.

Although the crosslinking of the MGP LG305 is not signifi-
cantly different from that of the MGe,,s., LG305, changes in
microstructure are evident in the Si-O-Si vibrational range of
the FTIR spectra. The relative intensity of (Si-O-Si)iing-asym
absorption band at 1106 cm™* increases markedly compared to
Y(Si-O-Si)ingsym uUpon base treatment (Fig. 2). This shift
indicates the formation of highly symmetrical (SiO), subunits,
suggesting a pronounced increase in ladder-type segments.>®
PXRD measurements confirm this observation, showing a
further increase in the d; value (Fig. 4) and a narrowing of
the 20, reflection, both of which support the higher degree of
ordering within the PPSQ network.’>>* These findings imply
that NaOH-induced consolidation in an excess of water pro-
motes rearrangement within the precursor material, yielding a
more ordered architecture than thermal curing alone. It is
expected that the presence of water as the reaction medium
increases the number of hydrolyzed groups, facilitating hydro-
gen bonding and alignment of polymer chains.’® At the
same time, the basic catalyst accelerates the condensation
within the preorganized regions formed by hydrogen bonding,
thereby enhancing the degree of condensation within the
network.>

The solubility and softenability of MGP LG305 are compar-
able to those of the consolidated precursor material. The
increase in crosslinking due to the addition of basic catalyst
results in a rigid structure, preventing softening and ensuring
that the spherical morphology remains stable even at high
temperatures. However, the incomplete crosslinking (DC =
85%) allows the particles to swell in moderately polar solvents
(e.g. acetone, dichloromethane (DCM), toluene, dimethyl sulf-
oxide (DMSO)), resulting in the loss of their spherical structure
and leaching of the dye (Fig. S13 and S14).

In conclusion, the thermoplastic properties of the MG
LG305 facilitate the preparation of micrometer-sized spheres

© 2025 The Author(s). Published by the Royal Society of Chemistry
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via melt emulsion, which are coated with the surfactant Tri-
ton™ X-405. When NaOH is used as a catalyst, the particles
become non-softenable and maintain their spherical shape
even at elevated temperatures. The particle morphology is
size-dependent: larger microspheres exhibit internal cavities,
while smaller ones appear uniform and compact. The treat-
ment conditions of the precursor gel (NaOH and water) pro-
mote the formation of a more ordered PPSQ architecture with a
ladder-like structure.

Thermal crosslinking of microspheres

In a subsequent thermal treatment step, the particles were
heated to 200 °C for 24 hours. During this process, no softening
of the particles was observed, allowing the spherical morphology
to be preserved (Fig. S16). However, increasing the temperature
to 200 °C leads to the removal of the surfactant from the surface,
as confirmed by the TGA of MGP LG305 (Fig. 7(a)). A mass loss of
8% was detected, beginning at 230 °C. This mass loss can be
assigned to the removal of Triton™ X-405 by TG-FTIR spectro-
scopy, including an oxidation in the hydrophilic chain and a
decomposition of the surfactant under air (Fig. 7(a) and (b)).%° In
the TGA of the tempered particles, the surfactant is no longer
detectable (Fig. 7(a) and (c)).

The release of Triton™ X-405 is also evident in the "*C MAS
NMR spectrum, where a significant decrease in the signal at
70 ppm (Fig. 3(a)) is observed. Additionally, FTIR spectroscopy
confirms this removal through the disappearance of C-H
vibrations between 2800 and 2900 cm ™' (Fig. 2). The decom-
position of the surfactant on the surface of the microspheres
results in a more hydrophobic surface, whereby a dispersion of
the particles in hydrophilic solvents was no longer possible
(Fig. 6(e)). Simultaneously, the microsphere structure under-
goes further crosslinking. In the "*C SP-MAS NMR spectrum,
the chemical shift of the methoxy groups nearly disappears,
and the *°Si SP-MAS NMR spectrum shows a predominant T°
signal at —79 ppm, with a degree of condensation of 95%,
indicating the formation of a highly crosslinked PhSiO; 5 net-
work (Fig. 3). The significant increase in crosslinking upon
NaOH treatment at elevated temperatures has also been
reported by other groups.®™®> It reveals that the thermal con-
solidation process of the microspheres differs from that of the
precursor, where a significant amount of T> units remains
afterwards. The increased DC and the reduction of defects in
the form of OH and OCHj; groups are also reflected in the XRD
analysis by a further shift of the d; value to larger interplanar
distances and a narrowing of the 20, diffraction peak (Fig. 4
and Table S2).

The results indicate a direct influence of sodium hydroxide
pretreatment on the subsequent structure formation, as
discussed earlier in the structural characterization of untem-
pered MGP LG305. In the postulated ladder-like arrangement,
the phenyl groups exert less steric hindrance on the nucleo-
philic attack of Si-OR groups, enabling almost complete con-
densation, as is typical for silsesquioxanes with a ladder
architecture.”®*”%
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(a) TGA of MGP LG305 and MGP-T LG305, along with FTIR spectrum of the gases released at the first degradation step at 244 °C for MGP LG305,

(b) 3D TGA-FTIR spectrum of gas-phase thermal degradation products of MGP LG305, (c) 3D TGA-FTIR spectrum of gas-phase thermal degradation

products of MGP-T LG305.

The increased crosslinking significantly enhances the stabi-
lity of the particles against swelling in organic solvents, ensur-
ing that their spherical morphology is retained even after
treatment with acetone (Fig. 6(f)). However, the dye tends to
diffuse out of the particles when exposed to moderately polar
solvents (Fig. S15) similar to the untempered particles. Under
conditions relevant for optoelectronic or bio-related applica-
tions, where the microspheres are typically embedded in
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polymer matrices or dispersed in aqueous media, the dye
remains stably incorporated in the particle structure.

For applications where the particles are exposed to solvents
such as acetone or DCM, strategies to suppress dye diffusion
could be considered. These include covalent attachment of the
dye to the silsesquioxane framework, for example by using
perylene-functionalized trialkoxysilane during the melting-gel
synthesis,®® or post-synthetic surface sealing through the
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Fig. 8 Schematic representation of the influence of thermal treatment on MGP LG305. Perylene dye molecules are dispersed within the PPSQ matrix,
while the surfactant resides on the particle surface. Upon heating to 200 °C, the degree of condensation increases and the surfactant is removed,
changing the surface character from hydrophilic (surfactant-covered) to hydrophobic (phenyl-dominated).
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addition of a dense silica shell or the application of thin
polymeric coatings.*"*®

The results indicate that additional thermal treatment effec-
tively removes the surfactant from the particle surface (Fig. 8)
and increases the degree of condensation, which enhances
hydrophobicity and prevents dispersion in water.

Influence of stirring on particle size distribution

During microsphere synthesis, an emulsion is formed, and
adjusting the stirring velocity with a standard laboratory stir-
ring bar allows for controlled variations in microsphere size
and size distribution. To optimize these parameters, five addi-
tional experiments were conducted, varying the stirring rate,
duration, and method.

The stirring rate with a standard bar was adjusted from 500
(MGP-1) to 800 rpm (MGP-3), and the stirring time was
increased from 1 h (MGP-1) to 2 h (MGP-2) at 500 rpm. To
investigate the impact of high-energy processes on particle
morphology, an ultrasonic finger (150 W, MGP-US) or an
Ultra-Turrax™ disperser (10000 rpm, MGP-UT) was applied
after stirring at 500 rpm for 10 minutes. All experiments were
performed using the hot emulsion of the precursor material
MG LG305 before the addition of sodium hydroxide, which
initiated consolidation and suspension formation, respectively.

The particle size and distribution were determined by mea-
suring and counting particles from microscopy images
(Fig. S17-S21). All measured particles fall within a small micro-
meter range, regardless of the procedure used. Stirring the emul-
sion at 500 rpm for 1 or 2 h (MGP-1/2) does not significantly alter
the particle size distribution (Fig. 9). Increasing the stirring speed
to 800 rpm (MGP-3) results in a narrower size distribution and
smaller particle sizes. Additional ultrasonic treatment (MGP-US)
leads to a broader distribution and larger particle sizes (MGP-US).
The narrowest size distribution and the smallest particles were
obtained using the Ultra-Turrax™ dispenser (MGP-UT).

Overall, when using a standard stirring bar, an increase of
stirring velocity leads to a decrease in both particle size and size
distribution. Increasing the stirring time at the same velocity
does not lead to any significant change. In contrast to reports in
the literature on sol-gel synthesis procedures,®®®” the use of
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Fig. 9 Particle size distribution of the different experiments MGP-1, MGP-

2, MGP-3 MGP-US and MGP-UT, determined by measuring and counting

particles from microscopy images.
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ultrasound does not reduce particle size but instead results in
the broadest size distribution observed in this study. In general,
the final droplet size is equal to the distribution immediately
after droplet disruption by mechanical energy and is influenced
by the dispersed phase viscosity.®® The high viscosity prevents
the destructions of the droplets by ultrasonic energy. Using the
disperser results in smaller particles with a narrow distribution.
This effect is attributed to the high rotational speed of the
rotor, which generates intense shear and thrust forces, effec-
tively breaking up the droplets. Consequently, mechanical
energy is essential for producing smaller particles through
droplet disruption, whereas the energy introduced by ultraso-
nic waves does not facilitate size reduction.

Photophysical properties of the dye microspheres

The perylene dye LG305 was incorporated into the precursor melting
gel during gelation. Its high solubility in phenyl-containing matrices
ensures homogeneous distribution.>® Once embedded in the PPSQ
network, dye aggregation is markedly reduced, as evidenced by the
pronounced increase in the average fluorescence lifetime from 0.8
ns in the neat dye to 12.4 ns in MG LG305 (1150 ppm) (Fig. S22 and
Table S3). This effect is attributed to the reduced chromophore
mobility in the rigid matrix and may be further supported by weak
n-7 interactions between the perylene cores and the phenyl groups
of the silsesquioxane, which can spatially separate chromophores
and thereby suppress aggregation.**®

The isolated and heat-treated microspheres exhibit red
fluorescence, with two emission maxima at 622 nm and
647 nm (Fig. 10(a)). The excitation spectrum displays three bands
at 578 nm, 530 nm and 440 nm. Compared to the fluorescence
spectra of LG305 in toluene, a slight bathochromic shift in emis-
sion is observed (the Stokes shift, which was determined to be
29 nm in toluene, increases to 44 nm in the microspheres).”® The
absolute quantum yield of the microspheres was 64%, while in the
precursor material MG LG305 the quantum yield is higher with
83%. A morphology and size-dependent decrease in quantum yield
in silica and polymeric particles has already been reported.”® The
observed shift in emission and reduction in quantum yield are
attributed to reabsorption processes within the sample, induced by
spectral distortions caused by scattering and reabsorption effects.
These effects arise due to the transition from transparent hybrid to
a microparticle powder, altering the solid-phase morphology.”>”*

Since the dye can be incorporated into the precursor gel in
any quantity, the content of the hydrophobic component in the
particles can be adjusted as needed. To demonstrate this,
melting gels with varying dye concentrations (220 to 26 000
ppm, Fig. 10(b)) were prepared and used to synthesize micro-
spheres. Particles with a dye concentration of 4350 ppm exhib-
ited the highest quantum yield of 75%. At lower concentrations,
the number of emitting centers is reduced, while at higher
concentrations m-n stacking between perylene chromophores
causes aggregation and fluorescence quenching, leading to a
significant reduction in quantum yield.”” The optimum at
intermediate loading therefore reflects the balance between
efficient excitation and the onset of concentration quenching,
with the PPSQ matrix playing a decisive role in defining this

Mater. Adv.

131



Open Access Article. Published on 22 September 2025. Downloaded on 9/25/2025 9:41:16 AM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Results and Discussion

Paper Materials Advances
o
o
i)
)
S
a) |——MGP LG305 emission
—— MGP LG305 excitation
Aex= 500 nm

> Aem= 650 Nnm

‘B

c

L

=

o

=

©

(O]

14

350 400 450 500 550 600 650 700
Wavelength (nm)
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650 nm, (b) image of MGP LG305 with varying dye concentrations (220—26 000 ppm) under natural light (top) and 450 nm light (bottom), along with their

respective quantum yields (QY).

regime by stabilizing isolated chromophores and delaying
aggregation,3%7?

Although aggregation-induced quenching cannot be fully
avoided at high dye loadings, the integration of a hydrophobic
perylene dye into PSSQ microspheres could be realized in a wide
concentration range, yielding a fluorescent microsphere powder.

Physical incorporation of alternative dyes and encapsulation in
a secondary encapsulation material

Due to the straightforward integration of dyes into the pre-
cursor gel, not only LG305 but also other dyes can be

Fig. 11 Microspheres with encapsulated Oracet® FL Pink 285, Oracet™ FL
Orange 240, and Lumogen®™ F Red 305 (from left to right): (a) under
natural light, (b) under 450 nm light, (c) integrated into polymethyl-
phenylsiloxane resin cured in aluminum frames, under 450 nm light.

Mater. Adv.

incorporated into the particles. It is essential that these mole-
cules are stable under acidic and basic conditions and suffi-
ciently hydrophobic to remain within the emulsion during
synthesis without leaching. As an example, additional
perylene-based dyes such as Oracet™ FL Pink 285 and Oracet™
FL Orange 240 were embedded in silica particles using the melt
emulsion strategy (Fig. 11, further pictures and fluorescence
spectra can be found in Fig. S23 and S24). All particles exhibited
the characteristic excitation and emission of the incorporated
molecules, confirming successful integration.

For applications such as organic hybrid LEDs or lumines-
cent solar concentrators, the microspheres must be homoge-
neously encapsulated within a polymer matrix. Therefore, the
temperature treated particles were integrated into an elasto-
meric two-component polyphenylmethylsiloxane resin (Dow
Corning OE6630) which cures via a hydrosilylation reaction.
The resulting composite materials exhibited a homogenous
distribution of microspheres and characteristic fluorescence
under UV light exposure (Fig. 11(c) and Fig. S25).

This experiment demonstrates that the microsphere synth-
esis via melt emulsion is not limited to LG305, but can also be
extended to other hydrophobic dyes. It is conceivable that,
beyond dyes, other hydrophobic molecules could be incorpo-
rated by the same approach. Owing to the good biocompat-
ibility of the silsesquioxane matrix, this may also open
opportunities for the encapsulation of drugs or fragrances,
which is of interest in cosmetic and pharmaceutical
formulations.”*”>

Furthermore, this part highlights the potential use of the
dye-loaded microspheres as bulk components in optical mate-
rials, for example in light-conversion applications.”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

Acid-catalyzed hydrolysis and condensation of phenyltri-
methoxysilane yielded a partially crosslinked PPSQ, known as
melting gel, which softens above 70 °C and consolidates above
130 °C. Incorporation of the hydrophobic perylene dye Lumo-
gen®™ F Red 305 during gelation resulted in a red-colored
fluorescent precursor material.

For the first time, a hot emulsification approach of a
thermoplastic PPSQ was used to produce spherical ORMOSIL
particles. The softening of the precursor enabled emulsification
in hot surfactant-water mixtures, followed by NaOH-catalyzed
curing to rigid microspheres. Depending on the mechanical
energy input during emulsion formation, different particle
sizes and size distributions were achieved, with an optimized
mean diameter of 3.1 £ 0.7 pm using an Ultra-Turrax disperser.

Spectroscopic analyses and PXRD measurements revealed
that the PPSQ network consisted of partially crosslinked struc-
tures with predominantly ladder-like motifs. A surfactant layer

™

of Triton™ X was detected on the particle surface. Additional
heat treatment led to nearly complete crosslinking of the
microsphere framework and the simultaneous surfactant
removal, as confirmed by TGA, thereby converting the particle
surface from hydrophilic (surfactant-covered) to hydrophobic
(phenyl dominated).

Fluorescence lifetime measurements on the precursor gel
showed a pronounced increase in lifetime upon dye encapsula-
tion, while concentration-dependent quantum yield studies
indicated enhanced emission within a defined concentration
range. Microspheres with dye loadings between 220 and
26 000 ppm LG305 were prepared, with the maximum quantum
yield of 75% observed at ~4350 ppm. The photophysical results
suggest that the dye distributes homogeneously during synthesis
due to its good solubility in the phenyl-rich hydrophobic matrix,
while the aromatic groups of the host contribute to the effective
separation of chromophores and reduced aggregation.

In aqueous solvents (water, ethanol), the dye remained
stably encapsulated, whereas exposure to moderately polar
organic solvents such as acetone or chloroform led to leaching.

Finally, other hydrophobic dyes such as Oracet™ FL Pink 285
or Oracet®™
microspheres via the melt-emulsion strategy. The fluorescent
particles can then be incorporated into a secondary encapsula-
tion material, with the siloxane-based particle matrix acting as
a protective barrier against external influences, like moisture,
oxygen or high temperatures.

Beyond optoelectronic and light-harvesting applications, this
new approach also opens opportunities in cosmetics, for instance
for the encapsulation of hydrophobic drugs or fragrances.

FL Orange 240, were successfully incorporated into
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5 Concluding Remarks

The presented studies systematically define the structural requirements that govern the
formation of melting gel-type polysilsesquioxanes. These hybrid materials are characterized by
thermoplastic softening at moderate temperatures and irreversible curing at elevated
temperatures. Their behavior originates from a delicate balance between molecular structure,
network architecture, defect density, and non-covalent interactions.

The structural model of melting gel formation was derived from detailed investigations of a
phenyl-substituted system, which served as a reference for understanding the molecular origin
of this behavior. The essential feature of such systems is a low but coherent degree of
crosslinking that maintains sufficient chain mobility within the Si—O—Si backbone. The material
consists of local ladder-like and network segments alternating with less crosslinked, flexible
domains. These dynamic regions are stabilized by hydrogen bonds between silanol and alkoxy
groups as well as m—x interactions of the aromatic substituents. Upon heating, these interactions
are gradually weakened, allowing deformation, whereas further temperature increase induces
condensation of residual silanols and densification of ladder motifs, leading to irreversible
hardening.

The substituent attached to the silicon atom has a decisive influence on this structural
equilibrium. Increasing the aromatic size from phenyl to naphthyl enables thermoplastic
behavior, though distinct differences arise from isomerism within the naphthyl series. Networks
bearing 2-naphthyl groups exhibit behavior comparable to classical phenyl-based systems,
including softening and curing. In contrast, 1-naphthyl substitution results in permanently
softenable materials that do not undergo irreversible hardening. The higher steric demand of
the 1-naphthyl group stabilizes residual hydroxyl and methoxy groups, hindering further
condensation and preventing the formation of an extended network structure.

Further enlargement of the aromatic system to 9-phenanthrenyl substituents suppresses melting
gel formation altogether. Pronounced steric hindrance and the rigidity of the large m-system
restrict segmental mobility and favor intramolecular condensation, yielding isolated POSS-like
structures, resulting in brittle solids. Thus, the size and geometry of the aromatic substituent
govern the balance between intra- and intermolecular condensation, and together with the
intrinsic rigidity of the aromatic system, they determine the final material properties.

When aromatic groups are replaced by aliphatic n-alkyl substituents, melting gel-like structures

are no longer obtained. Short-chain n-alkyl groups (C1—C3) lead to highly crosslinked, brittle
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non-softenable solids, while medium-chain derivatives (Cs, Cg) form viscous oligomeric
systems with local crosslinking that do not harden upon heating. Long-chain derivatives (Ci2—
Cig) self-organize into lamellar, semicrystalline phases exhibiting true melting points rather
than melting gel softening. These results demonstrate that melting gel formation requires an
amorphous, defect-rich network in which excessive self-organization of the organic groups that
lead to crystallization must be avoided. Defects, particularly silanol and alkoxy groups
stabilized by the organic substituent, play a key role in this context. They contribute to network
reinforcement while enabling thermally induced post-condensation.

Based on these insights, the structural prerequisites for melting gel formation can be defined
as: an intermediate crosslinking density, the predominance of amorphous ladder-like network
motifs and a controlled number of defect sites in form of OH and OR groups. Aromatic groups,
like naphthyl fulfill these conditions particularly well, enabling the design of new melting gel
systems that combine high refractive indices, fluorescence, and excellent thermal stability.
Finally, the aromatic substituent environment also proved suitable for incorporating
hydrophobic functional molecules. Perylene-based dyes were successfully encapsulated within
melting gels and processed into fluorescent microparticles via a melt-emulsion approach,

demonstrating the versatility of these hybrid systems for optical applications.

Based on these findings, numerous opportunities for further development arise. A targeted
variation in the type and number of alkoxy groups, for example by using ethoxy or isopropoxy
groups, could be used to control hydrolysis and condensation kinetics, thereby tailoring the
processing temperature and the final network structure.'>® 7 Further functionalization of the
aromatic substituents, for instance through the introduction of vinyl or ionic groups, also opens
new possibilities. Additional UV-induced crosslinking could be achieved via vinyl
functionalities,*'? while ionic substituents might contribute to network cohesion through
electrostatic interactions, provided they are dimensioned to maintain sufficient mobility and
enable effective network formation.>

A promising next step lies in the co-condensation with functional siloxanes in order to exploit
the so-called melting gel window, the temperature range between thermoplastic deformability
and irreversible curing, for applications such as the fabrication of textured surfaces, thin films,
or imprint lithography.*®

In addition, the synthetic approach used in this work also holds promise from the perspective

of sustainable material development. The reactions employed proceed under mild conditions

and are often solvent-free, which aligns with the principles of green chemistry and ongoing
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efforts to establish eco-friendly synthetic routes for hybrid materials, a research direction of

growing importance in today’s scientific landscape.!% 413414

This study provides a fundamental contribution to understanding the structure—property
relationships of melting gels and a precise definition of the structural parameters necessary for
their formation. This has not only significantly deepened the understanding of the underlying
condensation processes and molecular interactions, but has also created a basis for the targeted
development of novel functional inorganic-organic hybrid materials. In view of the increasing
demand for processable, functionalizable, and thermally stable materials for applications in
microelectronics, optoelectronics, or encapsulation technologies, melting gels represent a

highly promising new class of materials.
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XRD reference sample

LI VN T=30°C LI T=80°C
r — Iw\c B |ca\c
I Bragg Position Bragg Position
F— lsleae I — loscac
sr 5
= =
2 2r
L ot
< =a
B A
w F 1 1 1
I | I | L - 1
iy ey L gt I
1 |‘ﬁ P 1 n .'T'.'T 1 '.' " 1 PR 'Y 1 P Y 1 P | 1 1 1 P
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
20 (°) 26 (%)

Figure S14. Powder X-ray diffraction pattern of the PAMGyrec, mixed with SiO; at 30, 80 and

110 °C.
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Figure S15. Determination of the zero-shift by linear regression.
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Size exclusion chromatography
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Figure S16. SEC profiles for PhAMGyprec, @) in DMF, RI-detector, b) in DMF, UV-detector, c)
in THF, RlI-detector, d) in THF, UV-detector.

Table S1. SEC results of PhAMG,..., in THF and DMF, detected via IR and UV.

DMF THF
Sample 1 Sample 2 Sample 1 Sample 2
RI UV RI Uv RI UV RI Uv
M 846 951 922 1086 | 1397 1501 1466 1576
My 1317 1328 1416 1462 | 3367 3540 3451 3578
M. 1950 1790 2010 1920 | 7195 7442 7487 7501
PDI 1.557 1.396 1.534 1.346 | 2.411 2.358 2.354 2.271
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Characterization of 1-NpMGprec and 1-NpMGt
NMR spectra

1-NpMGyrec

"H NMR (400 MHz, CDCls): § = 8.48-7.04 (m, Np), 4.03-2.97 (m, OMe) ppm

2Si NMR (80 MHz, CDCl3): 6= -59.80 (T"), -68.32 (T?), -78.47 (T?) ppm

13C CP-MAS (100 MHz, CDCL): 8= 136.17, 133.05, 127.82 (Np), 50.40 (OMe) ppm
2Si CP-MAS (80 MHz, CDCl;): 8= -60.57 (T'), -68.69 (T?), -77.44 (T?) ppm
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Figure S17. 'H NMR spectrum of 1-NpMGyyec in chloroform-D.
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Figure S18. 2Si NMR spectrum of 1-NpMGiprec in chloroform-D.
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Figure S19. *C CP-MAS NMR spectrum of 1-NpMGiprec.
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Figure S20. ?°Si CP-MAS NMR spectrum of 1-NpMGiprec.

1-NpMGr

'H NMR (400 MHz, CDCI3): = 8.29-6.16 (m, Np), 3.80-2.40 (m, OMe)

29Gi NMR (80 MHz, CDCI3): 6= -61.49 (T'), -68.92 (T?), -78.94 (T*) ppm

13C CP-MAS (100 MHz, CDCI3): 6= 136.14, 133.05, 128.04, 126.02 (Np), 50.13 (-OMe)
ppm

29Gi CP-MAS (80 MHz, CDCI3): 8= -61.16 (T"), -70.03 (T?), -77.13 (T*) ppm
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Figure 21. "H NMR spectrum of 1-NpMGr in chloroform-D.
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Figure 22. Si NMR spectrum of 1-NpMGr in chloroform-D.
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Figure S23. 3C CP-MAS NMR spectrum of 1-NpMGr.
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Figure S24. *Si CP-MAS-NMR spectrum of 1-NpMGr.

Table S2. Ratio of condensation products T? and T, degree of condensation and ratio of
OMe-, OH-groups of 1-NpMGyrec and 1-NpMGr
T! [%] T? [%] T3 [%] DC [%] OMe [%]  OH [%]
I-NpMGpree 22 70 8 55 21 24
1-NpMGr 15 54 31 67 14 19
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Figure S25. FT-IR spectrum of 1-NpMGyrec.
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Figure S26. FT-IR spectrum of 1-NpMGr.
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Figure S27. Powder X-ray diffraction pattern of 1-NpMGprec and 1-NpMGr.

Table S3. XRD values and determined R values of 1-NpMGr.c and 1-NpMGr.

1-NpMGprec 1-NpMGr
d [nm] 1.07 1.20
da [nm] 0.39 0.39
R 0.89 0.93
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TG measurements
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Figure S28. Thermogravimetric analysis of 1-NpMGyprec and 1-NpMGr.
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Figure S29. DSC measurements of 1-NpMGyrec and 1-NpMGr.
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Supporting Information

Influence of alkyl groups on the formation of softenable

polysilsesquioxanes

Svenja Pohl and Guido Kickelbick*

Saarland University, Inorganic Solid-State Chemistry, Campus, Building C4.1, 66123

Saarbriicken, Germany
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Figure S1. XRD measurement of the sample holder and the sample holder with teflon tape.
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Table S1. Residual masses and Tos values of AlkylPSQ and AlkylPSQt under Nz and O»

atmosphere, determined via TG measurements

Sample MasSmin [%0] Tos [°C]
AlkylPSQ | AlkylPSQr | AlkylPSQ | AlkylPSQ | AlkylPSQr | AlkylPSQ
N N 0)) N2 N 07)
MePSQ 87.9 90.8 86.4 604.8 721.7 451.0
EtPSQ 17.2 61.8 70.7 440.0 476.1 275.7
PrPSQ 28.8 38.1 60.7 356.2 424 .6 2559
HexPSQ 272 36.2 41.7 326.2 4213 248 .4
OctPSQ 28.0 28.8 36.1 448.6 445.7 299 4
DecPSQ 253 27.8 31.0 4445 4532 311.6
DodecPSQ | 16.2 23.0 22.6 262.6 4473 230.1
a ) 100 1 b) 100
80 80
Z 60 - % 60 i— MePSQ
= ——MePsQ 2 =i
—EtPSQ 404 }— HexPSQ
40 {——PrPSQ —— OctPSQ
HxPSQ —— DecPSQ
o ggéiss% 204 1 DodecPSQ
20— DodecPSQ
200 400 600 800 1000 200 400 600 800 1000
Temperature (°C) Temperature [°C]
C) 100
80 - ]
QE 60 { —— MePSQ;
s —— EtPSQ;
—— PrPSQy \
40 1 HxPSQ;
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DecPSQ; g\
201 DodecPSQ,
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Temperature [°C]

Figure S6. a) TGA of AlkylPSQ in Oz atmosphere, b) TGA of AlkylPSQ in N atmosphere,
c) TGA of AlkylPSQrt in N> atmosphere
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Figure S7. TG-FTIR 3D spectra of the AlkylPSQ.
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Table S2. My, My, M, and P of AlkylPSQs, measured by SEC

Sample My [g/mol] M, [g/mol] M, [g/mol] b
HexPSQ 3172.9 1887.6 5075.1 1.68
HexPSQr 4425.1 2448.9 7149.2 1.81
OctPSQ 8153.7 4523.3 1322.6 1.8
OctPSQr 5905.2 3393.5 8684.1 1.74
DecPSQ 11849 7629.6 18658 1.55
DecPSQr 6867.6 4283.3 9629.6 1.6
DodecPSQ 10592 6959.2 24789 1.52
DodecPSQr 6366.3 5049.6 7952.5 1.26
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Supporting Information

Impact of Size and Substitution Isomerism in Polycyclic
Aromatic-Substituted Trialkoxysilanes on the Formation of
Softenable Polysilsesquioxanes

Svenja Pohl™®, Markus Galleil® ! and Guido Kickelbick® [c]*

[a] Inorganic Solid-State Chemistry, Saarland University, Campus, Building C4 1, 66123
Saarbriicken, Germany

[b] Polymer Chemistry, Saarland University, Campus, Building C4 2, 66123 Saarbriicken,
Germany

[c] Saarene, Saarland Center for Energy Materials and Sustainability, Saarbriicken 66123,
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1. Experimental section

1.1 Materials

2-Bromnaphthalene ~ (Chempur,  98%),  9-bromphenanthrene  (Chempur, 97%),
I-bromnaphthalene (abcr GmbH, 97%), tetramethoxysilane (abcr GmbH, 98%), magnesium
chips (99.9%, Acros Organics), n-hexane (BCD Chemie GmbH, for synthesis), acetone (BCD
Chemie GmbH, 97 %), dichloromethane (DCM) (Fisher Scientific GmbH, 99 %),
tetrahydrofuran (THF) (Fisher Scientific GmbH, 99.5 %), dimethyl sulfoxide (DMSO) (Fisher
Scientific GmbH, 99.5 %), chloroform-d + Ag (Deutero GmbH, 99.8%), DMSO-ds (Deutero
GmbH, 99.8%) were used as received. THF for synthesis (Fisher Chemical, 99.8% HPLC
grade) was purified in an SPS-5 solvent purification system (MBraun, Garching, Germany).
Hydrochloric acid (HCIl) (Fisher Scientific GmbH, 37%) was diluted to pH = 2.5 with

demineralized water.

1.2 Instrumentation

Differential scanning calorimetry (DSC) was performed with a DSC 204 F1 Phoenix
calorimeter (NETZSCH-Gerdtebau GmbH, Selb, Germany) using aluminum crucibles with
pierced lids under nitrogen (100 mL/min) applying a heating rate of 10 K/min and a cooling
rate of 15 K/min in the temperature range between 0 and 250 °C. The value of the T, was taken
by determining the inflection point of the glass event.

Solution nuclear magnetic resonance (NMR) spectra were recorded on an Avance III HD
400 MHz spectrometer (Bruker, Billerica, USA) with 400.13 MHz for 'H NMR spectra,
100.61 MHz for '*C NMR spectra and 79.49 MHz for 2°Si NMR spectra. NMR samples were
prepared in CDCl; and DMSO-ds. Spectra were analyzed using MestReNova.'

Single-pulse (SP) magic angle spinning (MAS) and cross-polarization (CP) MAS NMR
spectra were recorded on an Avance III HD — Ascend 400WB spectrometer (Bruker, Billerica,
USA) using 4 mm inner diameter ZrO> rotors with 13 kHz rotation frequency. The resonance
frequencies were 79.53 MHz for 2°Si NMR spectra and 100.65 MHz for '*°C NMR spectra. The
measurements were performed with a relaxation of 20 s for SP-MAS spectra and 4 s and 3 s fiir
2Si and '3C CP-MAS spectra. Adamantane was used for '*C NMR and
octakis(trimethylsiloxy)silsesquioxane for ?*Si NMR as external standard. Peaks of *’Si
CP-MAS spectra were deconvoluted and integrated with OriginPro.?

Size exclusions chromatography (SEC) measurements were performed with a PSS

SECcurity?2 system composed of a 1260 IsoPump-G7110B (Agilent Technologies, Santa Clara,
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CA), a 1260 VW-detector G7162A at 290 nm (Agilent Technologies, Santa Clara, CA), and a
1260 RI detector G7114A at 30 °C (Agilent Technologies, Santa Clara, CA), with THF as the
mobile phase (flow rate 1 mL/min) on an SDV column set (SDV 10%, SDV 10%, SDV 10°) from
PSS (Polymer Standard Service, Mainz, Germany). Calibration was carried out using
polystyrene (PS) standards (from PSS). For data acquisition and evaluation of the
measurements, PSS WinGPC® UniChrom was used.’

For Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-ToF MS) measurements, MALDI targets were prepared in the dried-droplet method.
I mL of GC-grade THF (from Sigma-Aldrich) were added to 10 mg of each sample, resulting
in the sample solution. A mixture of PMMA standards (Agilent Technologies) was used for the
calibration spots, namely 1260 Da, 3040 Da and 5440 Da (each 10 mg in THF). Na salt solution
was prepared by adding 13.6 mg NaTFA to 1 mL of HPLC-MS-grade water (Merck). An Ag
salt solution was prepared by adding 22 mg NaTFA to 1 mL of GC-grade THF (from Sigma-
Aldrich).

20 pL of the MALDI matrix solution containing DCTB (Sigma-Aldrich) at a concentration of
20 mg mL ™" in GC-grade THF (Sigma Aldrich) was added to 3 pL of sample solution and 1 pL
of the salt solution and mixed with an Eppendorf pipette. PMMA standards were prepared with
NaTFA, the samples with AgTFA (and without any salt). 1 uL of the mixed matrix/sample
solution was spotted over three MALDI spots of a Polished Steel 384 MALDI MTP target. The
drops were then dried at room temperature, and the MALDI target was inserted in the source
chamber of an Autoflex Speed II (Bruker Daltonics, Bremen, Germany). All MALDI-ToF
analyses were performed in both linear positive (LP) mode and reflectron positive (RP) modes.
For RP, the equipment parameters were as follows: voltage values of ion sources #1 and #2 set
as 19.00 and 16.60 keV, respectively; voltage values of reflectron #1 and #2 set as 21.00 and
9.60 keV, respectively; lens tension 8.15 keV; pulsed extraction 130 ns. For LP, the equipment
parameters were as follows: voltage values of ion sources #1 and #2 set as 19.00 and 18.25 keV,
respectively; lens tension 7.15 keV; pulsed extraction 350 ns. Mass spectra of the sample were
first visualized using FlexAnalysis software (version 3.4; Bruker Daltonics, Billerica, MA,
USA).*

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were
recorded on a Vertex 70 spectrometer (Bruker Optics, Billerica, USA) in total reflectance mode
from 400 - 4500 cm™! with a resolution of 4 cm™! and 16 scans.

UV-VIS measurements were performed on a Lambda 750 instrument (Perkin Elmer Inc.,
Shelton, USA) equipped with a 100 mm integration sphere with a 2 nm increment and 0.2 s

3
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integration time. Absorbance of monomers and polymers was measured in a quartz glass cuvette
with 1 cm thickness, diluted in DCM from 250 to 400 nm. Transmission spectra of free-standing
polymer lenses with 1.6 mm thickness were recorded from 250 to 800 nm. The lenses were
produced by molding the non-consolidated gels into round silicone molds with a diameter of
1.9 cm and thickness of 1.6 mm. Trapped bubbles were removed in a vacuum at 110 °C. For
consolidation, the lenses were treated in their molds at 200 °C for 24 hours.

Refractive indices (RI) were measured as a dilution series in THF on an Abbemat 350 (Anton-
Paar OptoTec GmbH, Seelze-Letter, Germany) at a wavelength of 589 nm and 20 °C.
Thermogravimetric analysis (TGA) was carried out using a TG FI1 Iris
(NETZSCH-Geritebau GmbH, Selb, Germany), applying a heating rate of 10 K/min between
30 and 1000 °C under synthetic air flow (40 mL/min, N2/O2 75%:25%).

TG-FTIR measurements were performed using Vertex 70 spectrometer (Bruker Optics,
Ettlingen, Germany) coupled to a TG F1 Iris (NETZSCH-Gerdtebau GmbH, Selb, Germany).
Each FTIR spectrum was performed in the wavenumber range 550-4500 cm™ and by averaging
16 scans with a spectral resolution of 4 cm™!. The measurements were carried out at 10 K/min
heating rate in the temperature range between 30 and 1000 °C under synthetic air flow
(40 mL/min, N2/O2 75%:25%).

Fluorescence spectroscopy was performed applying a FluoroMax 4 Spectrofluorometer
(Horiba Scientific, Kyoto, Japan) with an excitation wavelength of 285 nm as solid in a glass
tube with a diameter of 2 mm or as solution in DCM in a quartz glass cuvette with 1 cm
thickness from 295 to 550 nm. A Peltier-based temperature-controlled cuvette holder QN'W
Luma 40 (Quantum Northwest, Inc., WA, USA) was used for temperature-dependent
fluorescence measurements. The fluorescence spectrum was measured with the settings
described above from 25 to 105 °C, in 10 °C steps with DMSO as solvent.

Powder X-ray diffraction (PXRD) patterns of the pulverized samples were recorded at room
temperature on a D8-A25-Advance diffractometer (Bruker AXS, Karlsruhe, Germany) in
Bragg-Brentano 6-0-geometry (goniometer radius 280 mm) with non-monochromatic Cu K,
radiation (4 = 154.0596 pm). A 12 pm Ni foil working as Ky filter and a variable divergence
slit were mounted at the primary beam side. A Lynxeye detector with 192 channels and a
variable anti-scatter slit in front of it was used at the secondary beam side. Experiments were
carried out in a 26 range of 3 to 40° with a step size of 0.013° and a total scan time of 1 h. The
recorded data was evaluated using the TOPAS 5.0 software.’ The observed reflections were
fitted as independent single peaks. For the evaluation, the relation R(/) of the intensities of the

maxima of the two reflections di and d> were compared as described by Liu et al.®
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1.3 Monomer synthesis

The aryltrimethoxysilanes were synthesized according to a modified literature procedure

(NMR spectra can be found in Figure S1-S3).”

1-Naphthyltrimethoxysilane (1-NpSi(OMe)3). Magnesium chips (3.70 g, 0.152 mol, 1.5 eq.),
tetramethoxysilane (46.35 g, 0.304 mol, 3 eq.) and absolute THF (160 mL) were stirred in a
three-neck round bottom flask at 30 °C under an argon atmosphere. 1-Bromnaphthalene
(20.72 g, 0.100 mol, 1 eq.) was added dropwise over a period of 20 minutes at 30 °C with a
dropping funnel. The reaction mixture was heated to 50 °C for 1 h, then the temperature was
raised further to 75 °C for 1 h, and finally allowed to cool to room temperature overnight.
Magnesium and THF were removed from the reaction mixture by filtration and concentration.
Afterwards, 250 mL n-hexane were added to the residue, boiled 10 minutes under reflux
conditions, and filtered after cooling to room temperature. The procedure was repeated a second
time using 125 mL n-hexane. The solvent of the combined filtrates was removed, and the
product was distilled (2-10 mbar, 140 °C) resulting in a transparent liquid (yield: 19.32 g,
78 %).

2-Naphthyltrimethoxysilane (2-NpSi(OMe)3). 2-NpSi(OMe); was synthesized in the same
synthesis procedure as 1-NpSi(OMe)s, yielded 63 % of a transparent liquid.
9-Phenanthrenyltrimethoxysilane (9-PhenSi(OMe)s). 9-PhenSi(OMe); was synthesized in the
same synthesis procedure as 1-NpSi(OMe)s. Distillation (6x10* mbar, 200 °C) yielded 35.2 %

of a white solid.
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2. Monomer NMR spectra

2.1 1-Naphthyltrimethoxysilane
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Figure S1: NMR spectra of 1-NpSi(OCH3)3 in CDCl3, a) 'H NMR, b) 3C NMR and c) *°Si

NMR.
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'H NMR (300 MHz, CDCL3): & = 8.43-8.29 (m, 1H, 1-Np), 7.99-7.94 (m, 2H, 1-Np), 7.89 -
7.86 (m, 1H, 1-Np), 7.59-7.48 (m, 3H, 1-Np), 3.68 (s, 9H, O-CHs) ppm.
I3C NMR (75 MHz, CDCl3): 8 = 50.72 (O-CH3), 124.98, 125.72, 126.59, 127.65, 128.24,
128.70, 131.37, 133.28, 136.18, 137.00 (1-Np) ppm.
2Si NMR (60 MHz, CDCI3): § = -52.79 ppm.
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2.2 2-Naphthyltrimethoxysilane
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Figure S2: NMR spectra of 2-NpSi(OCH3); in CDCl3, a) 'H NMR, b) >C NMR and c) *°Si
NMR.

'H NMR (400 MHz, CDCly): & = 8.23 (s, 1H, Np), 7.92-7.84 (m, 3H, 2-Np), 7.72-7.70 (m,
1H, Np), 7.56-7.49 (m, 2H, Np), 3.69 (s, 9H, O-CHz) ppm.

13C NMR (100 MHz, CDC): & = 50.94 (O-CHs), 126.12, 126.81, 127.07, 127.44, 127.81,
128.46, 130.20, 132.87, 134.57, 136.45 (1-Np) ppm

2Si NMR (80 MHz, CDCl3): 6 = -54.18 ppm
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2.3 9-Phenanthrenyltrimethoxysilane
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Figure $3: NMR spectra of 9-PhenSi(OCH3); in CDCl3, a) '"H NMR, b) 3C NMR and c) *°Si
NMR.

'TH NMR (400 MHz, CDCl3): 6 = 8.76-8.70 (m, 2H, Phen), 8.38-8.36 (m, 1H, Phen), 8.32 (s,
1H, Phen), 7.98-7.96 (m, 1H, Phen), 7.76 - 7.62 (m, 4H, Phen), 3.72 (s, 9H, O-CH3) ppm.

13C NMR (100 MHz, CDCl3): & = 50.97 (O-CHz3), 122.61, 123.06, 126.56, 126.77, 127.13,
128,04, 129.10, 129.39, 130.11, 130.93, 131.78, 134.51, 139.16 (Phen)

2Si NMR (80 MHz, CDCl3): 6 = -52.79
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3. Intermediates during melting gel synthesis
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Figure S$4: *°Si NMR spectrum of the reaction solution during the reaction of 2-NpSi(OCH3)3
with aqueous acid after 2 h, showing the formation of a white solid (reaction solution shown
in the added picture) in DMSO-ds.
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Figure S5: 'H NMR spectrum of the isolated white solid from the reaction solution, washed
with acetone, in DMSO-d.
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Figure S6: °Si NMR spectrum of the isolated white solid from the reaction solution, washed
with acetone, in DMSO-ds.

2-NpSi(OH);

'H NMR (400 MHz, DMSO-ds): & = 8.16 (s, 1H, 2-Np), 7.92-7.84 (m, 3H, 2-Np), 7.69 (dd, J
= 8.1, 1.1 Hz, 1H, 2-Np), 7.52-7.48 (m, 2H, 2-Np), 6.50 (s, 3H, OH) ppm.

23i NMR (79,5 MHz, DMSO-de): § = -54.69 ppm.

4. Melting gel characterization

4.1 UV-VIS spectroscopy
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Figure S7: UV-VIS spectra of lenses with a thickness of 1.6 mm, made from 1-NpMG on-cons.,
1-NpMGeons., and 2-NpMGhon-cons., Shown on the right side, with the transmission at 450 nm
highlighted.
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4.2 Refractive index
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Figure S8: Calibration curve of a) 1-NpMG on-cons., b) 2-NaphM G on-cons.,
¢) 9-PhenM G on-cons., diluted in different amounts of THF. Linear regression was used to
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4.3 NMR spectroscopy
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12
204



Supplementary Information

j [u]
5a o
1.4x10%@) 8
|
1210 MO N NORNO NGO N O OCANONYVOONRNONANMOONMOANITNT G
nnAadrHoaRNONEMMANAAAOO0OORNRNNARVOUINTEMANHHOOOO
._,10x1o°-°°°°°°°°°°°°|\"~|7-3 NERNRNRNNNGSOOOS GGl od o9 N N
3
£ g.ox10°
Z
7] 5
c 6.0x107
3
5 5
S 4.0%x10°
2.0x10% J
0.0+ ! 7 . A \
-
; ; . ; ; . ; . . : . ; ; ;
60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05
Chemical shift & (ppm)
5_
2.0x10 b)
1.5x10%
3
g
2 1.0x10%
G
s
2
=
- 4
5.0x10
0.0+
e T T S T S T T S S o T e
160 155 150 145 140 135 130 125 120 115 110 105100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25
Chemical shift 3 (ppm)
A R B
2.0x10% €) oW
bk
<N
1.5%10%
~~~ 1
El
5
Z 1.0x10*|
W
c
[
g
o 3
™ 5.0%107
0.0

20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200
Chemical shift 3 {(ppm)
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CDCls.
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Figure S14: Deconvoluted *°Si CP-MAS NMR spectra with marked T-species, a) 1-NpMG,
b) 2-NpMG, c¢) 9-PhenMG, left: non-consolidated, right: consolidated sample.
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Figure S15: Comparison of **Si CP-MAS and *°Si SP-MAS NMR of 2-NpMGcons..
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4.5 Fluorescence spectroscopy
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Figure S19: Concentration-dependent fluorescence spectra of 2-NpSi(OMe)s3, in DCM,
Aex=285 nm.
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Figure $20: Concentration-dependent fluorescence spectra of 1-NpSi(OMe)s, in DCM,
Aex=285 nm.
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1. Characterization Educts

Phenyltrimethoxysilane

TH NMR (400 MHz, CDCls): =7.69-7.66 (2 H, m, Ph), 7.49-7.37 (3 H, m, Ph), 3.64 (9 H,
s, 0-CH,)

13C NMR (80 MHz, CDCly): 5=134.65, 130.52, 129.45, 127.89 (Ph), 50.59 (O-CHs)

8i NMR (100 MHz, CDCLy): 5=-54.54
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Fig. S1. a) 'H NMR spectrum, b) *C NMR spectrum, ¢) 2°Si NMR spectrum of
phenyltrimethoxysilane.
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Lumogen® F Red 305

Hy
Hg Hs TH NMR (300 MHz, CDCl;): 6=8.27 (4 H, s, H3), 7.47
He — 7.39 (2 H, m, Hg), 7.31 —7.23 (12 H, m, H, Hs), 7.14
—7.07 (4 H, m, Hy), 7.02 - 6.95 (8§ H, m, H;), 2.71 (4
H, sept, J 6.7, Hg), 1.12 (24 H, d, ] 6.8, Hy).
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Fig. S2. '"H NMR spectrum of Lumogen® F 305 Red.
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Triton™ X-405

TH NMR (300 MHz, D,0): 5=7.1 (2 Hy, d, ]=9,0 Hz), 6.83 (2 H,, d, J=9.0 Hz), 4.03 2 H,

s), 3.87—3.51 (161 Hyy, m), 1.66 (2 H,, s), 1.28 (6 H,, s), 0.70 (9 H,, s).

13C NMR (80 MHz, D,0): 5=165.22 (C;), 141.81 (Cy), 126.87 (C,), 113.89 (Cy), 71.69,

69.55, 68.13, 60.30 (Cyr0), 56.80 (Cp), 37.68 (Ca), 3211, 31.84, 31.72 (C,e)
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Fig. S3. a) "H NMR spectrum, b) 13C NMR spectrum of Triton™ X-405.
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2. Characterization Products

2.1 Dye concentration

Table S1: Sample weights and exact dye concentration in MG precursors with Lumogen® F
Red 305 (LG305), Oracet® FL Pink 285 (FL Pink), and Oracet® FL Orange 240 (FL Orange).
All samples were prepared with 7 g PhTMS and 1.5 eq H,O (aqueous HCI, pH 2.5, 0.95 g). The
dye concentration was determined using the mass of the integrated dye and the MG precursors.

Sample Dye Mass dye Mass MG Dye conc.
[mg] precursor [g] [ppm]
MG_LG305_220 LG305 1.03 4.637 222
ppm
MG _LG305_1150 LG305 5.15 4.478 1146
ppm
MG LG305 2450 LG305 10.80 4.404 2452
ppm
MG LG305 4350 LG305 20.10 4.626 4345
ppm
MG _LG305 10600 LG305 50.90 4.805 10593
ppm
MG_LG305 26000 LG305 125.70 4.833 26008
ppm
MG_FL Pink 1150 FL Pink 5.50 4.783 1150
ppm
MG FL FL Orange 5.09 4.563 1115
Orange 1120 ppm

Since no significant loss of dye into the reaction medium is expected during synthesis, the
concentrations shown here were also assumed for the particles. However, further condensation
reactions involving the elimination of methanol and water lead to a reduction of the total particle
mass. Therefore, the reported concentrations for the final consolidated particles should be

regarded as approximate values rather than exact figures.
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2.2 NMR spectroscopy

MG precursor (MG LG305)

TH NMR (400 MHz, CDCl;): 5=7.84 — 6.65 (m, Ph), 3.76 — 2.86 (m, O-CH)
13C NMR (80 MHz, CDCly): 5=134.35, 134.20, 130.63, 127.80 (Ph), 50.65 (O-CHs)
298i NMR (100 MHz, CDCly): 5=-62.00 (T"), -69.64 (T2), -79.67 (T%)
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Fig. S4. a) '"H NMR spectrum, b) *C NMR spectrum, ¢) 2°Si NMR spectrum of MG LG305
precursor.

222

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)



Supplementary Information

F8UUL
M1
a ) 7000
6000
5000
4000
3000
2000
1000
-0
r-1000
T T T T T T T T T T T T T T T
40 -45 -50 -55 -60 -65 -70 -75 80 85 -90 95 -100 -105 -110
Chemical shift & (ppm)
sowm
b SN¥ i
SO N n 50000
MM =]
o <
R |
40000
30000
|
20000
10000
-0
r T T T T T T T T T T T T T T 7
70 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Chemical shift & (ppm)

Intensity (a.u.)

Intensity (a.u.)

Fig. S5. a) °Si SP-MAS NMR spectra with Lorentz-Gaussian fit of the peaks and percentage
ratios of T!, T? and T3, b) 13C SP-MAS NMR of MG LG305 precursor.
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MG consolidated (MG, LG305)

2§i SP-MAS NMR (100 MHz, CDCly): 6=-72.37 (T2), -79.17 (T3)

13C SP-MAS NMR (80 MHz, CDCly): 5=133.83, 130.16, 127.23 (Ph), 49.77 (-OCH;)
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Fig. S6. a) 2°Si SP-MAS NMR spectra with Lorentz-Gaussian fit of the peaks and percentage

ratios of T!, T? and T3, b) 13C SP-MAS NMR of MG.,, LG305.
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Untempered microspheres (MGP LG305)

2Si SP-MAS NMR (100 MHz, CDCly): 5=-71.42 (T2), -79.44 (T%)

13C SP-MAS NMR (80 MHz, CDCl3): 6=133.83, 130.16, 127.38 (Phenyl
[Polyphenylsilsesquioxane], Phenoxy [Triton™ X-405]), 70.01 (-OCH, [Triton™ X-
405]),

49.77 (-OCHj; [Polyphenylsilsesquioxane]), 31.43 (-CCHj; [Triton™ X-405])
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Fig. S7. a) Si SP-MAS NMR spectra with Lorentz-Gaussian fit of the peaks and percentage
ratios of T!, T? and T3, b) *C SP-MAS NMR of MGP LG305.
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Tempered microspheres, 200°C, 24h (MGP-T LG305)

2Si SP-MAS NMR (100 MHz, CDCl3): 5=-71.50 (T2), -79.09 (T%)

13C SP-MAS NMR (80 MHz, CDCl3): 6=133.68, 130.02, 127.08 (Phenyl
[Polyphenylsilsesquioxane], Phenoxy [Triton™ X-405]), 70.31 (-OCH, [Triton™ X-
405]), 49.77 (-OCHj; [Polyphenylsilsesquioxane])
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Fig. S8. 2°Si SP-MAS NMR spectra with Lorentz-Gaussian fit of the peaks and percentage
ratios of T!, T? and T3, b) *C SP-MAS NMR of MGP-T  LG305.
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Fig. S9. 'H NMR spectra (in CDCls) of MG prepared with different concentrations of LG305.
Peaks originating from the dye are highlighted in pink.

2.3 Viscosity measurement
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Fig. S10. Rheological characterization of MG LG305. Storage modulus, loss modulus, and
complex viscosity measured between 100 °C and 55 °C. The crossover point of storage and
loss modulus is highlighted, along with the complex viscosity at the temperature used for
microsphere synthesis (100 °C). When G" > G' (T > 67 °C), the material exhibits more liquid-
like behavior.
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2.4 Powder XRD
Table S2. d; values, half-width of 264, and relative intensities of 204; and 2604,

Sample d; [nm] Full width at half Loai/Iaoa2
maximum of 204; [°]
MG LG305 1.08 25 1.09
MG ons. LG305 1.16 22 1.52
MGP LG305 1.19 2.0 1.39
MGP-T LG305 1.21 1.9 1.84

2.5 TGA/TG-FTIR
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Fig. S11. a) TGA of MG LG305 and MGy, LG305, along with FTIR spectrum of the gases
released at the first degradation step at 215 °C, b) 3D TGA-FTIR spectrum of gas-phase
thermal degradation products of MG LG305, ¢) 3D TGA-FTIR spectrum of gas-phase thermal
degradation products of MG.q,s LG305.
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2.6 Changing synthesis conditions

Fig. S12. The particle synthesis was prepared according to the standard procedure, but no
surfactant was added. The microscopic picture shows the resulting particles after
centrifugation and drying at 80 °C in a vacuum drying oven. A precursor gel without dye was
used, a) microscopy image, b) SEM image at 500x magnification.

2.7 Leaching tests

Hexane Toluene DCM Acetone DMSO Acetonitrile EtOH

Fig. S13. MGP LG305 was dispersed in solvents of different polarity for 30 minutes. After
centrifugation, the supernatant showed dye leaching in toluene, DCM, acetone, DMSO, and
acetonitrile, while the dye remained encapsulated in hexane, ethanol, and water. The pictures
show the supernatant after the particles have been removed, above under visible light and
below under UV light.
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Fig. S14. Microscopy image of MGP LG305 after treatment with acetone for 30 minutes. The
acetone causes swelling and partial dissolution of the particles, resulting in the loss of their
spherical morphology.

Hexane Toluene DCM Acetone DMSO Acetonitrile EtOH

Fig. S15. MGP-T LG305 was dispersed in solvents of different polarity for 30 minutes. After
centrifugation, the supernatant showed dye leaching in toluene, DCM, acetone, DMSO, and
acetonitrile, while the dye remained encapsulated in hexane, ethanol, and water. The pictures
show the supernatant after the particles have been removed, above under visible light and
below under UV light.

2.8 SEM

Fig. S16. SEM image of MGP-T LG305 a) at 2500x magnification, b) at 10,000x
magnification, showing a region with sub-5 pm particle sizes.
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2.9 Influence stirring on particle size

MGP-1
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Fig. S17. Microscopic images and size determination of the MGP-1 particles made with

500 rpm stirring for 1h.
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MGP-2

[CIMGP-2 - Image A (52 counts)
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Fig. S18. Microscopic images and size determination of the MGP-2 particles made with
500 rpm stirring for 2h.
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MGP-3

[_IMGP-3 - Image A (147 counts)
50

45
40
354
304
25
20
15+
10

5

Do = (4.5 - 1.5) um

Counts (a.u.)

0+4+ e
12345678 91011121314151617181920

Diameter (um)

[_IMGP-3 - Image B (134 counts)
40

o Dz =(7.1:2.2) ym
35

30 —
25

20+

Counts (a.u.)

15

10

5

=

12345678 91011121314151617181920

Diameter (um)

| MGP-3 - Image A+B (281 counts)|

Counts (a.u.)

65
601 — Do = (5.7 + 2.3) um
55
50
45 -
40
35
30

25

20
15
10
5_

0 + T
1234567 8 91011121314151617181920
Diameter (um)

Fig. S19. Microscopic images and size determination of the MGP-3 particles made with

800 rpm stirring for 1h.
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MGP-UT

[_]MGP-UT - Image A (100 counts)
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Fig. S20. Microscopic images and size determination of the MGP-UT particles made with
500 rpm stirring followed by 10000 rpm with an Ultra-Turrax™ dispenser.
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MGP-US

[C_IMGP-US1 - Image A (170 counts)
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Fig. S21. Microscopic images and size determination of the MGP-US particles made with
500 rpm stirring followed by 150 W ultra-sonic treatment.
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2.10 Time-resolved fluorescence measurements

Table S3. Fluorescence lifetime parameters of neat LG305 and MG LG305 (1150 ppm). Aexc
=490 nm, Ag4er= 650-720 nm. All decay curves were analyzed using a bi-exponential
reconvolution fit.

Average
Lifetime
Sample rns] +Err Amplitude +Err lifetime 7,,  Err
ns
[ns]
1.27 0.04 0.29 0.02
LG305 0.83 0.01
0.39 0.01 0.95 0.02
122 16 o010 002
MG LG305 12.4 1.5
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Figure S22. TSCPS histogram of LG305 and MG LG305 (1150 ppm) in solid state at Aex. =
490 nm and Ay, = 650-720 nm with the fit residuals for both traces.
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2.11 Variation of dye in microsphere synthesis

Oracet® FL Lumogen®F Oracet® FL
Pink 285 Red 305 Orange 240

NE

Fig. S23. Precursor gels prepared with 1150 ppm of Oracet® FL Pink 285, Lumogen® F Red
305 and Oracet® FL Orange 240 (from left to right).

4 Ag,= 500 nm
A= 600 nm
=
‘@
C
]
=
o
@
N 1
©
£
o
z
460 560 660 7(I)0
Wavelength (nm)
A= 580 nm A= 490 nm
=
(2]
c
o
£
©
@
N
®©
E
o
z

 § T T T
400 500 600 700
Wavelength (nm)

Fig. S24. Left: microscopy images of the microspheres; right: emission and extinction spectra
of the microspheres containing (a) Oracet® FL Pink 285, (b) Oracet® FL Orange 240.
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Fig. S25. a) Cured, MGPT containing, Dow Corning OE660 resin, b) microscope image of
the sample under 450 nm light, and ¢) UV-Vis spectrum of the sample showing the
characteristic absorption bands of LG305.
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