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Preface

The need for high-performing polymer-based systems has continued to propel (and is still

encouraging) both the academic and industrial communities toward the design, synthesis, and

characterization of novel, advanced, and sustainable materials that are suitable for application

in demanding sectors (i.e., electrical engineering and electronics, advanced packaging, and flame

retardance, among others). This Reprint collects significant contributions from scholars working in

the field of polymer research and in the development of hybrid O/I sol–gel-derived nanocomposite

systems for advanced functional applications. It reports the recent progress and trends in

the preparation, characterization, applications, processability, and sustainability of hybrid O/I

systems. This Reprint provides in-depth insights into the synthesis of hybrid O/I sol–gel-derived

nanocomposites and their growing applications. It describes the interactions between polymer

matrices and functional components, emphasizing recent advancements in material design and

performance. The volume also explores alternative fillers with environmental and economic benefits

and highlights the increasing role of machine learning in sol–gel science. These data-driven

approaches enhance the prediction of material properties, the optimization of formulations, and

the discovery of new composites. Each chapter provides readers with a deeper understanding of

current developments and the impact of artificial intelligence in materials science by offering a solid

theoretical background, experimental results, and key conclusions.

Giulio Malucelli and Aurelio Bifulco

Guest Editors
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Bridged Mesoporous Oxo-Phosphonates: A General Strategy
Toward Functional, Hybrid Materials
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* Correspondence: johan.alauzun@umontpellier.fr

Abstract: Combining the properties of organic and inorganic components with high surface
areas and large pore volumes opens up countless possibilities for designing materials
tailored to a wide range of advanced applications. As the majority of mesoporous hy-
brid materials are siliceous, the development of cost-effective synthetic approaches to
produce water-stable hybrids with controlled porosity and functionality remains essen-
tial. Herein, we describe an original strategy for the synthesis of bridged mesoporous
titania–bisphosphonate hybrids based on a one-step, template-free, non-hydrolytic sol–gel
process. The reaction between Ti(OiPr)4 and several flexible or rigid bisphosphonate esters,
in the presence of acetic anhydride (Ac2O) leads to the formation of TiO2 anatase nanorods
interconnected by fully condensed bisphosphonate groups. The general method that we
depict is quantitative and low cost. All materials are mesoporous with very high specific
surface areas (up to 520 m2·g−1) and pore volumes (up to 0.93 cm3·g−1).

Keywords: hybrids; bisphosphonate; titania; mesoporosity

1. Introduction

The synthesis of porous organic–inorganic hybrid materials has been a major challenge
for materials scientists for more than 30 years [1,2]. Indeed, these materials tend to combine
the properties of organic and inorganic moieties with high surface areas and pore volumes.
They should offer unprecedented options to design many materials adapted to a huge range
of advanced applications. These hybrid materials are often separated into two different
classes. In Class I hybrid materials, the organic and inorganic parts are bounded through
weak bonds, whereas, in Class II hybrid materials, they are bounded toward stronger
ionocovalent or covalent bonds.

Most Class II hybrid materials are siliceous derivatives, typically derived from organ-
otrialkoxysilane coupling agents. These compounds have been extensively employed to
develop a wide variety of hybrid materials exhibiting either disordered or ordered meso-
porosity, including surface-functionalized silicas, (bridged) silsesquioxane gels and cogels,
and periodic mesoporous organosilicas [3–6].

Research is increasingly focusing on nonsiliceous mesoporous hybrid materials to
extend the applications. They are mainly developed using carboxylate (MOFs) [7,8] or
phosphonate coupling agents [9–13].

On the past two decades, metal-organic frameworks (MOFs) have known an exponen-
tial growth [14,15]. They are notorious for their nice crystalline structures, extremely large
surface areas, and well-defined micropores. However, designing mesoporous MOFs often

Molecules 2025, 30, 2459 https://doi.org/10.3390/molecules30112459
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requires elaborate strategies, and the limited water stability of MOFs might be an issue,
depending on the applications [16].

On the other hand, phosphonates, known for their strong binding affinity to a broad
range of metal atoms, are considered among the most promising coupling agents for de-
signing water-stable, nonsiliceous Class II hybrid materials [17,18]. However, traditional
metal phosphonates typically form dense, layered structures with inherently low poros-
ity [19]. Various strategies have been employed to synthesize porous metal phosphonates
based on titanium, zirconium, or aluminum [9,20–23]. One common approach involves
the combination of bridging bisphosphonates with short monophosphonates to induce
microporosity. Another method utilizes bulky multiphosphonic acids to prevent the for-
mation of layered structures [24]. Additionally, metal phosphonates exhibiting external
mesoporosity have been developed through sol–gel and/or hydrothermal techniques using
bisphosphonic or multiphosphonic acids [19,25]. In these systems, the structural walls are
composed of amorphous or semicrystalline metal phosphonate particles, characterized
by high phosphorus-to-metal (P/M) ratios, typically ranging from about 1.3 to 2 [26–28].
However, the variety of functional organic groups incorporated into metal phosphonate
hybrid materials remains relatively limited [29].

Therefore, establishing a template-free and versatile method for synthesizing non-
siliceous hybrids with controllable mesoporosity and customizable functionality remains a
highly sought-after goal.

We have lately reported the non-hydrolytic sol–gel (NHSG) synthesis of a new family
of hybrid organic-inorganic mesoporous materials with tunable porosity and functional-
ity [30,31]. We called them “bridged mesoporous oxo-phosphonates”, or BMOPs. In this
previous work, the hybrids consisted of titanium oxide nanodomains interconnected by
rigid, fully condensed bisphosphonate linkers (biphenyl or bipyridine). Their porosities
were shown to be easily tunable via reaction conditions, and they exhibited excellent sta-
bility across a wide pH range. We believe that the NHSG chemistry provides an elegant,
simple, and powerful route to obtain hybrids with different morphologies or textures.

Herein, we report the one-pot synthesis of several hybrids containing different bispho-
sphonates (alkyl, aryl, and bipyridine derivatives) with TiO2. As we describe, this simple
method, giving access to a wide family of new mesoporous hybrid materials, is generic
and can be extended to different flexible or rigid bisphosphonate groups. All materials
show specific surface areas between 290 and 520 m2 g−1, as well as pore volumes up to
0.93 cm3 g−1. We consider these materials to be promising as catalytic supports or sorbents
given their high stability and outstanding textural properties.

2. Results and Discussion

In our previous work, we demonstrated that TiO2 with hierarchical porosity and high
specific surface area can be synthesized through an NHSG reaction between Ti(OiPr)4

and Ac2O [30]. We further showed that coupling this NHSG approach with a rigid bis-
diethylphosphonate precursors provides a one-step and template-free method for the
synthesis of nonsiliceous hybrid materials with tunable mesoporosity and customizable
post-synthetic functionalization.

The synthesis of these bridged mesoporous oxo-phosphonates has been shown to be
a three-step process (Equations (1)–(3) in Figure 1), where two are competitive reactions
(Equations (2) and (3)). In the first step, titanium isopropoxide reacts with acetic anhydride,
forming Ti-OAc intermediates (Equation (1)). These functions then react either with other
titanium isopropoxide functions (Equation (2)) or with phosphonate esters (Equation (3)),
where R is any functional organic group.

2
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Figure 1. Reaction involved in the BMOP synthesis.

Being irreversible, TiO2 grows and, in time, is modified on the surface with phospho-
nate moieties. These simultaneous reactions form BMOP hybrids (Scheme 1).

 
Scheme 1. Schematic representation of BMOP (metal oxide nanoparticles bridged by bisphosphonate).

A major advantage of hybrid materials is the possibility to tailor the functional organic
groups to the targeted applications. In order to give access to a wide family of these new
mesoporous hybrid materials with great application potential, we have considered here
to keep the titania precursor and to change the organic linker while maintaining the P/Ti
ratio (0.1 eq). Seven bisphosphonate precursors were studied (Figure 2). Three are flexibles:
propyl (bC3P), hexyl (bC6P) and dodecyl (bC12P); three are rigids: phenyl (bPhP), biphenyl
(bPh2P) and bipyridine (bPy2P); and one is semi-rigid: dimethylbipyrine (bPy2C2P). It is
worth noting that all these molecules are commercially available but are also synthesizable.

 
Figure 2. All bisphosphonates considered (n = 3, 6, and 12; n’ = 1 and 2).

Using a previously described procedure [30] (as depicted in Scheme 2 and developed in
the experimental section), we thus obtained 7 different BMOPs: bC3P-Ti, bC6P-Ti, bC12P-Ti,
bPhP-Ti, bPh2P-Ti, bPy2P-Ti, and bPy2C2P-Ti.

 
Scheme 2. Schematic representation of BMOP syntheses.

For all obtained hybrids, we measured the P/Ti ratios by MEB–EDX. According to
the results, all the precursors are incorporated and the materials are homogeneous at the
micrometer scale (P/Ti = 0.19 ± 0.02), within experimental error. It is worth noting that the
synthetic yields are always quantitative. The nitrogen adsorption–desorption isotherms of

3



Molecules 2025, 30, 2459

the different samples are displayed in Figure 3a (flexible linkers) and 3b (rigid linkers and
bPy2C2).

 
(a) (b) 

Figure 3. Nitrogen physisorption isotherms of flexible (a) and rigid (b) BMOP samples. Filled and
open symbols refer to adsorption and desorption, respectively.

As we can observe, all samples showed significant porosity. In accordance with the
IUPAC classification [32], the isotherms of theses BMOP samples are mainly of type IVa,
characteristic of mesoporous adsorbents, with an H2 hysteresis loop indicating complex
pore structures. The isotherms of bPy2C2 also showed Type II features (lack of plateau at
high relative pressure), suggesting the presence of some macropores.

As shown in Table 1, the specific surface areas of the flexible bisphosphonates are
between 330 and 470 m2 g−1. Indeed, for bC12P-Ti, the specific surface area is 330 m2 g−1;
it is 470 m2 g−1 for bC6P-Ti, and it reaches 390 m2 g−1 for bC3P-Ti (Table 1). There is, thus,
an optimal value for the bC6P bisphosphonate linker. A clear trend can be observed: the
pore volume decreases progressively with decreasing chain length—0.30 (bC3P-Ti), 0.40
(bC6P-Ti), and 0.60 cm3 g−1 (bC12P-Ti). Increasing the distance between nanoparticles
should indeed increase interparticle volumes.

Table 1. Recapitulative data from N2 sorption, XRD, and TGA measurements.

Sample
SBET

a

(m2 g−1)

Vp
b

(cm3 g−1)

Vm
c

(cm3 g−1)
Dp

d

(nm) BJH

Dp
e

(nm)
CBET

f dcryst
g

(nm)
Crosslinking Rate

(%)

bC3P-Ti 390 0.30 <0.01 4.0 4.0 72 14.6 96
bC6P-Ti 470 0.40 <0.01 2.7 4.0 56 11.7 89
bC12P-Ti 330 0.66 0.09 5.4 25 134 amorphous 89
bPhP-Ti 315 0.54 <0.01 9.6 13 54 12.8 96
bPh2P-Ti 290 0.65 <0.01 7.1 13 47 8.5 96
bPy2P-Ti 520 0.93 0.06 6.5 10 46 8.9 86
bPy2C2P-Ti 345 0.69 0.05 10.9 - 79 10.1 97

a BET specific area. b Total pore volume at P/P0 = 0.99. c Volume of micropores estimated by DFT analysis.
d BJH average pore diameter in the 2 to 50 nm range from the desorption branch. e Pore diameter in the 2 to
50 nm range of the desorption branch. f Brunauer–Emmett–Teller C constant of 0.05 < P/P0 < 0.3. g Crystallite
size estimated by the Scherrer equation.

The specific surface areas of the BMOPs containing rigid bisphosphonates are in the
range of 290 m2 g−1 to 520 m2 g−1. It is somewhat more challenging to compare these data
as the functions are different. Nevertheless, a decrease in specific surface area is observed
from bPhP to bPh2P, while the pore volume shows a concomitant increase.

The pore size distribution (Figure 4a,b) results confirmed the presence of mesopores
in all BMOP samples. As depicted in these figures and summarized in Table 1, the pore
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diameters are centered within the range of 4.0 to 25 nm for materials with flexible linkers
and around 10–13 nm for the ones with rigid linkers. The average pore diameter (estimated
with BJH) is within 2.7 to 5.4 for the flexible linkers and within 6.5 to 10.9 nm for the rigid
ones. As observed, the semi-rigid linker does not show evidence of porous diameters in
the mesoscopic range. The porosity might be higher than 50 nm.

Figure 4. Pore sizes distribution for flexible (a) and rigid (b) BMOP samples.

The peak found in the distribution at ≈4.0 nm for some samples (such as bC6P-Ti) is a
well-known artefact. This merely indicates the presence of small pores of diameters < 4 nm,
due to the instability of the meniscus at relative pressures lower than 0.42 [33].

We finally determined the Brunauer–Emmett–Teller C constant of 0.05 < P/P0 < 0.3,
which is related to the adsorption enthalpy, for all BMOPs. The C constant represents the
affinity of the solid with the adsorbate (the N2 molecules) and also to the heat of adsorption.
The higher the value of C, the higher the interaction [32,34]. The highest C values were
recorded for the flexible linkers, although all values remain within the 46–134 range.

Relatively similar C constant values (≈30) were previously reported for nanoparticles
grafted by octylphosphonic acid [35].

TiO2 prepared by the exact same non-hydrolytic procedure in toluene, is purely meso-
porous, with a pore volume of 0.36 cm3 g−1 and a specific surface area of 170 m2 g−1 [36].
As previously described, the presence of bridging bisphosphonate groups leads to the
formation of a high specific surface area. Thus, this general method allows one to obtain
highly mesoporous material with all studied bisphosphonates.

The 13C MAS NMR (Figure S1) performed on bC12P-Ti (a) and bPy2P-Ti (b) samples
confirmed the incorporation of the organic linkers without alteration during the synthetic
process. As observed in the spectra, the absence of resonances at ≈60 ppm (OCH2CH3

sites) and ≈75 pmm (OCH(CH3)2 sites) reveals the full condensation of P-OEt and Ti(OiPr)
groups. We can notice the presence of two signals centered at 23 ppm and 178 ppm, pointing
to the presence of residual acetate groups within the materials. 31P MAS solid-state NMR
spectrum (Figure 5) of the bC6P-Ti hybrid material displays a very broad signal in the 10 to
40 ppm range, centered at 27 ppm.

We have reported similar broad resonances for TiO2–octylphosphonate hybrid materi-
als prepared in the same one-step NHSG process, starting from Ti(OiPr)4 and H3C-(CH2)7-
PhPO(OEt)2 [35]. These peaks confirm the presence of phosphonate species bounded to
the TiO2 particles through Ti–O–P bonds. The lack of a sharp resonance around 7 ppm
demonstrates the absence of a layered titanium bisphosphonate phase. The deconvolution
determined by OriginPro software (2022b SR1; v9.9.5.171) shows two contributions at
27 ppm (85%) and 17.3 ppm (15%). As previously demonstrated. this is consistent with the
tridentate bonding of R-PO3 onto the titania surfaces [35].

5
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Figure 5. 31P CP magic angle spinning solid-state NMR spectrum of the bC6P-Ti hybrid materials.
The d1 and d2 curves represent the deconvolution of the bC6P-Ti curve.

Electron microscopy images (Figure S2) show that the bPh2P-Ti material appeared to
be formed of densely aggregated, roughly spherical particles.

As shown in the TEM images (Figure 6), at lower scale, the particles form a three-
dimensional mesoporous network, demonstrating the generality of our synthetic route. In-
terestingly, BMOPs obtained from a rigid linker appears to be constituted of TiO2 nanorods
(Figure 6c,d), while the ones prepared from flexibles linker (bC6P-Ti and bC12P-Ti) exhibit
an assembly of spherical nanoparticles (10 ± 5 nm diameter). The nanorods have a length
of 60 ± 15 nm and 10 ± 2 nm width. The morphology of the samples is thus significantly
dependent on the organic linker. At this nanometer scale, the sample textures are thus
significantly dependent on the rigidity of the organic linker. We do not have at this time an
explanation for these interesting differences.

The X-ray diffraction (XRD) patterns of the hybrid samples and TiO2 are presented in
Figure 7.

The samples’ crystallinities do not differ much, except for the bC12P-Ti sample, which
exhibits amorphous structure. The patterns of the BMOP hybrids showed the presence of
anatase nanocrystals (JCPDS 21-1272). There was no evidence of any rutile phase. In all
cases and as previously described, low-angle XRD showed no evidence for layered titanium
bisphosphonate phase. Given that this stable phase is generally non-porous, its formation
could adversely affects organic group accessibility and compromises the material’s textural
characteristics. The sizes of the anatase crystallites determined by the Debye–Scherrer
equation from the (101) and (200) peaks of the powder X-ray diffraction patterns vary from
8.5 to 14.6 nm. As observed, TiO2 nanomaterials synthesized with the exact same procedure
have the same anatase phase.

The attenuated total reflection (ATR)—Fourier transform infrared (FTIR) spectra of
hybrid materials display a single broad band between 1000 and 1100 cm−1, attributed
to the vibrational modes of R-PO3 tetrahedra (Figure S3). The absence of characteris-
tic bands at ≈1220 cm−1 (P=O stretching vibration) and ≈950 cm−1 (P–OC stretching
vibrations) [37] indicates that the phosphonate groups adopt a tridentate coordination
environment, similar to that found in layered titanium phosphonates. As previously ob-
served in sol–gel-derived TiO2–phenylphosphonate hybrid materials, P atoms are bonded
to three Ti atoms in CP(OTi)3 sites [38]. Vibrations observed in the 1400–1500 cm−1 region
are assigned to CH3 and CH2 deformations associated with residual organic groups on the
surface (e.g., Ti–OiPr, Ti–O–CMePhOiPr), as well as CH3, CH2, and P–CH2 deformations
originating from the alkylphosphonate linkers (C3, C6, and C12). The three bands between

6
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2850 and 3000 cm−1 are ascribed to the C–H sp3 symmetric and asymmetric stretching
vibrations of bonds in CH2 and CH3, mostly in the dodecyl unit. The intensity of these
bands is directly related to the amount of Csp3.

Figure 6. TEM images with scale bars at 50, 100 and 200 nm; of bC6P-Ti (a), bC12P-Ti (b), bPh2P-Ti
(c), and bPy2C2P-Ti (d) samples.

7
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Figure 7. Powder X-ray diffraction (XRD) patterns of BMOP and TiO2 samples.

A weak, broad band between 3000 and 3800 cm−1, characteristic of O–H stretching
vibrations, indicates the presence of a small amount of adsorbed water, corroborated by
the band at 1620 cm−1, corresponding to its bending mode. This broad feature may also
originate from hydroxyl groups generated by the hydrolysis of residual surface species
during the washing process or manipulation under air.

In order to confirm the incorporation of bisphosphonate units and to determine the
degree of condensation, we undertook thermogravimetric measurements of all BMOP
materials from room temperature up to 650 ◦C. We rescaled all data curves to 0% mass
lost at 150 ◦C. According to TGA (Figure S4 for flexible BMOPs and Figure S9 for rigid
BMOPs), all BMOPs gradually lose mass upon increasing the temperature up to 650 ◦C.
This loss is mainly due to the decomposition related to carbon and hydrogen oxidation,
as well as the oxidation of nitrogen, resulting in the release of nitrogen oxides (NOx). The
major decomposition range is within the range of 300–500 ◦C. This demonstrates that these
materials do not present higher stability under air than siliceous hybrids materials.

The lost mass is in good agreement with the total number of organic units inserted into
the hybrids. The values are between 12 and 31% for bC3P-Ti and bC12P-Ti. The crosslinking
rate or degree of condensation lies between 82 and 96%. This result is consistent with the
13C data (no remaining ethoxy groups and few Ti-Ac).

In order to study the stability of these hybrids, we immersed the bC12P-Ti material
for 24 h at room temperature at pH 3 and at pH 11 under stirring. After further rinsing
and drying steps (same conditions as before), the materials were characterized by nitrogen
sorption. The isotherms are presented in the “additional information” section (Figure S5).
As can be seen, there is no change in the mesoporosity part of the isotherm (type IV, H2).
There is, however, a reduction in the microporosity section and, therefore, a significant
decrease in specific surface area (approx. 50%). Indeed, the surface area drops from
330 m2 g−1 to 168 m2 g−1 (pH 3) and 162 m2 g−1 (pH 11). Pore volumes are reduced by
20% (from 0.66 cm3 g−1 to 0.51 cm3 g−1 and 0.50 cm3 g−1

, respectively). Hybrids obtained
with flexible precursors therefore appear to be slightly less stable than those obtained with
rigid precursors [30].

3. Materials and Methods

Titanium (IV) isopropoxide (Ti(OiPr)4, 97%) and acetic anhydride (Ac2O, 99%) were
purchased from Sigma-Aldrich (St. Quentin Fallavier, France). Tetraethyl 1,3 propyl-
bisphosphonate (bC3P, 95%), tetraethyl 1,6 hexyl-bisphosphonate (bC6P, 95%), tetraethyl 1,12
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dodecyl-bisphosphonate (bC12P, 95%), tetraethyl 1,4 phenyl-bisphosphonate (bPhP, 97%),
tetraethyl 1,1′-biphenyl-4,4′-bisphosphonate (bPh2P, 97%), tetraethyl 2,2′-bipyridine-5,5′-
bisphosphonate (bPy2P, 97%), and tetraethyl 2,2′-bipyridine-5,5′-dimethylbisphosphonate
(bPy2C2P, 95%) were purchased from SiKEMIA (Montpellier, France).

All reactants were used without further purification. Toluene (Sigma-Aldrich 99.7%)
was obtained over a Pure Solve MD5 solvent purification system (H2O < 10 ppm) and
controlled with a Karl Fischer coulometer.

3.1. Synthesis of Hybrid Materials

To avoid the presence of water, the addition of reactants and the sealing of the au-
toclaves were carried out in a glovebox under an argon atmosphere (<10 ppm of H2O
and O2).

In a typical synthesis, titanium (IV) isopropoxide (1.50 g, 5.25 mmol) was solubilized
in toluene (8 mL), before adding the bisphosphonate (0.53 mmol). After 10 min of stirring,
the acetic anhydride (2.2 eq. 1.18 g, 11.55 mmol) was added slowly. After stirring for
another 10 min, the obtained solution was transferred to a stainless-steel autoclave (Parr
Instruments) with a PTFE lining (23 mL), which was then sealed. The autoclave (fill rate of
approx. 45%) was heated in an oven at 200 ◦C under autogenous pressure for 18 h. After
reaction, the resulting monolithic gel was thoroughly washed with hot ethanol (Soxhlet
for 24 h) and acetone (5 × 30 mL). The gel was dried under reduced pressure (100 Pa) at
120 ◦C and finally ground into a fine powder for characterization.

3.2. Characterization Methods

Fourier transform infrared (FTIR) spectra were recorded in attenuated total reflection
(ATR) mode using a Spectrum II spectrometer (PerkinElmer, ICGM, Montpellier, France).

Powder X-ray diffraction (XRD) patterns were recorded using a Bruker D8 diffractome-
ter with CuKα radiation (λ = 0.15418 nm), using a Ni filter to suppress CuKβ radiation.

Scanning electron microscopy (SEM) images were acquired on a Hitachi S-4800 mi-
croscope and energy-dispersive X-ray spectroscopy (SEM–EDX) was conducted using an
Oxford Instruments X-MaxN SDD detector (ICGM, Montpellier, France).

Solid-state 31P magic angle spinning (MAS) NMR experiments were performed on a
Varian VNMRS 400 MHz (9.4 T) spectrometer equipped with a 3.2 mm T3 HXY MAS probe.
Single-pulse experiments were carried out with a spinning speed of 20 kHz, a 90◦ excitation
pulse of 3 μs, a recycle delay of 30 s, and SPINAL-64 1H decoupling at 100 kHz. Two
hundred transients were accumulated. The 31P chemical shifts were referenced externally
to hydroxyapatite (Ca10(PO4)6(OH)2) at 2.8 ppm relative to 85% H3PO4.

Solid-state 13C cross-polarization magic angle spinning (CPMAS) NMR spectra were
recorded on a Varian VNMRS 300 MHz spectrometer using a 3.2 mm double-resonance T3
probe, with a spinning speed of 12 kHz.

The textural properties of the materials were investigated by nitrogen adsorption–
desorption measurements at −196 ◦C using a 3Flex surface analyzer (Micromeritics). Prior
to analysis, the samples were degassed under vacuum (1.33 × 10−3 mbar) at 250 ◦C for 15 h.
Specific surface areas (SSAs) were determined using the Brunauer–Emmett–Teller (BET)
model within a relative pressure (P/P0) range of 10−5 to 0.1. The total pore volume was
estimated from the amount of nitrogen adsorbed at a relative pressure of 0.99. Microporous
surface area and volume (for pores with widths w < 2 nm) were evaluated using the t-Plot
method in the linear P/P0 range of 0.2–0.5. Pore size distributions were determined by
the Barrett–Joyner–Halenda (BJH) method, applied to the desorption branch for pores in
the 2–50 nm range, and by the Density Functional Theory (DFT) method for pores in the
1–5 nm range.
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The thermal stability of the materials was assessed by thermogravimetric analysis
(TGA) under synthetic air using a STA 409 PC Luxx thermal analyzer (Netzsch, ICGM,
Montpellier, France). Samples were placed in alumina crucibles and heated to 650 ◦C at a
rate of 5 ◦C·min−1.

4. Conclusions

In summary, we describe a simple, general, low-cost, and original synthesis of hybrid
mesoporous materials via a template-free non-hydrolytic route. These hybrids contain
TiO2 nanodomains bridged by different bisphosphonates. All materials obtained have high
specific surface areas and large pore diameters, with either flexible or rigid linkers. The
unique combination of accessible functionality and outstanding aqueous stability makes
these bridged mesoporous titania–bisphosphonates promising materials. This family
of hybrids is complementary to existing organosilicas, MOFs, and metal phosphonates,
depending on uses. This opens exciting opportunities in various advanced applications,
such as heterogeneous catalysis, drug delivery, ion exchange and adsorption/separation.
Their effectiveness in these applications will be investigated in due course.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules30112459/s1, Figure S1: 13C MAS NMR magic angle
spinning solid-state NMR spectra of the bC12P-Ti and bPy2P-Ti hybrid materials; Figure S2: SEM
images of bPh2P-Ti; Figure S3: ATR-FTIR spectra of the BMOP hybrid materials; Figure S4: TGA
curves of flexible (a) and rigid (b) BMOPs.
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Abstract: Polydimethylsiloxane (PDMS) has been extensively employed in electrical insu-
lation applications owing to its excellent thermal stability, hydrophobicity, and dielectric
properties. However, its inherent mechanical limitations require structural reinforcement to
enhance its performance under more demanding operational conditions. In this study, the
mechanical, thermal, and surface properties of PDMS-SiO2 nanocomposites synthesized
via in situ sol–gel process was systematically investigated. The influence of different SiO2

nanoparticle concentrations (5, 10, and 15 wt%), sol–gel catalyst type (acidic and alkaline),
and tetraethyl orthosilicate (TEOS) crosslinking agent ratios (15:1, 10:1, 5:1) was evaluated.
Tensile mechanical testing, dynamic mechanical analysis (DMA), and thermogravimetric
analysis (TGA) revealed that the incorporation of SiO2 notably improved both the mechan-
ical strength and thermal stability of the composites. The 5-15b and 10-15a composites
exhibited the highest tensile stress and viscoelastic modulus among all samples. Further-
more, the composites retained key functional properties, including hydrophobicity, high
volumetric electrical resistivity (~1011 Ω·cm), and strong adhesion. These findings confirm
the potential of in situ PDMS-SiO2 nanocomposites for use as high-performance insulating
coatings in advanced electrical applications.

Keywords: in situ sol–gel; hybrid O/I systems; wettability behavior; thermal behavior;
mechanical properties

1. Introduction

Polydimethylsiloxane (PDMS) is a widely used polymer in various applications due
to its remarkable flexibility, chemical stability, hydrophobicity, and thermal resistance [1].
Its high electrical insulation and chemical stability against environmental factors such as
radiation and humidity make it an ideal candidate for protective coatings in electronic and
electrical applications, including high-voltage cables and insulators in power plants [2].
However, PDMS exhibits limitations such as low mechanical strength and hardness, which
requires its integration with additional materials to enhance its durability under external
conditions and extend its operational life [3].

Several reinforcement strategies have been proposed to enhance the mechanical per-
formance of PDMS when applied as an insulating coating. Among the most extensively
studied are nanostructures based on metal oxides such as titanium dioxide (TiO2) [4,5],

Molecules 2025, 30, 2107 https://doi.org/10.3390/molecules30102107
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alumina (Al2O3) [6], and silicon dioxide (SiO2) [7,8], as well as carbon-based nanomate-
rials including carbon nanotubes (CNTs) [9] and graphene [10]. Previous investigations
have demonstrated that TiO2 nanoparticles can enhance the elastic modulus and tensile
strength of PDMS matrices; however, significant agglomeration tendencies and reduced
flexibility have been reported, limiting their applicability [11]. Similarly, CNT-reinforced
PDMS composites exhibit substantial improvements in mechanical strength and electrical
conductivity; nevertheless, dispersion difficulties and the tendency to create localized stress
concentrations negatively impact its tensile strength [12].

Nanocomposite materials based on PDMS and SiO2 have attracted considerable atten-
tion due to their improved mechanical and thermal properties [4,13]. The incorporation
of SiO2 into the PDMS matrix did not alter the chemical environment or the spatial ar-
rangement of the polymeric network, owing to the chemical similarity between the matrix
and the reinforcement [7]. This compatibility enabled the preservation of the elastomeric
behavior of PDMS and facilitated an effective dispersion of the reinforcing phase within
the composite structure.

Despite the multiple nanostructures that have been shown to modify and improve
the mechanical properties of these polymers, traditional approaches for the fabrication of
PDMS composites have primarily relied on ex situ synthesis (pre-formed nanoparticles
were dispersed into the polymer matrix) which ends up limiting the addition of reinforcers
due to the difficulty of dispersion and agglomeration in high-viscosity polymers [14].
That is why the use of high-energy mixing techniques to achieve adequate dispersion is
required [15], thereby limiting the maximum concentration of reinforcements that could be
effectively incorporated. These conditions have ultimately led to suboptimal interfacial
interactions between the polymer matrix and the nanoparticles, adversely affecting the
final performance of the composite materials [9].

To address these limitations, recent research efforts have been focused on the develop-
ment of in situ synthesis techniques, which allowed the formation of nanoparticles directly
within the polymeric matrix [14]. In situ synthesis methods include emulsion polymer-
ization [16], hydrothermal-assisted synthesis [17], and the sol–gel process [7]. Among
these, the sol–gel method has offered several advantages, including enhanced nanoparticle
dispersion, adaptability to diverse polymer matrix synthesis conditions, and tunability of
the physicochemical properties of the reinforcements by modifying key synthesis parame-
ters such as catalyst type, pH, and precursor concentration [18]. For SiO2 nanoparticles,
the influence of sol–gel catalysts was found to be a critical factor in determining the size,
morphology, and surface chemistry of the synthesized nanoparticles, thereby potentially
impacting the overall performance of the resulting PDMS composites [19].

Although significant advances have been achieved in the development of PDMS–SiO2

composites [7], comprehensive investigations addressing the influence of key synthesis
variables—such as nanoparticle concentration, sol–gel catalyst selection, and crosslinking
degree—on the mechanical and thermal performance of these materials remain limited.
Previous studies have indicated that increasing nanoparticle content can improve the
mechanical reinforcement of PDMS; however, excessive nanoparticle loading has been
associated with agglomeration phenomena, which may detrimentally affect the uniformity
and performance of the composite material [4,20]. Furthermore, the effect of sol–gel
catalyst conditions on the structural homogeneity and interfacial interactions within the
PDMS matrix has not yet been fully elucidated and continues to be the subject of ongoing
research efforts.

Previous studies have emphasized the importance of combining crosslinking processes
and nanoparticle incorporation; however, the competitive nature of the nanoparticle syn-
thesis and polymer crosslinking reactions often limited the extent of polymer–nanoparticle
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interaction and, consequently, the final properties of the composites [21]. Additionally,
although higher degrees of crosslinking generally enhanced the mechanical strength and
thermal stability of PDMS-based systems, they also tended to induce excessive rigidity
and reduce flexibility, which could negatively affect the performance of the material when
applied as a coating [22].

In addition to the enhancement of mechanical properties, attributes such as hydropho-
bicity, electrical insulation, and adhesion are crucial for the optimal performance of these
composites when employed as insulating coatings [1,3].

Hydrophobicity and superficial adhesion play a critical role in the durability and pro-
tective capability of insulating coatings, as they help prevent moisture absorption, contami-
nation, and delamination which degrade electrical insulation [23]. Similarly, maintaining
electrical insulation properties is essential to ensure the suitability of these composites for
electrical applications [24]. The formation of composites through the incorporation of SiO2

reinforcements and variations in crosslinking conditions may impact these properties and
warrants further investigation.

This study continues the evaluation of the in situ synthesis approach for PDMS–SiO2

composites previously developed by the research group. In earlier work, the physicochemi-
cal characterization of sol–gel-synthesized SiO2 nanoparticles and their corresponding com-
posites was conducted through FTIR, Raman, XRD, and XPS analyses. The present investi-
gation expands upon these findings by examining the influence of synthesis parameters—
specifically nanoparticle concentration, sol–gel catalyst type (acidic and alkaline), and
crosslinking agent (TEOS) ratio—on the mechanical and thermal properties of the result-
ing composites. The objective is to gain a deeper understanding of how these variables
modify the internal chain mobility mechanisms within the polymer matrix. The results
contribute to the advancement of polymer nanocomposites for electrical insulation applica-
tions and may serve as a foundation for future developments in nanoreinforced functional
coating materials.

This study continues the evaluation of the in situ synthesis approach for PDMS–SiO2

composites previously developed by the research group. In earlier work, the physico-
chemical characterization of sol–gel-synthesized SiO2 nanoparticles and their correspond-
ing composites was conducted through FTIR, Raman, XRD, and XPS analyses [7]. The
present investigation expands upon these findings by examining the influence of syn-
thesis parameters (nanoparticle concentration, sol–gel catalyst type (acidic and alkaline),
and crosslinking agent ratio) on the mechanical and thermal properties of the result-
ing composites. The objective is to gain a deeper understanding of how these variables
modify the internal chain mobility mechanisms within the polymer matrix. The results
contribute to the advancement of polymer nanocomposites for electrical insulation applica-
tions and may serve as a foundation for future developments in nanoreinforced functional
coating materials.

2. Results

To guarantee the accurate identification and analysis of the different study groups, a
specific nomenclature was established. Each composite was designated by first indicating
the PDMS:TEOS weight ratio (15, 10, or 5), followed by the SiO2 reinforcement content
(0, 5, 10, or 15 wt%), and finally by the synthesis medium, with “a” denoting acidic
conditions and “b” representing alkaline conditions. For instance, the composite labeled
5-15b corresponds to a PDMS:TEOS weight ratio of 5:1, reinforced with 15 wt% of SiO2

nanoparticles synthesized under alkaline conditions.
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2.1. PDMS-%SiO2 Mechanical and Thermal Properties
2.1.1. Tensile Mechanical Analysis

Tensile tests were conducted on the various PDMS-%SiO2 polymeric composites to
determine the changes in mechanical behavior caused by different concentrations of SiO2

reinforcer (0%, 5%, 10%, and 15%) obtained via sol–gel synthesis in acidic (a) and alkaline
(b) media. In Figure 1, the stress–strain profiles for the different study groups are presented,
revealing a notable increase in both ultimate tensile stress and strain compared to the
control unreinforced polymers (15-0, 10-0, and 5-0). In the unreinforced polymers, two
primary processes were observed—one occurring between 0 and 0.4 MPa and another above
0.4 MPa—which corresponded to the elastic and plastic deformation stages, respectively [1].

 
Figure 1. Stress–strain profiles of PDMS-%SiO2 composites for SiO2-a and SiO2-b reinforcers.

In the reinforced composites (PDMS-%SiO2), a third creep process was observed at
1.5 MPa, which is attributed to a plastic deformation mechanism commonly encountered
in reinforced polymers and related to matrix–particle interactions [7,11].

Based on the stress–strain profiles, the elastic modulus, ultimate strain, and fracture
stress for each reinforced composite were calculated and presented in Table 1. In Figure 2,
a graphical representation of the progressive changes in these mechanical properties (y-axis)
is provided as the reinforcement concentration increased from 0% to 15% (x-axis).

For the unreinforced materials (15-0, 10-0, and 5-0), the elastic modulus increased with
the PDMS:TEOS weight ratio, ranging from 0.393 to 0.496 MPa, corresponding to a 26%
increase for the control group with the highest crosslinking concentration (5-0) [25]. Among
the reinforced composite groups, the elastic modulus exhibited a positive correlation with
the concentration of SiO2 reinforcement. The composites exhibiting the highest elastic
modulus values were 5-15b and 10-15b, with values of 0.60 ± 0.02 and 0.59 ± 0.01 MPa,
respectively. These values represented increases of 20% and 51% relative to its unreinforced
control groups (5-0 and 10-0).
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In contrast to the elastic modulus, the ultimate strain of the composites did not
exhibit a discernible relationship with the SiO2 concentration. Within the unreinforced
polymer samples, the 10-0 group exhibited the lowest strain at fracture, with a dimension
ratio (Df/D0) of 2.12 (corresponding to a deformation of 212%). Among the reinforced
composites, the highest dimension ratios were observed in 5-15b and 10-15a groups, with
ratios of 4.08 and 3.88, respectively, representing increases of 42% and 83% compared to the
unreinforced polymers.

The ultimate tensile stress property exhibited a rising trend as the concentration of
SiO2 reinforcements increased. The unreinforced PDMS composites demonstrated fracture
stress values ranging from 0.471 to 0.731 MPa, with the 10-0 group displaying the lowest
fracture resistance.

For composites with low SiO2 concentrations (5a and 5b), fracture stress values ranged
from 0.484 to 0.901 MPa. Gradually, the fracture stress increased from 0.934 to 1.281 MPa
for composites with a 10% reinforcement concentration (10a and 10b, respectively). At the
highest reinforcement concentration (15% SiO2), most composites exhibited a considerable
increase in ultimate tensile stress, thereby differing from the behavior at lower concentra-
tions [26]. The composites with the highest fracture stress for each reinforcer (SiO2-a and
SiO2-b) were 10-15a and 5-15b (1.94 and 2.71 MPa, respectively). This value represented an
increase of 371% and 412% in comparison with its control groups.

Table 1. Tensile mechanical test properties for PDMS-%SiO2 composites.

Elastic Modulus (MPa)

PDMS:TEOS 15 10 5

SiO2
1 (%w) a b a b a b

0 0.39 ± 0.01 0.39 ± 0.01 0.39 ± 0.01 0.39 ± 0.01 0.50 ± 0.013 0.50 ± 0.01
5 0.46 ± 0.02 0.47 ± 0.004 0.51 ± 0.03 0.48 ± 0.02 0.49 ± 0.010 0.48 ± 0.01

10 0.50 ± 0.001 0.50 ± 0.01 0.52 ± 0.02 0.51 ± 0.01 0.50 ± 0.009 0.52 ± 0.01
15 0.56 ± 0.01 0.46 ± 0.01 0.54 ± 0.03 0.59 ± 0.01 0.52 ± 0.023 0.60 ± 0.02

Ultimate Strain (MPa)

PDMS:TEOS 15 10 5

SiO2
1 (%w) a b a b a b

0 3.00 ± 0.15 3.00 ± 0.15 2.12 ± 0.26 2.12 ± 0.26 2.87 ± 0.54 2.87 ± 0.54
5 1.70 ± 0.35 3.11 ± 0.45 1.88 ± 0.32 3.25 ± 0.46 3.00 ± 0.18 3.48 ± 0.45

10 2.91 ± 0.24 3.80 ± 0.31 3.16 ± 0.13 3.48 ± 0.38 3.52 ± 0.32 2.76 ± 0.19
15 2.79 ± 0.28 2.91 ± 0.05 3.88 ± 0.56 2.46 ± 0.33 3.40 ± 0.35 4.08 ± 0.19

SiO2
1 (%w) Ultimate Tensile Stress (MPa)

PDMS:TEOS 15 10 5

[C] SiO2
1 a b a b a b

0 0.59 ± 0.07 0.59 ± 0.07 0.47 ± 0.04 0.47 ± 0.04 0.73 ± 0.02 0.73 ± 0.03
5 0.48 ± 0.04 0.75 ± 0.09 0.57 ± 0.05 0.85 ± 0.14 0.82 ± 0.09 0.90 ± 0.11

10 0.93 ± 0.11 1.24 ± 0.13 1.15 ± 0.03 1.28 ± 0.23 1.28 ± 0.10 1.00 ± 0.11
15 1.34 ± 0.22 0.76 ± 0.05 1.94 ± 0.22 1.34 ± 0.27 1.53 ± 0.30 2.71 ± 0.16

1 Rows correspond to the SiO2 concentration, and columns correspond to the catalyst type: acidic (a) or alkaline (b).
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Figure 2. Mechanical properties of PDMS-%SiO2 composites: (a) elastic modulus, (b) ultimate
deformation, and (c) ultimate tensile stress.
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2.1.2. Dynamic Mechanic Analysis

In addition to the tensile tests, dynamic mechanical analyses were conducted to
elucidate the mechanical behavior of the various composites by examining variations in
their viscoelastic properties and thermal transitions over a temperature range [27]. DMA
tests were performed on the composites within a temperature window from−130 to 80 ◦C.
Table 2 presents the thermal transition processes, including the glass transition temperature
(Tg), as well as the storage modulus (G′), loss modulus (G′′), and tan δ (G′/G′′) measured
at 30 ◦C for each study group.

Table 2. Dynamic mechanical analysis test results for PDMS-%SiO2 composites.

G′′ (MPa) G′ (MPa) Tan δ Tg (◦C) 1

15-0 0.035 0.970 0.036 −66.79
15-5a 0.013 1.508 0.008 −70.14

15-10a 0.058 1.080 0.053 −60.72
15-15a 0.086 1.521 0.057 −59.74
15-5b 0.062 1.014 0.061 −59.81
15-10b 0.063 1.160 0.054 −59.88
15-15b 0.014 1.267 0.011 −72.72

10-0 0.064 1.097 0.059 −69.31
10-5a 0.064 1.191 0.053 −79.25

10-10a 0.063 1.103 0.057 −66.60
10-15a 0.062 1.161 0.054 −67.00
10-5b 0.064 1.059 0.060 −61.36
10-10b 0.071 1.101 0.057 −61.15
10-15b 0.071 1.301 0.053 −61.05

5-0 0.058 0.972 0.060 −61.77
5-5a 0.060 1.035 0.058 −65.21

5-10a 0.068 1.081 0.063 −64.31
5-15a 0.076 1.174 0.064 −60.27
5-5b 0.060 1.246 0.048 −63.34

5-10b 0.097 1.267 0.077 −62.34
5-15b 0.077 1.398 0.055 −52.54

1 Tg was calculated by extrapolating the first mechanical transformation process from the G′ vs. T.

For all composite groups, a viscoelastic behavior characteristic of the PDMS polymer
matrix was observed, with a larger contribution from the solid elastic response (G′) behavior
after the crosslinking process [28]. A gradual increase in the storage modulus was observed
within the incorporation of SiO2 nanoparticles. The composites that exhibit the highest
reinforcement concentrations were 15-15a, 10-15b, and 5-15b.

Glass transition temperature of composites varied as a function of the crosslinking
degree and reinforcement concentration, presenting the composites 15-15a, 10-15b, and
5-15b the highest transition temperatures. Composite 5-15b exhibited the most pronounced
temperature increase (−52.54 ◦C), representing an increase of over 9 ◦C relative to the con-
trol polymer 5-0 (−61.77 ◦C). This behavior can be attributed to changes in the crosslinking
degree, reducing the mobility of the polymer chains [1].

2.1.3. Thermogravimetric Analysis

Once the mechanical tests (static and dynamic) had been performed, it was determined
that the composites exhibiting the highest mechanical strength for each type of SiO2

reinforcement were 10-15a and 5-15b. Analyses of thermal properties of these composites
were performed for a more comprehensive understanding of the interaction between the
polymeric system and the selected variables (sol–gel catalyst, SiO2 concentration, and
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crosslinking agent concentration) on the thermal mobility of the polymer chains and
thermal stability [29]. To identify these progressive changes in the thermal behavior of the
composites with superior mechanical performance (10-15a and 5-15b), thermogravimetric
analyses were performed.

Figure 3a shows the weight loss profiles of the best mechanical composite subgroups,
from the control groups 10-0 and 5-0 up to the highest concentrations, 10-15a and 5-15b. In
Figure 3b, the weight loss rate of the composites, as the temperature increased to 700 ◦C,
is represented.

 
(a) 

 
(b) 

Figure 3. TGA thermograms of PDMS-%SiO2 composites: (a) weight loss percentage and (b) deriva-
tive TGA (%/◦C).

For direct comparison among the study groups, the onset of the primary degradation
process was determined via linear fitting. The results for the different composites are
presented in Table 3. Additionally, the weight loss rate, and percentage of residual mass
after 700 ◦C were recorded.
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Table 3. Thermogravimetric analysis for PDMS-%SiO2 composites.

Composite Intersection (100 ◦C)
Max. Mass Loss

Reisdual Mass 700 ◦C (%)
T (◦C) Rate (%/◦C)

15-0 327 392 0.48 0

10-0 351 419 0.79 0
10-5a 391 447 0.72 1.17

10-10a 395 437 0.83 2.26
10-15a 393 425 0.68 2.94

5-0 358 435 0.65 2.27
5-5b 377 445 0.86 2.85

5-10b 405 451 0.58 8.35
5-15b 447 550 0.5 16.16

From mass loss rate values shown in Figure 2b, two principal degradation processes
were identified across the temperature window of 300–700 ◦C for all groups. These degrada-
tion processes were attributed to the rupture of the crosslinking chains and the subsequent
degradation of the primary PDMS chains [11].

An increase in the onset degradation temperature was observed in the control groups
(15-0, 10-0, and 5-0) as the crosslinker concentration change; as the amount of TEOS
increased, the degradation onset temperature rose from 327 to 358 ◦C. This behavior
was attributed to the higher crosslinking degree; a more extensively crosslinked matrix
requires greater energy for polymer chain mobility, resulting in higher degradation temper-
atures [30].

For the reinforced composites, variations in thermal behavior were observed upon
employing different SiO2 concentrations (0, 5, 10, and 15%) and sol–gel catalysts (SiO2-a
or SiO2-b). Composites reinforced with SiO2-a exhibited a slight increase in the onset
degradation temperature relative to the unreinforced polymer, reaching up to 395 ◦C (a 12%
increase relative to 10-0), without an apparent dependence on reinforcement concentration.
Conversely, composites containing SiO2-b particles demonstrated a gradual increase in
the onset degradation temperature as the concentration of SiO2-b reinforcement increased,
rising from 377 ◦C (5-5b) to 447 ◦C (5-15b), representing an increase of up to 25% compared
to the control polymer (5-0).

In Table 3, the percentage of residual weight following heating to 700 ◦C was also
presented. For 10-b and 5-a groups, a gradual increase in the composite’s residual weight
was observed as the reinforcement concentration increased [10]. For 10-0 composition,
zero residual mass was observed at 700 C; however, the polymer’s residual mass grad-
ually increased with SiO2-a concentration, reaching 2.94 w% for 10-15a. Similarly, in
the 5-0, a residual weight of 2.27% was recorded, which gradually increased with rising
SiO2-b concentration, reaching 16.16% for the composite with the highest reinforcement
concentration (5-15b).

The higher residual mass observed in composites synthesized under alkaline con-
ditions (SiO2-b) compared to those synthesized under acidic conditions (SiO2-a) can be
attributed to the enhanced crosslinking degree promoted in these systems. As previously
reported, alkaline sol–gel synthesis routes favor the retention of higher concentrations of
unreacted TEOS and other precursors after sol–gel particle formation [7], which subse-
quently can participate in additional crosslinking reactions within the PDMS matrix. This
increase in crosslinking degree contributes to improved thermal stability and superior
mechanical properties, resulting from the synergistic effect of increased crosslinking and
the incorporation of reinforcing nanoparticles.
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2.2. PDMS-%SiO2 Coating Characterization

Crosslinking efficiency, hydrophobicity, conductivity, and adhesion tests were con-
ducted on composite subgroups selected from the mechanical and thermal analyses (5-15b
and 10-15a). These evaluations were performed to assess the impact of the selected vari-
ables on the essential properties required for the application of these materials as insulating
coatings [24].

2.2.1. Crosslinking Efficiency

Crosslinking efficiency of selected composites was estimated via gravimetric weight
loss tests, determining if high reinforcement concentrations significantly altered the
crosslinking yield of PDMS. Triplicate composite samples were collected and weighed in
their dry state (Pi), following immersion in ethanol (Ph), and after the drying process (PS).
Using Equations (1)–(3), the solvent absorption percentage (A%), weight loss percentage
of the coating due to the solvent (Lw), and the crosslinking efficiency (Xy) were calculated
for the composites after removal of the remaining subproducts and unpolymerized chains.
The results are presented in Table 4.

A =
Ph − Pi

Ps
(1)

Lw =
Pi − Ps

Pi
(2)

Xy =
Ps

Pi
(3)

Table 4. Gravimetric test results for crosslinking efficiency on PDMS-SiO2 selected composites.

Group A (%) Lw (%) Xy (%)

15-0 3.65 ± 0.55 3.59 ± 1.04 96.41 ± 1.04
10-0 2.15 ± 0.81 1.71 ± 0.86 98.29 ± 0.86
5-0 2.23 ± 0.90 1.78 ± 0.97 98.22 ± 0.97

10-15a 1.12 ± 0.80 3.49 ± 0.34 96.51 ± 0.34
5-15b 0.98 ± 0.75 3.28 ± 0.64 96.72 ±0.64

Solvent absorption (A) in the various control composites exhibited a dependence on
the PDMS:TEOS ratio, progressively decreasing from 3.65% to 2.23% as the crosslinker con-
centration increased. This reduced solvent absorption can be attributed to the concentration
of the elastomer’s crosslinking agent [30]. In composites 10-15a and 5-15b, a clear reduction
in solvent absorption was observed relative to the control polymers, with values reaching
less than half those of the unreinforced samples, with 1.12% and 0.98%, respectively.

The crosslinking efficiency (Xy), complementary to Lw, exhibited similar trends across
the various composites, with all study groups falling within a range of 96.4–98.3%. Nonethe-
less, in the control groups, a higher concentration of TEOS crosslinker was associated with
a slight increase in crosslinking efficiency, attributed to the presence of un-crosslinked
polymer chains that were displaced by dissolvent [31]. Conversely, the reinforced groups
exhibited less efficiency than those of the control groups, a trend attributed to a higher
concentration of by-products generated during hydrolysis and condensation reactions,
as previously demonstrated [7]. These by-products were displaced and eliminated from
composites during the solvent absorption and drying processes.
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2.2.2. Hydrophobicity and Electric Insulation

Hydrophobicity of composites was assessed by measuring the water contact angle
in air on the surfaces of the selected PDMS composites (10-15a and 5-15b) as well as on
control polymers. Images obtained from the contact angle tests are presented in Figure 4,
and the measured angles in Table 5.

Figure 4. Water droplets on PDMS-SiO2 selected composites during contact angle testing.

Table 5. Water contact angle and volumetric resistivity results for PDMS-SiO2 selected composites.

Group Contact Angle (◦) Resistivity (1011 Ω/cm)

15-0 100.4 ± 2.1 3.6 ± 0.6
10-0 99.1 ± 1.6 3.1 ± 0.8
5-0 99.7 ± 5.0 2.5 ± 0.9

10-15a 99.3 ± 2.3 2.6 ± 0.6
5-15b 98.1 ± 3.8 2.4 ± 0.6

No significant change in water contact angle (neither increase nor decrease) was
observed in the reinforced composites (10-15a and 5-15b) compared with the unreinforced
polymers (10-1 and 5-0). All selected composites exhibited a contact angle greater than
95◦, thereby confirming their hydrophobic nature and falling within the normal PDMS
contact angle range (95◦ to 113◦) [25]. These results were attributed to the tendency of
PDMS to migrate at the surface upon deposition, leading to the formation of a superficial
layer predominantly composed of PDMS chains [32].

In addition to their hydrophobic properties, the preservation of the electrical insulation
of PDMS coatings is deemed essential for their application in the electrical industry. The
conductivity of the composites with superior mechanical performance and higher reinforce-
ment concentrations (10-15a and 5-15b) was evaluated. The volumetric resistivities were
determined via conductivity testing using the reversed voltage method [33] and recorded
in Table 5.
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The volumetric resistivity values obtained for both the reinforced composites (10-15a
and 5-15b) and the control groups (10-0 and 5-0) fell within a comparable range, with all
samples exhibiting a volumetric resistivity of approximately 1011 Ω/cm, without significant
differences. These values were consistent with the PDMS reported properties for insulating
composites indicating that the addition of SiO2 reinforcements up to a concentration of 15%
neither reduced nor increased the electrical resistivity of these composites [34].

2.2.3. Superficial Adherence

In addition to the surface properties of the composites, maintaining the adhesion
of PDMS to ceramic and polymeric substrates is crucial for its application as insulating
coatings. Figure 5 presents the results obtained from adhesion tests conducted using the
cross-cut tape method, following the ASTM D3359 standard [35].

  

Figure 5. Adhesion test marks following ASTM D3359 on the surfaces of PDMS-%SiO2 composites.

Composites were analyzed according to the ASTM D3359 standard based on the
amount of material removed during testing, with six possible categories (A0–A5). The
reinforced composites (10-15a and 5-15b) and their respective control groups (10-0 and 5-0)
were classified as A4, indicating the formation of cross-cut marks on the tape after testing.

In contrast, the 15-0 control group was classified as A3, suggesting variation in the
adhesion level. This variation appears to be influenced by the crosslinking degree of the
PDMS matrix, showing a behavior contrary to that reported for other polymer systems [36].

These classifications are considered indicative of good surface adhesion and align with
values reported in previous papers [4]. The adhesion tests demonstrated that the presence
of SiO2 nanoparticles (SiO2-a and SiO2-b) within the polymer matrix did not significantly
affect the adhesion properties under the ASTM D3359 standard.

3. Discussion

This investigation demonstrated significant changes in the mechanical and thermal
behavior of PDMS composites due to modifications in the selected independent vari-
ables, including crosslinking agent concentration (TEOS), sol–gel catalyst type, and SiO2

nanoparticle concentration. These results indicate potential alterations in the chain mobility
processes of the polymer, directly influencing the composite’s structural characteristics and
mechanical performance [37].

During tensile mechanical testing, the crosslinked PDMS chains experience an initial
elastic unfolding process (elastic deformation), transitioning from a coiled to an extended
spatial conformation. As deformation continued, the rupture of crosslinking bonds (plastic
deformation) is initiated [1]. Similarly, during thermal analyses (DMA and TGA), the
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temperature elevates the vibrational energy of the molecules, progressively enhancing
their mobility until the rupture of the crosslinking bonds (~430 ◦C) occurs, followed by the
breakdown of the main polymer chains (~530 ◦C) [11,28]. These transitions also reflect an
improvement in the material’s thermal stability, evidenced by elevated degradation of onset
temperatures in reinforced systems. Such enhancements in physical properties contrast
with the relatively minor changes observed in the chemical structure of the composites, as
reported in previous studies [7].

When compared to other PDMS-based composites reported in the literature, the SiO2-
reinforced systems developed in this study exhibited competitive mechanical properties.
For instance, PDMS composites reinforced with TiO2 nanoparticles have reported tensile
strengths ranging from approximately 1.6 to 2.8 MPa at loadings between 2.5 and 15 wt%,
although presenting a limited elongation capacity [11]. Similarly, CNT-enhanced PDMS
composites have achieved tensile strengths between 0.5 and 1.7 MPa at concentrations
ranging from 2 to 10 wt%, while largely maintaining the original elongation behavior of
PDMS [12]. In contrast, the SiO2-reinforced composites synthesized herein demonstrated
tensile strengths in the range of 2.3–2.6 MPa (Table 1), comparable to TiO2-based composites,
but notably surpassing the deformation capabilities reported for CNT-based composites,
all while preserving essential properties such as hydrophobicity and electrical insulation.

The control groups (15-0, 10-0, and 5-0) demonstrated that an increased TEOS concen-
tration led to a significant enhancement in mechanical behavior of the PDMS matrix. This
behavior was attributed to an increase in the crosslinking degree within the matrix [30]. As
the TEOS concentration increased, the number of crosslinking bonds also rose, restricting
the mobility and subsequent sliding of polymer chains. This effect has been particularly
evident in mechanical properties such as the elastic modulus [38]. Previous studies con-
ducted by the research group have corroborated this behavior, obtaining a composite with
increased stiffness and mechanical strength [4].

Previous investigations have demonstrated that the incorporation of nanostructured
reinforcements within a polymeric matrix such as PDMS modifies the internal organiza-
tion of the polymer chains, resulting not merely in the formation of a two-phase system
(matrix–reinforcement) but in a material exhibiting active internal interactions [39]. Unlike
micrometer-scale reinforcements, the presence of nanoparticles enables direct interaction
between the long polymer chains and the reinforcing particles, thereby altering the ma-
terial’s response to external stimuli, such as mechanical and thermal energy, which are
inherently dependent on the molecular dynamics of the system [40].

It is proposed that SiO2 nanoparticles, like other nanostructured reinforcements, act
as high-energy sites within the polymeric matrix [39]. Through electrostatic interactions,
primarily Van der Waals forces, these nanoparticles alter the mobility of the polymer chains
by physically interacting with the surface hydroxyl (-OH) groups present on the SiO2

nanoparticles and the methyl groups distributed along the PDMS backbone [41]. Previous
studies have demonstrated the absence of new chemical bonds or distinct configurations in
PDMS–SiO2 composites [7], confirming that the interaction is predominantly physical rather
than chemical. Since the interaction is electrostatic in nature, complete immobilization of the
polymer chains is avoided, unlike what occurs in systems where covalent bonding restricts
mobility. Such chemical interactions have been shown to lead to excessive rigidification and
a marked reduction in the maximum strain achieved by the material [42]. In contrast, this
physical interaction allows the reduction of polymer chain mobility while leading effective
load distribution throughout the network, resulting in enhanced thermal and mechanical
resistance, without compromising the elastomeric behavior of the PDMS matrix [28,37].

With the above mentioned, the incorporation of SiO2 nanoparticles with varying
sizes and concentrations as reinforcing agents significantly influence the mechanical and
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thermal performance of the composites. A progressive increase in mechanical properties
was observed with increasing nanoparticle content, reaching peak values at the highest
reinforcement level (15%) in most of the studied groups. Furthermore, particle properties
such as size and agglomeration were shown to directly affect the effective interfacial surface
area available for interaction with the polymer chains [43], thereby also influencing the
thermal and mechanical performance exhibited by the polymeric composites.

In 15-b and 10-b groups, a decline in ultimate strain and tensile stress was observed at
the highest concentrations of reinforcing particles. This behavior has been associated with
reinforcement agglomeration processes [20]. The reduction in mechanical performance is
attributed to a decrease in the effective interaction area, as the aggregation of reinforcing
particles leads to the formation of heterogeneous regions within the material. These regions
result in stress concentration points and a subsequent reduction in mechanical strength [4,9].

Among the reinforcement systems used (SiO2-a and SiO2-b), the pH of the sol–gel
medium directly influenced the final physicochemical properties of the synthesized par-
ticles [18]. Previous studies have demonstrated that SiO2 particles synthesized under
alkaline conditions (SiO2-b) develop larger particle sizes and contain a higher concentra-
tion of by-products, such as TEOS, ethanol, and acetone, compared to SiO2-a [7]. These
differences are attributed to distinct reaction pathways followed during the hydrolysis and
condensation stages of the sol–gel process [18,19]. These nanoparticles exhibited greater
thermal and mechanical properties in composites reinforced with SiO2-b (Tables 1 and 2).

Although the increased surface area of SiO2-a particles might initially seem advanta-
geous, the lower surface energy of SiO2-b particles potentially reduces agglomeration and
promotes a higher degree of dispersion [44]. These factors contribute to a more uniform
particle size and distribution throughout the composite [45].

Additionally, the higher presence of sol–gel by-products such as TEOS in SiO2-b [7]
influenced the crosslinking conditions of the PDMS system after particle formation. An
increased concentration of TEOS directly enhanced the final crosslinking degree, improving
the mechanical properties of the polymer [30]. However, at high concentrations, this effect
may also lead to excessive rigidity and reduced elasticity [22], as observed in the 15-5b and
10-15b composites.

The mechanical and thermal properties of the composites were enhanced by the
formation of a more homogeneous system, which enabled a more uniform distribution of
thermal and mechanical energy throughout the polymeric network [11]. Furthermore, an
increased crosslinking degree contributed to an improvement in tensile strength [1], with
the 5-15b composite exhibiting the most favorable thermal and mechanical performance
among the evaluated samples.

The composites exhibiting the highest mechanical performance (5-15b and 10-15a)
demonstrated variations in solvent absorption properties and crosslinking efficiency
(Table 5). The reduced solvent absorption observed in the composites was attributed
to the presence of SiO2 particles occupying the free spaces between polymer chains, thereby
decreasing the intramolecular free space within the structure and consequently limiting the
uptake of solvent molecules [46]. Additionally, the minor decrease in crosslinking efficiency
(Xy) may result from the higher concentration of unreacted by-products such as ethanol
and TEOS, generated during hydrolysis and condensation reactions [19,47]. These small
molecules were removed through solvent immersion during the gravimetric test.

The hydrophobicity and volumetric conductivity tests confirmed the absence of signif-
icant variations (either increase or decrease) in these essential insulation properties. The
preservation of hydrophobic characteristics (>95◦) is attributed to the ability of PDMS to
form a surface layer upon deposition [5,32]. This phenomenon leads to the formation of a
polymer-rich layer, maintaining hydrophobicity across composites with different reinforcer
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concentration and structure (SiO2-a and SiO2-b). The stability of volumetric resistivity in
the reinforced composites is associated with the inherently insulating nature of silicon-
based structures (SiO2 NPs and PDMS) that constitute the composites [1,43]. The use of
these silicon composite systems ensures the retention of high electrical resistance values
(~1011 Ω/cm) [24].

Like the insulation properties, adhesion was also maintained upon the addition of
reinforcements (SiO2-a and SiO2-b), with all composites classified as A4 according to the
ASTM D3359 standard [35]. This behavior is also attributed to the formation of an interfacial
PDMS layer between the ceramic substrate and the composite [4,5], preventing adhesion
from being significantly affected by the reinforcement concentration and type. In contrast,
the PDMS:TEOS ratio appeared to induce a distinguishable change in adhesion among the
control groups, which was associated with the crosslinking degree of PDMS [48].

The enhanced combination of mechanical reinforcement, hydrophobicity, and electri-
cal insulation properties achieved in the PDMS-SiO2 composites highlights their potential
for broader industrial applications beyond electrical insulation. In the aerospace sector, ma-
terials with high elasticity, low density, thermal stability, and environmental resistance are
essential for components such as flexible coatings, sealants, and insulation layers in aircraft
and spacecraft systems [49]. Likewise, in the biomedical field, reinforced PDMS composites
are increasingly explored for the fabrication of polymeric prostheses and flexible implants,
where mechanical modification, biocompatibility, and sustained surface hydrophobicity
are critical to ensure long-term stability across different types of tissues [50]. Moreover,
these composites show significant promise in emerging applications such as wearable
electronic devices [51], and microfluidic systems [52], where simultaneous requirements of
mechanical flexibility and chemical resistance are critical. Therefore, the development of
SiO2-reinforced PDMS materials offers a versatile platform for advancing next-generation
multifunctional devices across diverse technological fields.

4. Materials and Methods

4.1. Materials

For all synthesis and characterization processes conducted in this study, materials
were washed with distilled water and dried to remove any contaminants or impurities. The
precursors employed for the synthesis of the PDMS-%SiO2 composites included acetone
(C3H6O) (99.5%, Meyer®, Mexico City, Mexico), hydroxy-terminated polydimethylsiloxane
(PDMS-OH) (2550–3570 cSt, Sigma Aldrich®, Milwaukee, WI, USA), tetraethyl orthosilicate
(TEOS) (98%, Sigma Aldrich®, Wuxi, China), ammonium hydroxide (NH4OH) (28%, J.T.
Baker®, Madrid, Spain), nitric acid (HNO3) (65–70%, J.T. Baker®, Madrid, Spain), and
dibutyltin dilaurate (DBTDL) (95%, Sigma Aldrich®, Milwaukee, WI, USA).

4.2. Synthesis of PDMS-SiO2 Nanocomposites

The in situ synthesis of PDMS-%SiO2 nanocomposites was conducted using the
sol–gel method and the crosslinking reaction of the hydroxyl-terminated PDMS ma-
trix, employing magnetic and ultrasonic stirring techniques, as described in previous
investigations [4,7]. The process began with a solution of acetone and PDMS in a weight
ratio of 1:0.6 (PDMS:C3H6O). The solution was stirred up and homogenized for 1 h. Subse-
quently, TEOS was introduced according to the desired nanoparticle concentration (0%,
5%, 10%, and 15% by weight). The reported particle concentrations were calculated based
on the particle yield obtained during the SiO2 sol–gel synthesis.

The hydrolysis process and subsequent condensation of SiO2 nanoparticles were
initiated by the dropwise addition of the alkaline or acidic catalyst (NH4OH or HNO3),
adjusting the pH to 10 (alkaline) or 2 (acidic) [7]. The solution was stirred for 2 h and

27



Molecules 2025, 30, 2107

neutralized to pH 7. TEOS was added in accordance with the selected PDMS:TEOS weight
ratios (5:1, 10:1, and 15:1), followed by stirring for 1 h. The solution was degassed in
an ultrasonic bath for 15 min to remove any remaining air bubbles and finally stirred
mechanically for 5 min.

Crosslinking was initiated by the dropwise addition of the DBTDL catalyst at a weight
ratio of 1:0.02 (PDMS:DBTDL). The mixture was mechanically stirred for an additional
5 min, deposited and allowed to be cured at room temperature for 24 h.

4.3. Characterization Techniques

The synthesized composites were mechanically analyzed through tensile tests to select the
most suitable study groups for subsequent thermal, electrical, and surface characterizations.

The tensile tests were performed in accordance with ISO 527-1 standards [53], using
type 5B dog-bone specimens with five repetitions per group. A Shimadzu AGS-X universal
testing machine equipped with a 100 N load cell, a crosshead speed of 30 mm/min, and
rough-surface grips were employed. The applied force and displacement were recorded
throughout the test until rupture, allowing the determination of the ultimate tensile stress,
elastic modulus, and ultimate strain of the composites.

Thermal behavior of the composites was analyzed to evaluate the effect of SiO2 rein-
forcers on various energy-related processes within the PDMS matrix. Dynamic mechanical
analysis (DMA) was conducted using a Perkin Elmer DMA 7 Dynamic Mechanical Ana-
lyzer, employing a heating ramp of 5 ◦C/min, a static force of 300 mN, a dynamic force
of 250 mN, and a temperature range of −130 to 80 ◦C. Thermogravimetric analysis (TGA)
was performed using a thermogravimetric analyzer with a heating ramp of 5 ◦C/min and
a temperature range of 30–700 ◦C. This thermal characterization provided deeper insights
into the nature of the interaction between the polymeric matrix and the reinforcements.

Once the composites with the best mechanical performance were selected, their
crosslinking efficiency, hydrophobicity, conductivity, and adhesion properties were as-
sessed to ensure that these intrinsic and surface characteristics were not adversely affected.

Crosslinking efficiency (Xy) was evaluated using gravimetric methods, determining
the material loss when dispersed in an ethanol solution by triplicate [54]. Hydrophobicity
tests were conducted through contact angle measurements using a Ramé-hart goniometer
model 250-U1 with an average water droplet volume of 8.43 μL. Volumetric conductivity
was measured using a Keithley 6517B electrometer equipped with an 8009 fixture for high
resistivity. Samples with dimensions of 6 × 7 cm and a thickness of 0.7 mm were evaluated
using the reverse voltage method for high-resistance measurements, with a sweep range
of -250 to 250 V and a current of 20 mA [33]. Finally, surface adhesion was assessed
according to the ASTM D3359 standard using the cross-cut tape test method [35]. Material
was deposited on a ceramic substrate with an area of 15 cm2 and an average thickness of
0.5 mm. Each composite was tested in triplicate and categorized on a scale from 0 A to 5 A.

5. Conclusions

The in situ sol–gel synthesis of PDMS-SiO2 composites enabled the fabrication of
advanced insulating materials with significantly enhanced mechanical and thermal per-
formance. The study demonstrated that the concentration of SiO2 nanoparticles, the pH
medium of the sol–gel process (acidic or alkaline), and the PDMS:TEOS ratio are key factors
that modify the physicochemical properties of the composites. Among the reinforced
polymers, those incorporating alkaline-synthesized SiO2 (SiO2-b) exhibited superior me-
chanical and thermal properties, particularly the 5-15b group, which achieved the highest
fracture stress and viscoelastic modulus. This improved behavior was attributed to a more
homogeneous size distribution, lower surface energy, and better dispersion of the nanopar-
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ticles, which minimized agglomeration and facilitated effective stress transfer within the
polymer network. Additionally, maintaining essential surface properties (hydrophobicity,
electrical resistivity, and adhesion) confirmed that the in situ incorporation of SiO2 did
not compromise the functional performance of the coatings. These findings supported
the implementation of in situ sol–gel synthesis under alkaline catalysis as an effective
strategy for the development of PDMS-based nanocomposites with enhanced mechanical
and thermal performance for high-demand insulation applications.

Moreover, the in situ approach facilitated the incorporation of nanostructured rein-
forcements by enabling the identification and control of key experimental variables for the
development of next-generation composites. This synthesis strategy provided a versatile
platform for the tailored modification of polymeric matrices, thereby broadening the scope
of application of these materials both in advanced technological and industrial fields.

Author Contributions: Conceptualization, A.C., R.V.-C. and K.E.; methodology, A.C.; validation,
J.V.C.-R., R.V.-C. and K.E.; formal analysis, A.C., J.V.C.-R., R.F.V.-C. and K.E.; investigation, A.C.; re-
sources, J.V.C.-R. and K.E.; data curation, A.C., R.F.V.-C. and K.E.; writing—original draft preparation,
A.C.; writing—review and editing, A.C., J.V.C.-R., R.V.-C. and K.E.; supervision, J.V.C.-R., R.V.-C.
and K.E.; project administration, K.E. All authors have read and agreed to the published version of
the manuscript.

Funding: J.V.C.-R. acknowledges support from SECIHTI Projects 1360 and 248378. K.E. acknowledges
support from FONFIVE-2024 (FIN202413).

Institutional Review Board Statement: No applicable.

Informed Consent Statement: No applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: A. Cordoba thanks SECIHTI for a granted scholarship. The authors grate-
fully acknowledge Patricia Quintana at Laboratorio Nacional de Nano y Biomateriales (LANNBIO)
Cinvestav-IPN, Unidad Mérida (Project 322758).

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

Abbreviations

The following abbreviations are used in this manuscript:

DBTDL Dibutyltin dilaurate
DMA Dynamic mechanical analysis
PDMS Polydimethylsiloxane
TEOS Tetraethyl orthosilicate
TGA Thermogravimetric analysis

References

1. Teixeira, I.; Castro, I.; Carvalho, V.; Rodrigues, C.; Souza, A.; Lima, R.; Teixeira, S.; Ribeiro, J. Polydimethylsiloxane Mechanical
Properties: A Systematic Review. AIMS Mater. Sci. 2021, 8, 952–973. [CrossRef]

2. Ghosh, D.; Khastgir, D. Degradation and Stability of Polymeric High-Voltage Insulators and Prediction of Their Service Life
through Environmental and Accelerated Aging Processes. ACS Omega 2018, 3, 11317–11330. [CrossRef] [PubMed]

3. Weththimuni, M.L.; Chobba, M.B.; Sacchi, D.; Messaoud, M.; Licchelli, M. Durable Polymer Coatings: A Comparative Study of
PDMS-Based Nanocomposites as Protective Coatings for Stone Materials. Chemistry 2022, 4, 60–76. [CrossRef]

4. Cordoba, A.; Rivera-Muñoz, E.M.; Velázquez-Castillo, R.; Esquivel, K. PDMS/TiO2 and PDMS/SiO2 Nanocomposites: Mechanical
Properties’ Evaluation for Improved Insulating Coatings. Nanomaterials 2023, 13, 1699. [CrossRef]

5. Chen, Z.; Su, X.; Wu, W.; Chen, S.; Zhang, X.; Wu, Y.; Xie, H.; Li, K. Superhydrophobic PDMS@TiO2 Wood for Photocatalytic
Degradation and Rapid Oil-Water Separation. Surf. Coat. Technol. 2022, 434, 128182. [CrossRef]

29



Molecules 2025, 30, 2107

6. Ain, Q.U.; Wani, M.F.; Sehgal, R.; Singh, M.K. Role of Al2O3 Reinforcements in Polymer-Based Nanocomposites for Enhanced
Nanomechanical Properties: Time-Dependent Modeling of Creep and Stress Relaxation. Ceram. Int. 2024, 50, 33817–33838.
[CrossRef]

7. Cordoba, A.; Cauich-Rodríguez, J.V.; Vargas-Coronado, R.F.; Velázquez-Castillo, R.; Esquivel, K. A Novel In Situ Sol-Gel Synthesis
Method for PDMS Composites Reinforced with Silica Nanoparticles. Polymers 2024, 16, 1125. [CrossRef]

8. Xia, R.; Zhang, B.; Dong, K.; Yan, Y.; Guan, Z. HD-SiO2/SiO2 Sol@PDMS Superhydrophobic Coating with Good Durability and
Anti-Corrosion for Protection of Al Sheets. Materials 2023, 16, 3532. [CrossRef]

9. Tamayo-Vegas, S.; Muhsan, A.; Liu, C.; Tarfaoui, M.; Lafdi, K. The Effect of Agglomeration on the Electrical and Mechanical
Properties of Polymer Matrix Nanocomposites Reinforced with Carbon Nanotubes. Polymers 2022, 14, 1842. [CrossRef]

10. Zhang, Y.F.; Ren, Y.J.; Guo, H.C.; Bai, S. Enhanced Thermal Properties of PDMS Composites Containing Vertically Aligned
Graphene Tubes. Appl. Therm. Eng. 2019, 150, 840–848. [CrossRef]

11. Katz, S.; Lachman, N.; Hafif, N.; Rosh, L.; Pevzner, A.; Lybman, A.; Amitay-Rosen, T.; Nir, I.; Rotter, H. Studying the Physical
and Chemical Properties of Polydimethylsiloxane Matrix Reinforced by Nanostructured TiO2 Supported on Mesoporous Silica.
Polymers 2022, 15, 81. [CrossRef] [PubMed]

12. Du, J.; Wang, L.; Shi, Y.; Zhang, F.; Hu, S.; Liu, P.; Li, A.; Chen, J. Optimized CNT-PDMS Flexible Composite for Attachable
Health-Care Device. Sensors 2020, 20, 4523. [CrossRef] [PubMed]

13. Xu, P.; Jia, Q. Evaluation the Mechanical and Electrochemical Anti-Corrosion Properties of Polydimethylsiloxane/SiO2 Gel
Coated Carbon Steel Rebar in Concrete Pore Solution. Int. J. Electrochem. Sci. 2023, 18, 100043. [CrossRef]

14. Muhammed Shameem, M.; Sasikanth, S.M.; Annamalai, R.; Ganapathi Raman, R. A Brief Review on Polymer Nanocomposites
and Its Applications. Mater. Today Proc. 2021, 45, 2536–2539. [CrossRef]

15. Kamal, A.; Ashmawy, M.; Sengottaiyan, S.; Algazzar, A.M.; Elsheikh, A.H. Fabrication Techniques of Polymeric Nanocomposites:
A Comprehensive Review. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2022, 236, 4843–4861. [CrossRef]

16. Zheng, C.; Hu, D.; Liu, Z.; Zhang, X.; Yu, K.; Ma, W. A Simple and Efficient in Situ Polymerization of Silica Xerogel-Acrylic
Thermal Insulation Coatings. Prog. Org. Coat. 2024, 187, 108142. [CrossRef]

17. Shibu, M.C.; Benoy, M.D.; Kumar, G.S.; Duraimurugan, J.; Vasudevan, V.; Shkir, M.; AL-Otaibi, O. Hydrothermal-Assisted
Synthesis and Characterization of MWCNT/Copper Oxide Nanocomposite for the Photodegradation of Methyl Orange under
Direct Sunlight. Diam. Relat. Mater. 2023, 134, 109778. [CrossRef]

18. Florensa, M.; Llenas, M.; Medina-Gutiérrez, E.; Sandoval, S.; Tobías-Rossell, G. Key Parameters for the Rational Design, Synthesis,
and Functionalization of Biocompatible Mesoporous Silica Nanoparticles. Pharmaceutics 2022, 14, 2703. [CrossRef]

19. Levy, D.; Zayat, M. The Sol-Gel Handbook: Synthesis, Characterization, and Applications; Wiley-VCH: Weinheim, Germany, 2015.
20. Demir, E.C.; Benkaddour, A.; Aldrich, D.R.; McDermott, M.T.; Kim, C., II; Ayranci, C. A Predictive Model towards Understanding

the Effect of Reinforcement Agglomeration on the Stiffness of Nanocomposites. J. Compos. Mater. 2022, 56, 1591–1604. [CrossRef]
21. Szymoniak, P.; Pauw, B.R.; Qu, X.; Schönhals, A. Competition of Nanoparticle-Induced Mobilization and Immobilization Effects

on Segmental Dynamics of an Epoxy-Based Nanocomposite. Soft Matter 2020, 16, 5406–5421. [CrossRef]
22. Moreno-Mateos, M.A.; Steinmann, P. Crosslinking Degree Variations Enable Programming and Controlling Soft Fracture via

Sideways Cracking. npj Comput. Mater. 2024, 10, 282. [CrossRef] [PubMed]
23. Syafiq, A.; Vengadaesvaran, B.; Rahim, N.A.; Pandey, A.K.; Bushroa, A.R.; Ramesh, K.; Ramesh, S. Transparent Self-Cleaning

Coating of Modified Polydimethylsiloxane (PDMS) for Real Outdoor Application. Prog. Org. Coat. 2019, 131, 232–239. [CrossRef]
24. Wang, T.-Y.; Mao, J.; Zhang, B.; Zhang, G.-X.; Dang, Z.-M. Polymeric Insulating Materials Characteristics for High-Voltage

Applications. Nat. Rev. Electr. Eng. 2024, 1, 516–528. [CrossRef]
25. Li, S.; Zhang, J.; He, J.; Liu, W.; Wang, Y.; Huang, Z.; Pang, H.; Chen, Y. Functional PDMS Elastomers: Bulk Composites, Surface

Engineering, and Precision Fabrication. Adv. Sci. 2023, 10, 2304506. [CrossRef]
26. Thongchom, C.; Refahati, N.; Roodgar Saffari, P.; Roudgar Saffari, P.; Niyaraki, M.N.; Sirimontree, S.; Keawsawasvong, S. An

Experimental Study on the Effect of Nanomaterials and Fibers on the Mechanical Properties of Polymer Composites. Buildings
2021, 12, 7. [CrossRef]

27. Zhu, L.; Cheng, X.; Su, W.; Zhao, J.; Zhou, C. Molecular Insights into Sequence Distributions and Conformation-Dependent
Properties of High-Phenyl Polysiloxanes. Polymers 2019, 11, 1989. [CrossRef] [PubMed]

28. Bashir, M.A. Use of Dynamic Mechanical Analysis (DMA) for Characterizing Interfacial Interactions in Filled Polymers. Solids
2021, 2, 108–120. [CrossRef]

29. Deshpande, G.; Rezac, M.E. Kinetic Aspects of the Thermal Degradation of Poly(Dimethyl Siloxane) and Poly(Dimethyl Diphenyl
Siloxane). Polym. Degrad. Stab. 2002, 76, 17–24. [CrossRef]

30. Bardelli, T.; Marano, C.; Briatico Vangosa, F. Polydimethylsiloxane Crosslinking Kinetics: A Systematic Study on Sylgard184
Comparing Rheological and Thermal Approaches. J. Appl. Polym. Sci. 2021, 138, 51013. [CrossRef]

31. Rajawasam, C.W.H.; Dodo, O.J.; Weerasinghe, M.A.S.N.; Raji, I.O.; Wanasinghe, S.V.; Konkolewicz, D.; De Alwis Watuthanthrige,
N. Educational Series: Characterizing Crosslinked Polymer Networks. Polym. Chem. 2024, 15, 219–247. [CrossRef]

30



Molecules 2025, 30, 2107

32. Sosnin, I.M.; Vlassov, S.; Dorogin, L.M. Application of Polydimethylsiloxane in Photocatalyst Composite Materials: A Review.
React. Funct. Polym. 2021, 158, 104781. [CrossRef]

33. Lee, H.-G.; Kim, J.-G. Volume and Surface Resistivity Measurement of Insulating Materials Using Guard-Ring Terminal Electrodes.
Energies 2020, 13, 2811. [CrossRef]

34. Shivashankar, H.; Kevin, A.M.; Manohar, S.B.S.; Kulkarni, S.M. Investigation on Dielectric Properties of PDMS Based Nanocom-
posites. Phys. B Condens. Matter 2021, 602, 412357. [CrossRef]

35. ASTM D3359-23; Standard Test Methods for Rating Adhesion by Tape Test. ASTM International: West Conshohocken, PA,
USA, 2017.

36. Lee, J.-H.; Lee, T.-H.; Shim, K.-S.; Park, J.-W.; Kim, H.-J.; Kim, Y.; Jung, S. Effect of Crosslinking Density on Adhesion Performance
and Flexibility Properties of Acrylic Pressure Sensitive Adhesives for Flexible Display Applications. Int. J. Adhes. Adhes. 2017,
74, 137–143. [CrossRef]

37. Li, X.; Li, Z.; Shen, J.; Zheng, Z.; Liu, J. Role of a Nanoparticle Network in Polymer Mechanical Reinforcement: Insights from
Molecular Dynamics Simulations. Phys. Chem. Chem. Phys. 2021, 23, 21797–21807. [CrossRef]

38. Wang, Z.; Volinsky, A.A.; Gallant, N.D. Crosslinking Effect on Polydimethylsiloxane Elastic Modulus Measured by Custom-Built
Compression Instrument. J. Appl. Polym. Sci. 2014, 131, 1–4. [CrossRef]

39. Gupta, N.S.; Lee, K.; Labouriau, A. Tuning Thermal and Mechanical Properties of Polydimethylsiloxane with Carbon Fibers.
Polymers 2021, 13, 1141. [CrossRef]

40. Musa, A.A.; Bello, A.; Adams, S.M.; Onwualu, A.P.; Anye, V.C.; Bello, K.A.; Obianyo, I.I. Nano-Enhanced Polymer Composite
Materials: A Review of Current Advancements and Challenges. Polymers 2025, 17, 893. [CrossRef]

41. Tsige, M.; Soddemann, T.; Rempe, S.B.; Grest, G.S.; Kress, J.D.; Robbins, M.O.; Sides, S.W.; Stevens, M.J.; Webb, E. Interactions and
Structure of Poly(Dimethylsiloxane) at Silicon Dioxide Surfaces: Electronic Structure and Molecular Dynamics Studies. J. Chem.
Phys. 2003, 118, 5132–5142. [CrossRef]

42. Ichim, M.; Muresan, E.I.; Codau, E. Natural-Fiber-Reinforced Polymer Composites for Furniture Applications. Polymers 2024,
16, 3113. [CrossRef]

43. Guo, G.; Zhang, J.; Chen, X.; Zhao, X.; Deng, J.; Zhang, G. Molecular-Dynamics Study on the Thermodynamic Properties of
Nano-SiO2 Particle-Doped Silicone Rubber Composites. Comput. Mater. Sci. 2022, 212, 111571. [CrossRef]

44. Lazareva, S.V.; Shikina, N.V.; Tatarova, L.E.; Ismagilov, Z.R. Synthesis of High-Purity Silica Nanoparticles by Sol-Gel Method.
Eurasian Chem. J. 2017, 19, 295–302. [CrossRef]

45. He, H.; Fan, G.; Saba, F.; Tan, Z.; Su, Z.; Xiong, D.; Li, Z. Enhanced Distribution and Mechanical Properties of High Content
Nanoparticles Reinforced Metal Matrix Composite Prepared by Flake Dispersion. Compos. Part B Eng. 2023, 252, 110514.
[CrossRef]

46. Park, J.; Ha, H.; Yoon, H.W.; Noh, J.; Park, H.B.; Paul, D.R.; Ellison, C.J.; Freeman, B.D. Gas Sorption and Diffusion in
Poly(Dimethylsiloxane) (PDMS)/Graphene Oxide (GO) Nanocomposite Membranes. Polymer 2021, 212, 123185. [CrossRef]

47. Abu Bakar, N.H.; Wan Ismail, W.N.; Mohd Yusop, H.; Mohd Zulkifli, N.F. Synthesis of a Water-Based TEOS–PDMS Sol–Gel
Coating for Hydrophobic Cotton and Polyester Fabrics. New J. Chem. 2024, 48, 933–950. [CrossRef]

48. Sakasegawa, D.; Tsuzuki, T.; Sugizaki, Y.; Goto, M.; Suzuki, A. Effects of Degree of Cross-Links on Adhesion Curves of
Cross-Linked Polymers Observed by a Point-Contact Method. Langmuir 2010, 26, 5856–5863. [CrossRef]

49. Alarifi, I.M. A Comprehensive Review on Advancements of Elastomers for Engineering Applications. Adv. Ind. Eng. Polym. Res.
2023, 6, 451–464. [CrossRef]

50. Miranda, I.; Souza, A.; Sousa, P.; Ribeiro, J.; Castanheira, E.M.S.; Lima, R.; Minas, G. Properties and Applications of PDMS for
Biomedical Engineering: A Review. J. Funct. Biomater. 2021, 13, 2. [CrossRef]

51. Guan, J.; Fan, W.; Li, H.; Mai, Z.; Jing, Y.; Chen, J.; Zhang, M.; Tang, B.; Yang, Y.; Shen, X. Soft and Stretchable Protective Substrates
for Wearable Thermal Managements: Polydimethylsiloxane (PDMS) Composites Containing Paraffin Microcapsules with Silica
Nanoshells. Colloids Surf. A Physicochem. Eng. Asp. 2024, 690, 133809. [CrossRef]

52. Raj, M.K.; Chakraborty, S. PDMS Microfluidics: A Mini Review. J. Appl. Polym. Sci. 2020, 137, 48958. [CrossRef]
53. ISO 527-1; Plastics—Determination of Tensile Properties. ISO: Geneva, Switzerland, 2019.
54. Hirschl, C.; Biebl-Rydlo, M.; Debiasio, M.; Mühleisen, W.; Neumaier, L.; Scherf, W.; Oreski, G.; Eder, G.; Chernev, B.; Schwab, W.;

et al. Determining the Degree of Crosslinking of Ethylene Vinyl Acetate Photovoltaic Module Encapsulants—A Comparative
Study. Sol. Energy Mater. Sol. Cells 2013, 116, 203–218. [CrossRef]

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

31



Article

Sol-Gel Heterogeneization of an Ir(III) Complex for Sustainable
Visible-Light Redox Photocatalysis

Janira Herce, Mónica Martínez-Aguirre †, Javier Gómez-Benito, Miguel A. Rodríguez *

and Jesús R. Berenguer *

Organometallic Molecular Materials (MATMO), Departamento de Química-Instituto de Investigación en
Química (IQUR), Universidad de La Rioja, Madre de Dios, 53, E-26006 Logroño, La Rioja, Spain;
janira.herce@unirioja.es (J.H.); m.martinez-aguirre@imperial.ac.uk (M.M.-A.); javiergobe01@gmail.com (J.G.-B.)
* Correspondence: miguelangel.rodriguez@unirioja.es (M.A.R.); jesus.berenguer@unirioja.es (J.R.B.)
† Current address: Department of Chemistry, Imperial College, London, Molecular Sciences Research Hub, White

City Campus, Wood Lane, London W12 0BZ, UK.

Abstract: Photocatalysis is a key strategy for the development of sustainable solar-driven
chemical processes. In this work, we report the synthesis and characterization of a novel
organometallo–ionosilica material derived from the self-condensation of an alcoxysilane
functionalized Ir(III) complex. In acetonitrile suspension, the material retains the pho-
tophysical properties of its precursor in solution in the same solvent, together with
a significant absorption in the visible between 400 and 500 nm. As a heterogeneous
photocatalyst, the material showed high efficiency in the reductive dehalogenation of
2-bromoacetophenone under blue light irradiation, achieving high yields of conversion of
about 90%, and excellent recyclability in seven catalytic cycles, retaining more than 70%
of the catalytic efficiency. All these properties of the self-condensed material highlight its
potential as an efficient and sustainable heterogeneous photocatalyst for applications in
organic synthesis and solar-driven redox processes.

Keywords: organometallo–ionosilica; visible-light electron transfer photocatalysis; hetero-
geneous photocatalysis; cyclometalated iridium(III) complex

1. Introduction

In recent decades, growing concerns about the scarcity of fossil fuels and their environ-
mental impact have driven the search for sustainable energy sources. Among these, solar
energy has emerged as a promising alternative due to its inexhaustible supply and low
environmental footprint. Beyond photovoltaic electricity generation, solar energy can also
drive chemical reactions through photocatalysis, a process that, inspired by natural photo-
synthesis, converts light energy into chemical energy, allowing reactions to occur under
milder and more efficient conditions [1]. As a result, photocatalysis has become a key tool
in the development of sustainable technologies for solar fuel production, environmental
remediation, and the synthesis of high-value compounds [2–4].

The foundations of modern photochemistry were established in the late 19th century
by Ciamician and Silber, pioneers in the use of light energy for organic synthesis [5]. Their
founding work on photoreduction and photoisomerization remains relevant today and
serves as the basis for light-driven chemical transformations [6]. Since then, photocatalysis
has evolved significantly, particularly with the development of visible-light-activated sys-
tems. Visible light is less energetic than UV, reducing unwanted side reactions and making
it a safer and more accessible alternative [7,8]. Recent advances in light-emitting diode

Molecules 2025, 30, 1680 https://doi.org/10.3390/molecules30081680
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(LED) technology, which provides high-intensity visible light in a controlled-wavelength
range, have further expanded photocatalytic applications [9], including organic synthesis,
CO2 reduction, and solar fuel production [10].

Therefore, efficient use of visible light, or even better solar radiation, is desirable and
can be effectively achieved using organometallic and coordination complexes of transition
metals [11]. Photocatalysts for visible light photocatalysis must meet basic criteria [12], in-
cluding strong absorption in the visible region, long-lived excited states, and tunable redox
properties to facilitate single-electron transfer (SET) or energy transfer (EnT) processes [4].
In this area, cyclometalated Ru(II), Ir(III), and Pt(II) complexes have gained prominence
as visible light photocatalysts due to their high photochemical and electrochemical stabil-
ity [13–15]. Among them, Ir(III) complexes exhibit exceptional photophysical and electronic
properties, arising from strong spin-orbit coupling that allows efficient intersystem crossing
transitions to long-lived triplet states. These properties, combined with their structural
versatility, make them ideal candidates for a wide range of applications, including organic
light-emitting diodes (OLEDs) and visible light-driven catalytic processes [16]. The abil-
ity to fine-tune their redox and photophysical properties through ligand design further
enhances their versatility in synthetic and applied chemistry [17].

Despite their advantages, Ir(III) complexes have one major limitation: their use in
homogeneous catalysis complicates their recovery and reuse, increasing costs and raising
environmental concerns [13,14,18]. A promising strategy to overcome this problem is the
heterogeneization of these complexes by using suitable inorganic substrates, such as metal
nanoparticles, MOFs, zeolites, or inorganic oxides like silica [7,19,20]. This strategy has al-
ready been successfully applied to several areas of current research interest, including water
splitting [21], solar fuel production [22,23], and chemical synthesis [10,24]. In this context,
our groups have recently described the in situ preparation of several hybrid organometallo–
silicas based on the iridium cyclometalated complex [Ir(dfppy)2(dasipy)]PF6 (dfppy =
2-(2,4)-difluorophenylpyridinyl; dasipy = N,N′-dipropyltriethoxysilane-2,2′-bipyridine-
4,4′-dicarboxamide) and their application and good recyclability in the energy transfer
(EnT) photoisomerization reaction of trans- to cis-stilbene under blue illumination and mild
conditions [25]. Nevertheless, these materials showed low or no efficiency for single elec-
tron transfer (SET) processes, probably due to the insulating nature of silica. To overcome
this issue, we have recently reported a novel material obtained by the self-condensation of
the terminal alcoxysilane groups of the complex [Ir(dfppy)2(dasipy)]PF6 [26]. This material
consists of discrete nanoparticles formed exclusively by the organometallic cations linked
by Si–O bonds, and the anionic PF6

− counterparts. Thus, this organometallo–ionosilica
has to be considered as a new type of ionosilica [27–29], a class of materials with potential
applications in energy storage, catalysis, and biomedicine. In fact, it is highly efficient in
photoredox reactions under blue light in both oxidative and reductive pathways, with
excellent recyclability [26].

All these nanostructured heterogeneous photocatalysts [25,26] have been designed
starting from the highly emissive derivative [Ir(dfppy)2(dasipy)]PF6. Similar to other
heteroleptic cyclometallated Ir(III) complexes, in this derivative the LUMO, where the elec-
tronic charge is concentrated upon excitation of the molecule, is mainly located on the di-
imine ligand (dasipy, N∧N), which is functionalised with the terminal alkoxysilane groups.
The objective of this work is therefore twofold: firstly, to achieve the steric liberation of the
diimine ligand from these functional groups and, secondly, to simultaneously increase the
electronic delocalisation of this ligand. The alkoxysilane groups should therefore be placed
on the cyclometallated ligands (C∧N), which are usually less susceptible to functionalisa-
tion. In this paper we describe the synthesis of the complex [Ir(Si-dfbzapy)2(pyraphen)]PF6

(2), which fulfils both requirements, and its self-condensation reaction to give the new
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organometallo–ionosilica SC-2. We have also evaluated the photocatalytic activity and
reusability of this material under heterogeneous conditions in a photoredox reaction. Specif-
ically, we chose the reductive dehalogenation of 2-bromoacetophenone, as this reaction
has been widely used as a benchmark for assessing photocatalyst performance under both
homogeneous and heterogeneous conditions [30,31]. The reaction yields acetophenone, a
non-toxic precursor in organic synthesis that is widely used in cosmetics, pharmaceuticals,
and resins [32]. Through comprehensive characterisation and catalytic testing of SC-2, this
study aims to contribute to the development of sustainable photocatalytic systems with
potential applications in energy conversion and environmental sciences.

2. Results

2.1. Synthesis and Characterization of Complexes 1 and 2 and the Self-Condensed Ionosilica SC-2

With the aim of obtaining a final Ir(III) complex with cyclometalated ligands func-
tionalized with alcoxysilane groups, the HCˆN compound 2,6-difluoro-3-(pyridine-2-yl)
benzaldehyde (dfbzapyH) [33] was used to obtain the organometallic chloride-bridged
[Ir(dfbzapy)2(μ-Cl)]2 and the cationic solvate [Ir(dfbzapy)2(NCMe)2]PF6 precursors, fol-
lowing the procedure described in the bibliography [34]. The reaction of the solvate
precursor with the diimine ligand pyrazino[2,3-f][1,10]phenanthroline (pyraphen) in re-
fluxed dichloromethane for 6 h afforded the cationic complex [Ir(dfbzapy)2(pyraphen)]PF6

(1, see Section 3 for more details, and Scheme S1 in SI). The imination reaction of the alde-
hyde fragments of complex 1 with 3-aminopropyltriethoxysilane (APTES) in THF for 1 h
yielded complex [Ir(Si-dfbzapy)2(pyraphen)]PF6 (2), which is functionalized with terminal
alcoxysilane groups on both of the cyclometalated ligands (see SI, Scheme S2). Due to its
high tendency to self-condense in the solid state, preventing further solubility, complex
2 was not isolated in solid state and was therefore handled in THF solution. Complexes
1 and 2 were characterized by high resolution mass spectrometry (ESI) and multinuclear
1H, 13C{1H} and 19F NMR spectroscopy. In both cases, NMR spectra show the presence
of only one diimine pyraphen ligand and the equivalence of both cyclometalated groups
(see Section 3, and Figures S1 and S2 in SI). In addition, complex 1 was characterized in
the solid state by X-ray crystallography (Figure 1, see also Tables S1 and S2 in the SI). The
molecular cation ([1]+) presents the expected pseudo-octahedral environment with the
nitrogen atoms of both cyclometallated ligands in a mutually trans disposition, which is
also the geometry expected for complex 2 and the molecules integrating the material SC-2.
The bond distances and angles (see SI, Table S1) are similar to those observed for other
related cationic heteroleptic [Ir(CN)2(NN)]+ derivatives [34]. The complex crystallizes in
the centrosymmetric C2/c space group with both enantiomers (Δ and Λ) present in the unit
cell. The synthesis of the self-condensed material SC-2 was achieved by controlled addition
of the solution of complex 2 in THF over water. Stirring the mixture in the presence of
NaF under reflux for 96 h afforded the ionic material SC-2 as a yellow solid (Scheme 1, see
Section 3 for more details). This material consists exclusively of cationic molecules of com-
plex 2, which are covalently linked through the condensation of the terminal alkoxysilane
groups, together with the corresponding PF6

− anions.
Figure 2 shows the IR spectra of complexes 1, 2 and the ionosilica SC-2, showing

in all the cases the appearance of a P-F stretching vibration at ca. 800 cm−1, indicative
of the presence of PF6

− anions. According to the imination process of the aldehyde
groups of complex 1 (SI, Scheme S2), there are several differences between the spectra
of complexes 1 and 2. For instance, the disappearance of the ν(C=O) band at 1963 cm−1

observed for complex 1 and the appearance in the spectrum of complex 2 of more intense
signals in the high-energy region (around 2950 cm−1), attributed to the C–H stretching
vibrations of aliphatic groups, as well as two very strong absorptions corresponding to the
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stretching vibrations of Si–O–C (1071 cm−1) and Si–O (1006 cm−1) bonds. As expected,
the IR spectrum of the self-condensed material SC-2 is quite similar to that observed for
complex 2, indicating that the cyclometalated Ir(III) cations retain their structure during
the condensation process. Analogous to the synthesis of a related ionosilica based on
complex [Ir(dfppy)2(dasipy)]PF6, recently reported by our group [26], the main difference
between the spectra of complex 2 and material SC-2 is the significant weakness of the
absorption bands related to Si–O–C bonds in the material. Since SC-2 consists of self-
condensed molecules of complex 2, each containing six ethoxide groups susceptible to
hydrolysis and condensation, it is highly probable that not all these groups undergo
complete hydrolysis to form Si–O–Si bonds. Indeed, these reactions may not occur to
the same extent in all molecules. Scheme 1 therefore represents an average molecular
model of this material. Under these conditions, the hydrolysis of two ethoxide groups
per triethoxysilane moiety is assumed, resulting in a material with the empirical formula
C48H42F10IrN8O4Si2P, considering the presence of the PF6

− anion. This empirical formula
agrees with the elemental analysis results, which consistently give values corresponding
to the presence of eight water molecules per cationic unit (see Experimental Section in SI).
Finally, the preservation of the structural integrity of the cationic organometallic fragments
is in agreement with the MALDI(+) spectrum in the solid state, which shows a signal
at m/z 1065 consistent with the isotopic distribution of the ionization fragment [SC-2 −
{(CH2)3Si(OEt)3} + 3H]+. It should be noted that the MALDI(−) spectrum also shows a
signal at m/z 145 corresponding to the presence of the PF6

− anion (see SI, Figure S3).

 
Figure 1. Molecular structure of the complex cation [Ir(dfbzapy)2(pyraphen)]+ (1+). Most relevant
bond lengths (Å): Ir-C 2.006(4); Ir-N(1) 2.044(4); Ir-N(2) 2.141(2).

 
Scheme 1. Synthesis of the organometallo–ionosilica SC-2, along with its proposed average composition.

The TEM images (Figure 3; see also Figure S4 in SI) show that SC-2 consists of ag-
gregates with sizes ranging between 200 and 1000 nm, formed by the agglomeration of
smaller nanoparticles. The FESEM analysis also shows the granular texture typical of
silica-based materials obtained by hydrolysis of alcoxysilane groups [35], while the electron
diffraction pattern of SC-2 confirms the amorphous nature of the material (see SI, Figure
S4). Elemental mapping of SC-2 using FESEM-EDX analysis (Figure 3) reveals a homoge-
neous distribution of atoms over the surface of the material, with a uniform composition
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throughout the structure. Notably, phosphorus atoms are exclusively associated with the
anion PF6

−, confirming their integral role in the material. These anions are likely to be
located not only on the surface but also within the structure to maintain ionic neutrality.

Figure 2. FTIR spectrum of complexes 1, 2 and the self-condensed material SC-2.

 

Figure 3. Representative TEM ((A), scale bar = 100 nm) and FESEM ((B), scale bar = 2 μm) images of
the self-condensed material SC-2, with the corresponding layered image (C) combining the FESEM-
EDX elemental mapping images of Ir (D), N (E), Si (F), P (G), and F (H) (scale bar in C–H = 2 μm).

36



Molecules 2025, 30, 1680

2.2. Photophysical and Electronic Characterization

Tables 1 and 2 and Figures 4 and 5 (see also SI, Figure S5) show the absorption and
emission data of complexes 1, 2 and material SC-2 at room temperature. Figures S5 and S6
and Tables S3 and S4 (see SI) also present the electrochemical properties of complexes 1, 2

and material SC-2 at room temperature. The spectra of complex 2 has not been recorded in
the solid state due to its high tendency to self-condense in that state. Solution or suspension
studies were carried out in acetonitrile, as this is the solvent in which the photocatalytic
studies were carried out (see below).

Table 1. Absorption data of complexes 1, 2 and self-condensed material SC-2.

Sample Medium
λabs/nm

(ε·10−3/M−1·cm−1)

[Ir(dfbzapy)2(pyraphen)]PF6 (1)

Solid 245, 290, 341, 380, 440

MeCN 5 × 10−5 M
255 (20.0), 296 (11.0), 355
(2.2), 385 (0.9), 442 (0.1)

[Ir(Si-dfppy)2(pyraphen)]PF6 (2) MeCN 5 × 10−5 M
256 (20.0), 283 (15.4), 360
(2.3), 390 (0.9), 442 (0.1)

SC-2 Solid 256, 295, 350, 375, 420, 445

 
Figure 4. Normalized absorption spectra of complex 1 and SC-2 in solid state, complex 1 and 2 in
solution (MeCN, 5 × 10−5 M), and SC-2 in suspension of MeCN (1 mg/mL).

As observed in Figure 4, the spectra of complexes 1 and 2 in acetonitrile solution, as
well as that of the SC-2 material in suspension in the same solvent, are very similar, and
have been assigned according to the spectra observed in the literature for other related
cyclometalated Ir(III) derivatives [26] and the theoretical calculations carried out for com-
plex 2 in MeCN solution (see SI, Figures S7–S9 and Tables S5–S7). Both spectra show the
higher-intensity bands between 250 and 300 nm that can be mainly ascribed to spin-allowed
intraligand (1IL or 1IL’; L = CˆN, L’ = NˆN) π-π* transitions with a certain metal contribution.
Between 300 and 400 nm, the spectra show less intense allowed features related with mix-
ture of intraligand transitions and ligand-to-ligand (1LL’CT; CˆN→NˆN) or metal-to-ligand
(1ML’CT; Ir→NˆN) charge transfer transitions. Finally, at lower energies (ca. 440 nm),
very weak absorptions appear, more intense for the suspension of SC-2 in MeCN, mainly
related to the HOMO-LUMO gap. As observed in the theoretical calculations carried out
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on complex 2 in MeCN solution (see SI, Table S5 and Figure S7), the HOMO is mainly
located on the iridium atom (31%) and the phenyl rings of the cyclometalated ligands
(68%), while the LUMO is centred on the diimine ligand (98%). Thus, these low-energy
absorptions are attributed to a mixture of ligand-to-ligand and metal-to-ligand charge
transfers, traditionally ascribed to spin-forbidden excitations (3ML’CT/3LLCT), due to the
strong coupling (SOC) associated with iridium [36]. As expected, the profile observed
for the solid state DRUV (Diffuse Reflectance UV-vis, Figure 4) of 1 and SC-2 appear to
be quite different. Nevertheless, the spectra show similar absorption maxima to those of
the solution spectra (Table 1). Finally, it should be noted that the low energy absorption
observed for SC-2 at 440 nm in the solid state display a long tail up to about 600 nm.

As observed in Figure 5 (and Table 2), the emission spectra of complexes 1 and 2 in
MeCN solution, as well as the spectra of a suspension of SC-2 in the same solvent, are simi-
lar, showing an unstructured green phosphorescence with long lifetimes (τ 12–20 μs) and
low quantum yields (φ 1.2–7%). The SOMO and SOMO-1 orbitals calculated for complex 2

(see SI, Figure S9) show a similar composition to that described for the LUMO and HOMO
(see SI, Figure S7), so this emission can be attributed to a mixture of 3ML’CT/3LL’CT excited
states, with a remarkable metallic contribution. For complex 2, the emission maximum (λem

500 nm) is slightly blue-shifted with respect to that of complex 1 (λem 510 nm), probably
due to the change in the phenyl ring of the cyclometalated ligands from an aldehyde group
in complex 1 to a more donor imine group in complex 2. However, the emission maximum
of the suspension of SC-2 in MeCN is again slightly shifted to 510 nm. The solid-state
spectrum of complex 1 shows a less intense phosphorescence (τ 13.24 μs, φ 1%) with a
broader profile and a bathochromic shift (Δλem 50 nm), although this yellow emission can
still be mainly attributed to the mixture of 3ML’CT/3LL’CT excited states. More surprising
is the large shift observed in the spectrum of the solid SC-2 material, which shows a low
intensity and broad red phosphorescence (λem 660 nm, τ 10.73 μs, φ 1%). This emission
could be due to heterogeneity effects of the amorphous material and/or to the formation
of excimers absents in suspension due to the interaction of the molecular cations located
on the surface of the material with the polar solvent. The energy of the first triplet state
(T1) and the optical gap between the ground state (S0) and the T1 (E0,0(T1)) of complexes 1

and 2 (solution) and material SC-2 (suspension) have been calculated from the excitation
and emission spectra (Figures 5 and S5, Table S3). In all the cases, the experimental T1

energy values are practically identical (ca. 2.83 eV) and agree well with that calculated
theoretically by DFT for complex 2 (2.74 eV), while the suspension of SC-2 shows the
larger value of the optical gap (2.85 eV for SC-2 vs. 2.78 eV for 1 and 2). As a model
for the electrochemical properties of the material SC-2 in acetonitrile suspensions, the
determination by cyclic voltammetry (CV) of the ground-state potential of complex 2 in
MeCN solutions (Eox

1/2 1.72 V, Ered
1/2 −1.61 V. See SI, Figure S6 and Table S4) gives an

estimated HOMO-LUMO gap of 3.33 V for this complex, which is also in agreement with
the value obtained by theoretical calculations (TD-DFT 3.35 V). Finally, all these data allow
the determination of the excited-state redox potential of complex 2 in MeCN (E*

red 1.17 V,
E*

ox −1.06 V, Table S4) [37].
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Figure 5. Normalized excitation (dotted line) and emission (solid line) spectra of 1 and SC-2 in solid
state, 1 and 2 in solution (MeCN, 5 × 10−4 M), and SC-2 in suspension of MeCN (1 mg/mL) at
room temperature.

Table 2. Photophysical data in solid state for complex 1, and SC-2 in solid state, complex 1 and
2 in solution (MeCN, 5 × 10−4 M), and SC-2 in suspension of MeCN (1 mg/mL). All data at
room temperature.

Sample Medium λem/nm (λexc/nm) τ/μs 1 Φ/%

[Ir(dfbzapy)2(pirafen)]PF6 (1)
Solid 560 (440) 13.24 1

MeCN 510 (360) 12.62 7

[Ir(Si-dfppy)2(pirafen)]PF6 (2) MeCN 500 (375) 20.19 1.2

SC-2

Solid 660 (475) 10.73 1

Suspension
MeCN 510 (360) 13.79 2.4

1 Emissions lifetimes calculated as mono-exponential decay or an average of a bi-exponential decay.

2.3. Photocatalytic Studies

As the organometallo–ionosilica SC-2 exhibits absorption and excitation maxima
at λabs > 400 nm in acetonitrile suspensions (Figures 4 and 5), its photocatalytic activity
has been evaluated under blue light illumination (50 W blue LED, λmax = 450 nm). The
reductive dehalogenation reaction of 2-bromoacetophenone was chosen for this purpose
(Scheme 2, up). This single electron transfer (SET) reaction requires the presence of three
equivalents of triethanolamine (TEOA) as a sacrificial reagent. The reaction starts with the
excitation of the photocatalyst, resulting in a spin-allowed metal-to-ligand charge transfer
(1MLCT), followed by intersystem crossing from the singlet excited state (1MLCT) to a
lower-energy triplet state (3MLCT). The excited iridium species reacts with triethanolamine,
producing a reduced iridium radical and a radical cation derived from triethanolamine.
The iridium radical anion then returns to its ground state by transferring an electron to
2-bromoacetophenone, thereby facilitating the cleavage of the C-Br bond. This process
results in the formation of a bromide anion and an acetophenone radical. The latter
abstracts a hydrogen atom from the triethanolamine radical cation, yielding an iminium
cation and acetophenone (Scheme 2, down). The reaction progress was monitored by
¹H NMR spectroscopy, using 1,3,5-trimethoxybenzene as an internal standard (see SI,
Figure S10). Initially, the reaction with the SC-2 photocatalyst was carried out under
N2 atmosphere on an NMR scale, using deuterated acetonitrile as the solvent, starting
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from 15 mg of 2-bromoacetophenone and a catalyst loading of 1 mol% (Table 3). Under
these conditions, the reaction gives about 90% yield of acetophenone within 9 minutes,
but with the complete consumption of the starting bromoacetophenone. This makes SC-

2 a more efficient photocatalyst than the related iridium-based self-condensed material
recently reported by us [26], which achieves a similar 90% yield but in 90 min under the
same conditions. In addition, the complete consumption of bromoacetophenone indicates
the occurrence of a secondary reaction causing the decomposition of approximately 10%
of the starting material. Notably, no additional aromatic signals were observed in the
final NMR spectra. This behaviour could be explained by the greater electronegativity
of bromine compared to carbon, which withdraws electron density from the C-Br bond,
thereby increasing the positive charge density of the carbonyl group. As a result, 2-
bromoacetophenone would become more reactive towards nucleophilic species present in
the reaction medium, starting the decomposition reaction. Also, in the absence of blue light
irradiation or TEOA, no reaction was observed in the control reactions (Table 3).

Table 3. Results of the dehalogenation reaction of 2-bromoacetophenone in heterogeneous conditions
under N2, using the organometallo–ionosilica SC-2 (1 mol% [Ir]) as photocatalyst.

Entry Time (min) Yield (%)

1 9 93 (±4) 1

2 2 20 -
3 3 20 -

1 Average value of three runs. 2 No TEOA. 3 No light.

Scheme 2. Photocatalytic dehalogenation of 2-bromoacetophenone (up) and mechanism of the
reaction (down).

To evaluate the recyclability of the heterogeneous photocatalyst and to facilitate its
recovery, the process was scaled up while maintaining the same light source under N2 at-
mosphere. The first cycle was started with 36.5 mg of SC-2 (1 mol% catalyst loading), using
0.65 g of 2-bromoacetophenone, 0.30 g of trimethoxybenzene, and 1.3 mL of triethanolamine
in each cycle. After each cycle, the photocatalyst was recovered by centrifugation. The ma-
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terial was first washed with water to remove the iminium salt formed during the reaction.
It was then washed with absolute ethanol and acetonitrile before being dried and reused in
the next catalytic cycle (see Section 3 for more details).

As can be seen in Figure 6, under these conditions, the reaction of the first cycle reaches
approximately 60% conversion after 90 min, while the maximum conversion obtained in
the last cycle, in the same time period, is 41.5%. This indicates a loss of the catalytic
capacity of the SC-2 material of less than 30% over the seven cycles recorded. Furthermore,
two significant decreases were observed (about 9% after the first and sixth cycles), while the
performance remained practically stable in the rest of the cycles. This suggests that some
photocatalyst may have been lost during the washing processes. This finding is consistent
with the observation that no signals corresponding or compatible with the presence of
compound 2 have been detected by RMN spectroscopy in the reaction medium of any of
the cycles, suggesting that no significant leaching has occurred during the reaction.

 

Figure 6. Results of the conversion values from the recovery and reuse of SC-2 over seven consecutive
catalytic cycles, each lasting 90 min. All experiments were conducted under identical conditions.

Finally, to further study the possible photodegradation of SC-2, the material used in up
to seven catalytic cycles was recovered and studied by means of infrared, absorption, and
emission spectroscopies (see SI, Figures S11–S13 and Tables S8 and S9). The IR spectrum
of the reused SC-2 material (Figure S11) is quite similar to that of the original material,
with the most significant profile modification occurring in the region corresponding to the
absorptions derived from the aromatic groups (1300–1600 cm−1). The DRUV spectra of
both materials (Figure S12, Table S8) shows the largest changes. The absorptions at lower
energies (λabs 350–450 nm; ML’CT/LL’CT) are less intense in the spectrum of the reused
material, although they appear at similar wavelengths than those observed for the original
material. However, the profile of the absorptions between 250 and 300 nm shows a greater
change with an increase in the intensity of the bands at ca. 260 nm. These modifications
in the high-energy bands have previously been associated with structural changes in the
aromatic ligands [37], which would be consistent with the feature observed in the infrared
spectrum, indicating some photodegradation of the molecular cations located onto the
surface of the material. However, despite the aforementioned, the emission spectra of both
materials (Figure S13, Table S9) show similar unstructured red phosporescence at 660 nm,
with a small decrease in lifetime (10.7 vs. 13.7 μs), indicating that the bulk of the material
exhibits adequate photostability after seven cycles of use.

41



Molecules 2025, 30, 1680

3. Materials and Methods

3.1. General Methods

The compound 2,6-difluoro-3-(pyridine-2-yl) benzaldehyde (dfbzapyH) [33] and
the precursors [Ir(dfbzapy)2(μ-Cl)]2 and [Ir(dfbzapy)2(NCMe)2]PF6 were synthesized
by procedures described in the bibliography [34]. The ligand pyraphen = pyrazino[2,3-
f][1,10]phenanthroline is commercially available. All synthetic procedures for complexes 1
and 2 were performed under an inert atmosphere and in anhydrous conditions. Commer-
cially sourced reagents were used as received, without additional purification. Solvents
were obtained from a solvent purification system (M-BRAUN MS SPS-800). Elemental
analyses of the compounds were recorded on a Thermo Finnigan Flash 1112 microanalyzer
(Thermo Fischer Scientific, Waltham, MA, USA). Mass spectra were made on a Microflex
MALDI-TOF Bruker (MALDI) (Bruker, Billerica, MA, USA) spectrometer, operating in
the linear and reflector modes using dithranol as matrix, and on a Bruker Microtof-Q
spectrophotometer (Bruker, Billerica, MA, USA) with ESI/APCI interface in positive ion
mode, using a 90:10 methanol:water mixture and 0.1% formic acid as mobile phase. NMR
spectra of the compounds were obtained on Bruker ARX-300 and ARX-400 spectrometers
(Bruker, Billerica, MA, USA) using CH3CN and acetone-d6 as solvent. Chemical shifts
are presented in parts per million (ppm) relative to external standards (SiMe4 for 1H and
13C{1H} and CFCl3 for 19F{1H}) and coupling constants in hertz (Hz). 1H-1H COSY, 1H-13C
HMBC and 1H-13C HSQC correlation experiments have been used for the assignation
of the 1H and 13C{1H} NMR spectra. IR spectra were recorded on a Perkin Elmer FT-IR
Spectrometer Spectrum Two in the wavenumber range from 4000 to 400 cm−1. The UV-VIS
absorption spectra in solution were obtained using a Hewlett Packard 8453 spectrophotome-
ter (Agilent Technologies, Santa Clara, CA, USA). Solid-state Diffuse Reflectance UV-VIS
(DRUV) spectra were recorded on a Shimazdu UV-3600 spectrophotometer (Shimadzu
Corporation, Kyoto, Japan) with a Harrick Praying Mantis accessory and recalculated
using the Kubelka Munk function. The samples were diluted in KBr powder for the
complex and silica for the materials. Excitation and emission spectra were measured on
an Edinburgh FLS 1000 spectrofluorimeter (Edinburg Instruments Ltd., Edinburg, UK),
where lifetime measurements were also performed with a μF2 pulse lamp (Power: 100 W,
Fuse: 3.15 Amp A/S). Quantum yields were measured with Hamamatsu Absolute PL
Quantum Yield Measurement System (Hamamatsu Photonics, Shizuoka, Japan). Cyclic
voltammetry and differential pulse voltammetry measurements were carried out on a
Voltalab PST050 electrochemical workstation (Volta Labs, Boston, MA, USA), using a 0.1 M
solution of tetrabutylammonium hexafluorophosphate (NBu4PF6) as the supporting elec-
trolyte. A conventional three-electrode configuration was used, consisting of a platinum
spar working electrode, a platinum wire counter electrode, and an Ag/AgCl reference
electrode. As the solvent, was used CH3CN ([1] 10−4 M) under inert atmosphere and the
ferrocene/ferrocenium couple served as internal reference.

The morphology of the materials was investigated by transmission electron microscopy
(TEM) and Scanning Electron Microscopy (SEM). Samples were prepared by dipping a
sonicated suspension of the sample in ethanol on a carbon-coated copper. TEM images
were performed using a JEM-2010 microscope (JEOL, 200 kV, 0.14 nm of resolution) (JEOL
Ltd., Tokyo, Japan), with a detector of Si(Li) (area of 30 mm2 and resolution of 142 eV). The
digital analysis of the TEM micrographs was performed using DigitalMicrographTM 3.6.1.
by Gatan. SEM analyses were carried out in a field emission scanning electron microscope
(FESEM) Merlin VP Compact (Zeiss, 1.6 nm of resolution at 1 kV) (Zeiss, Wetzlar, Germany),
where EDX analyses were also performed.
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3.2. Synthesis of [Ir(Dfbzapy)2(pyraphen)]PF6 (1)

0.83 g (0.36 mmol) of pyrazino[2,3-f][1,10]phenanthroline (pyraphen) were added to a
solution of 0.37 g (0.46 mmol) of [Ir(dfbzapy)2(NCMe)2]PF6 in 25 mL of dichloromethane,
and the mixture was refluxed for 6 h in the absence of light. After the reaction time,
the mixture was evaporated to dryness, and the solid residue was treated with diethyl
ether and hexane to yield complex 1 as a yellow solid (0.35 g, 81%). Anal. Calc. for
C38H20F10IrN6O2P: C, 45.38; H, 2.00; N, 8.36. Found: C, 45.38; H, 2.21; N, 9.70.ESI (+):
m/z 861 [Ir(dfbzapy)2(pyraphen)]+ (100%). IR (cm−1): ν(C-Haromatic) 3096 (w); ν(C=O)
1693 (m); ν(C=C, C=N) 1595 (s), ν(C-F) 1102 (m), 1039 (s); ν(P-F) 837 (vs); ν(Ir-N) 557 (s).
1H NMR (400 MHz, acetone-d6, δ): 10.30 (s, 2H, CHO); 9.83 (dd, JH-H = 9.0, 1.6 Hz, 2H,
H2′ ); 9.36, (s, 2H, H8′ ); 8.80 (dd, JH-H = 5.4, 1.6 Hz, 2H, H4′ ); 8.51 (d, JH-H = 8.4 Hz, 2H, H2);
8.25 (dd, JH-H = 8.5, 5.2 Hz, 2H, H3′ ); 8.11 (t, JH-H = 7.9, 2H, H3); 7.96 (d, JH-H = 5.0 Hz,
2H, H5); 7.16 (t, JH-H = 6.1 Hz, 2H, H4); 6.11 (d, 3JH-F = 10.3 Hz, 2H, H9). 13C{1H} NMR
(100.6 MHz, acetone-d6, δ): 184.4 (t, 3JC-F = 5.1 Hz, CHO); 164.4 (d, 3JC-F = 8.4 Hz, C10);
164.2 (dd, 1JC-F = 235.4 Hz, 3JC-F = 6.3 Hz, C8); 163.8 (d, JC-F = 6.6 Hz, C11 or C12); 161.5
(dd, 1JC-F = 240.4 Hz, 3JC-F = 5.8 Hz, C6); 154.2 (s, C4′ ); 151.6 (s, C5); 149.3 (s, C9′ ); 148.1 (s,
C8); 141.4 (s, C3); 140.7 (s, C6′ ); 137.1 (s, C2′ ); 132.1 (s, C5′ ); 130.3 (s, C11 or C12); 129.6 (s,
C3′ ); 126.0 (s, C4); 125.5 (d, 5JC-F = 21.1 Hz, C2); 116.2 (d, 2JC-F = 17.1 Hz, C9); 111.2 (pst,
2JC-F = 12.0 Hz, C7). 19F {1H} NMR (376.5 MHz, acetone-d6, δ): −72.63 (d, JF-P = 707.7 Hz,
6F, PF6); −114.23 (d, 3JF-F = 7.6 Hz, 2F, F6); −117.43 (d, 3JF-F = 7.6 Hz, 2F, F8).

3.3. Synthesis of [Ir(Si-Dfbzapy)2(pyraphen)]PF6 (2)

A solution of 0.10 g (0.09 mmol) of [Ir(dfbzapy)2(pyraphen)]PF6 (1) in 10 mL of THF
was treated with 30.6 μL (0.20 mmol) of 3-aminopropyltriethoxysilane (APTES) in the
presence of activated molecular sieves (used to collect the water produced during the
reaction). The mixture was stirred for 1 hour at room temperature. The resulting yellow
solution was filtered under an inert atmosphere and concentrated to ca. 3 mL. Due to the
self-condensation tendency of complex 2 in the solid state, even under inert conditions, the
compound cannot be isolated as a solid. Instead, the reaction mixture is directly used in the
next step without further purification. The yield could not be determined. For the purposes
of the subsequent reaction, a theoretical imination yield of 100% was assumed. ESI(+): m/z
1062 [{Ir(Si-dfbzapy)2(pyraphen)} − 4Et − {2(-OEt)]+ (100%). IR (cm−1): ν(C-H aromatic)
2947 (m); ν(C=C, C=N) 1613 (s); ν(C-F) 1260; ν(Si–O–C) 1071 (vs); ν(Si–O) 1006 (vs); ν(P-F)
836 (vs); ν(Ir-N) 570 (s). 1H NMR (300 MHz, acetone-d6, δ): 9.83 (dd, JH-H = 8.3, 1.5 Hz, 2H,
H2′ ); 9.37 (s, 2H, H8′ ); 8.81 (dd, JH-H = 5.2, 1.5 Hz, 2H, H4′ ); 8.47 (m, 4H, N=CH y H2); 8.27
(dd, JH-H = 8.4, 5.2 Hz, 2H, H3′ ); 8.04 (t, JH-H = 7.8 Hz, 2H, H3); 7.92 (d, JH-H = 6.1 Hz, 2H,
H5); 7.10 (pst, JH-H = 6.1 Hz, 2H, H4); 5.99 (d, 3JH-F = 10.2, 2H, H9); 3.81 (q, JH-H = 6.2 Hz,
12H, OCH2CH3); 3.63 (t, JH-H = 6.2 Hz, 2H, N–CH2–); 3.16 (t, JH-H = 6.6 Hz, 2H, N–CH2–);
1.83 (m, 2H, –CH2–); 1.78 (m, 2H, –CH2–); 1.19 (t, JH-H = 6.2 Hz, 18H, OCH2CH3); 0.66
(m, 4H, SiCH2–). 19F NMR (282 MHz, Acetone-d6, δ): −72.60 (d, JF-P = 707.7 Hz, 6F, PF6);
−111.52 (d, 3JF-F = 9.1 Hz, 2F, F6); −114.33 (d, 3JF-F = 9.2 Hz, 2F, F8).

3.4. Synthesis of the Self-Condensed Material (SC-2)

As a continuation of the procedure for the preparation of [Ir(Si-dfppy)2(pyraphen)]PF6

(2) described above, the obtained solution of compound 2 in 3 mL of THF (approximately
0.09 mmol) was added dropwise to 13 mL of distilled water using an automated dropping
system at a controlled rate of 0.02 mL/s to ensure thorough homogenization. After stirring
at room temperature for 1 hour, 0.07 mL of a 0.05 M sodium fluoride solution was added,
and the mixture was heated to 80 ◦C for 4 days. Upon completion of the reaction, the
SC-2 material precipitated as a yellow solid, which was isolated by centrifugation at
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18,000 rpm for 30 min. The solid was subsequently washed with distilled water, ethanol,
and acetonitrile, with centrifugation performed after each washing step. The washes with
ethanol and acetonitrile effectively remove any unreacted complex 2, resulting in the pure
self-condensed material. (0.03 g, 30%). Anal. Calc. for C48H56F10IrN8O4Si2P: C, 45.60; H,
3.35; N, 8.86. Best analyses found: C, 39.20; H, 4.04; N, 5.22. (The self-condensed material
is obtained in an aqueous medium. All the elemental analyses performed show similar
values, maybe due to the presence of water and/or THF occluded in the material. In
fact, the analyses were compatible with SC-2·8H2O: C, 39.10; 3.58; N, 8.29). IR (cm−1):
ν(C-Halifatic) 2963 (m); ν(C=C, C=N) 1600 (s); ν(C-F) 1259 (s); ν(Si–O–C) 1082 (vs); ν(Si–O)
1013 (vs); ν(P-F) 790 (vs); ν(Ir-N) 557 (s). MALDI (+): m/z 1065 [SC-2 − {(CH2)3Si(OEt)3} +
3H]+ (1%); 861 [SC-2 − {(CH2)3Si(OEt)3} − (pyraphen) + Et + 2H] + (100%). MALDI (−):
m/z 145 [PF6]- (100%).

3.5. X-Ray Crystallographic Analysis of Complex 1

Selected bond lengths and angles and X-ray crystallographic data for complex
1·1.5(CH3)2CO are summarized in SI (Tables S1 and S2). Orange crystals of complex 1 were
obtained by slow diffusion at room temperature of n-hexane into a saturated solution of ace-
tone. X-ray intensity data were collected with a Bruker D8 QUEST (PHOTON 100 CMOS)
(Bruker, Karlsruhe, Germany) area-detector diffractometer, using graphite-monochromatic
Mo-Kα radiation. The images were collected and processed using Bruker APEX4 and
SAINT programs [38], carrying out the absorption correction at this point by semi-
empirical methods using SADABS [38]. The structure was solved by intrinsic phasing using
SHELXT [39], and refined by full-matrix least squares on F2 with SHELXL [40], using the
WINGX program suite [41]. All non-hydrogen atoms were assigned anisotropic displace-
ment parameters. The inspection of the structure with PLATON [42] and SQUEEZE [43]
revealed the presence of two voids of 310 e·Å−3 in the unit cell, each of them containing 99
electrons, which fits well for the presence of a total of six acetone molecules in the unit cell
(one and half acetone molecule for each iridium(III) complex molecule—1·1.5(CH3)2CO).
Supplementary crystallographic data for 1 were deposited at The Cambridge Crystal-
lographic Data Centre (CCDC) under deposition number CCDC 2428185. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif (accessed on 4
April 2025).

3.6. Theoretical Calculations

Calculations for complex 2 (MeCN) were performed with the Gaussian 16 package [44],
using the Becke three-parameter functional combined with the Lee–Yang–Parr correlation
functional (B3LYP) [45] with the Becke–Johnson D3BJ correction [46]. No negative frequency
was found in the vibrational frequency analysis of the final equilibrium geometries. The
basis set used was the LanL2DZ effective core potential for Ir and 6-31G(d,p) for the ligand
atoms [47]. DFT and TD-DFT calculations were performed using the polarized continuum
model approach (PCM) [48], implemented in the Gaussian 16 software, in presence of
the corresponding solvents. The predicted emission wavelengths were obtained from the
energy difference between the triplet state at its optimized geometry and the singlet state in
the triplet geometry. The results were visualized using GaussView 6. Overlap populations
between molecular fragments were calculated using the GaussSum 3.0 software [49]. The
emission energy was calculated as the difference of the optimized T1 geometry for both
states (adiabatic electronic transition).

3.7. Photocatalytic Methods for Dehalogenation of 2-Bromoacetophenone

Two different approaches were employed to study the photocatalytic reaction, based
on the methodology previously described [26]:
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In an NMR tube: A solution was prepared by dissolving 2-bromoacetophenone (15 mg,
0.075 mmol), triethanolamine (30 μL, 0.23 mmol), and 0.84 mg (0.75 μmol) of the photocata-
lyst SC-2 in 0.8 ml of acetonitrile-d3. The tube was degassed under nitrogen by bubbling for
5 min in the dark, followed by sonication for 1 min. The reaction was then irradiated with
a 50 W blue LED (λmax = 450 nm) for 9 min while stirring. The progress of the reaction was
monitored by 1H-NMR, with 1,3,5-trimethoxybenzene (0.06 mmol) as the internal standard,
to determine the yield.

In a round bottom flask: Under a nitrogen atmosphere, 2-bromoacetophenone (0.65 g,
3.27 mmol), SC-2 (36.51 mg, 0.03 mmol), and 15 mL of anhydrous acetonitrile (previously
degassed by nitrogen bubbling for 20 min) were added to a 50 mL round-bottom flask.
After sonicating the mixture for 1 min, triethanolamine (1.3 mL, 9.8 mmol) and 1,3,5-
trimethoxybenzene (300 mg, 1.78 mmol) were added. The reaction mixture was irradiated
with a 50 W blue LED (λmax = 450 nm) for 90 min while being stirred, and the progress of
the reaction was also monitored by 1H-NMR.

For the recovery and reusing of the catalyst SC-2, the mixture was centrifuged at
18,000 rpm for 30 min and the resulting solid was washed with distilled water and sonicated
for 10 min, followed by centrifugation at 18,000 rpm for another 30 min. This washing and
centrifugation process was repeated using absolute ethanol and then acetonitrile. The solid
was subsequently suspended in dichloromethane, transferred back to the reaction flask,
and dried under vacuum at 100 ◦C to remove any residual moisture. The same procedure
was applied to subsequent reactions. Yields were determined using 1H-NMR analysis with
1,3,5-trimethoxybenzene serving as the internal standard.

4. Conclusions

In this study, we describe the synthesis and characterisation of a new photocatalytic
material based on the Ir(III) complex [Ir(Si-dfbzapy)2(pyraphen)]PF6 (2), functionalized
with alkoxysilane groups in the cyclometalated ligands. This complex undergoes self-
condensation, leading to the formation of the organometallo–ionosilica SC-2. Structural
and spectroscopic analyses confirm the preservation of the structure of the cationic Ir(III)
complex after the heterogenization process, as well as the homogeneous distribution of the
PF6

− counteranion throughout the material, highlighting its ionic nature.
From a photophysical point of view, while SC-2 exhibits a weak red emission in the

solid state, its absorption and emission spectra in acetonitrile suspension are practically
identical to those of its precursor 2 in solution in the same solvent, showing a blue greenish
phosphorescence and a significant absorption between 400 and 500 nanometers. In addition,
the electrochemical properties calculated for SC-2 and complex 2, with the latter acting as a
model of the material in solution, indicate its feasibility for photoinduced electron transfer
processes. Thus, the SC-2 material has shown excellent photocatalytic activity in heteroge-
neous conditions in the reductive dehalogenation reaction of 2-bromoacetophenone under
blue light illumination (450 nm). In terms of reusability, SC-2 retains its photocatalytic
activity over seven catalytic cycles, with a decrease in efficiency under 30% and likely
due to material loss during the washing steps. Nevertheless, post-reaction analysis of the
material suggests the possibility of some photodegradation of surface-bound molecules
during irradiation. Despite this, the material exhibits remarkable photostability, allowing it
to be used in multiple catalytic cycles.

Overall, these findings highlight the potential of SC-2 as an efficient, sustainable, and
reusable heterogeneous photocatalyst for applications in organic synthesis and solar-driven
redox transformations.
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Abstract: Nanocomposite materials composed of an organic matrix and an inorganic nanofiller
have been the subject of intense research in recent years. Indeed, the synergy between these two
phases confers improved properties thanks to an increased surface–volume ratio, which reinforces the
interactions between the particles and the polymer matrix. These interactions depend on many factors
such as the shape, size and dispersion of the nanoobjects. Polysilsesquioxanes (PSQs) are a silicon
polymer family that offers different sizes, shapes and structures and possesses ceramics properties
(i.e., high thermal and/or oxidative resistance and high chain rigidity), thanks to the siloxane
backbone. In this article, we propose to incorporate polymer-grafted ladder polysilsesquioxanes
(LPSQs) as nanofillers in thermoplastic matrices. Chloride-functionalized LPSQs were synthesized
from two different precursors and thoroughly characterized by 1H, 13C and 29Si NMR, as well as
by SEC and WAXS. The well-defined LPSQ was then converted into an azide analog. The resulting
hybrid material was functionalized with poly(ethylene glycol) (PEG) chains and incorporated into
poly(ethylene oxide) or poly(methyl methacrylate) matrices. We found that the viscoelastic properties
of the nanocomposite materials were impacted by plasticizing or the reinforcement effect depending
on the grafted PEG chain length.

Keywords: ladder polysilsesquioxane; PEG-grafted LPSQ; nanocomposites

1. Introduction

With a global production of more than 300 million tons, synthetic polymers occupy
an increasingly important place in many objects and materials in everyday life. They are
found in all sectors as commodity materials (packaging, transport, sports and leisure, etc.)
or as specialty polymers where they perform more “noble” functions in fields such as
electronics, optics, biomedical and cosmetics. In recent decades, new hybrid materials have
been developed. These materials aim to exploit the complementary properties of their
components or to create synergy between them; we then speak of composites. In other
words, a composite material is a material for which the combination of basic components
leads to a material having properties that none of the components taken separately has.
They can be defined as a material resulting from the association of a continuous phase, the
matrix, and a dispersed phase, strengthening. Depending on the composition of composite
materials, they can have many properties and therefore many advantages. Composite
materials allow almost infinite freedom of assembly, which makes it possible to create on
demand materials with the desired properties depending on the product manufactured.
Today, there are a large number of composite materials that are generally classified into
three families depending on the nature of the matrix, which can be ceramic, metallic or
organic. Organic-based composites are the most important class of these materials thanks
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to their advantages such as ease of implementation, low cost, resistance to corrosion and
their major advantage compared to metallic compounds, their low weight. These materials
are prepared by adding fillers, generally inorganic for an organic matrix, in the form of a
particle or fiber. However, the efficiency of the performances expected by the addition of
these charges is linked to the quantity of surface area of the interfaces, generally requiring
a significant concentration of charge. The properties of the polymer matrix in terms of
processability are strongly affected. This problem found a solution in the early 1990s, with
the pioneering work of Toyota researchers by the incorporation of a small amount (a few
percent by mass) of lamellar clay in a polyamide [1]. These new composite materials,
named nanocomposites because at least one of the phases has at least one dimension less
than 100 nanometers, have seen their mechanical properties greatly improved. Indeed, the
very small dimensions of these nanofillers allow increasing the surface-to-volume ratio,
reinforcing the degree of particle–matrix interactions.

Thus, the nanocomposites’ properties and the filler/polymer interactions depend
on several factors such as the shape and size, the quantity and dispersion quality, the
orientation and distribution of the nanoobjects. Of course, all are connected together and
to ensure a good transfer of the properties of the nanomaterial to the polymeric matrix, it is
necessary to control its shape (for a high aspect ratio) [2] and the interface [3]. For the latter,
generally, a modification of the nanofiller by macromolecules, identical or compatible,
to those of the matrix is carried out in order to increase their affinities and the quality
of dispersion.

Among the different fillers, silsesquioxane (SSQs) or polysilsesquioxane (PSQ) have
attracted particular attention because they can be functionalized with a large diversity
of organic groups and are inorganic materials with a high compatibility with organic
materials. PSQs are of general formula [R-SiO1,5] and can be prepared in many shapes,
such as random, ladder (LPSQs), lamellar, cage (POSS) or partial cage structures [4–6].

Considered as the smallest hybrid particles of silica, POSS was certainly the most SSQs
used for the preparation of nanocomposite materials [7]. They can be incorporated in the
polymer matrix as non-functional (reinforcement agent), monofunctional (polymer end-
capping agent) or multifunctional (crosslinking agent) POSS. Similarly, we have recently
prepared a new alkoxyamine-functionalized lamellar PSQ hybrid material, exfoliated it and
used it both as a filler and polymerization initiator in a grafting from strategy. The presence
of polysilsesquioxane in the composites had an impact on their viscoelastic properties,
demonstrating the reinforcement of the polymeric matrix by the lamellae [8]. LPSQ is
another SSQ with a tailorable and controlled structure described in these last few years
because it addresses some POSS limitations (solubility, low molecular weight...) [9]. In
addition to the thermal/chemical stability of the siloxane backbone, the double-stranded
structure contributes to the robustness of the LPSQ backbone. The work of Lee is a good
example [10]. They systematically studied the effect of the SSQ structure on the mechanical
properties of SSQ-reinforced polymer film. The results suggest that the highly ordered
and one-dimensional LPSQ, with a higher aspect ratio, leads to a better enhancement
in the mechanical properties than random and POSS SQs. In these composites, the SSQ
structures were covalently linked to the polymer matrix via the photopolymerization of
methacrylate groups grafted on SSQ structures and an acrylate resin used as the polymer
matrix. Another approach to improve the compatibility of LPSQ and polyimide was studied
by Kim et al., which is based on the hydrogen-bonding interactions between PEG-grafted
LPSQ and the carboxylic acid groups of polyimide [11]. Nevertheless, the LPSQ used
was also functionalized with methacrylate groups and copolymerized by UV-curing with
PEG-dimethacrylate presence in the polyimide composite formulation. As mentioned
above, one main strategy to improve the dispersion of fillers such as silica nanoparticles
within polymeric matrices is to functionalize their surfaces with polymers identical or
compatible to those of the matrix [12]. This approach is easy to implement and an efficient
way to enhance the compatibility between the nanofiller and organic polymer matrix, but
it has rarely been exploited with LPSQs in the literature.
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In the aim to enlarge the development of LPSQ as a nanofiller and simplify its com-
posite elaboration while ensuring their good dispersion within the commercial polymer
matrix, we studied, in the present work, the synthesis of well-defined poly(ethylene glycol)
(PEG)-grafted LPSQs and their use as filler in two different commercial polymer matri-
ces, namely poly(ethylene oxide) (PEO) and poly(methyl methacrylate) (PMMA). PEO
is one of the most studied polymer electrolytes for lithium battery application [13]. This
is because PEO presents several advantages such as good flexibility, ease of processing,
excellent interfacial stability with lithium electrode and the formation of complexes with
lithium salts. However, the commercialization of PEO-based electrolytes in lithium battery
is difficult because their room-temperature (RT) ionic conductivity is too low due to the
high degree of crystallization of PEO at RT that reduces the chain mobility and, hence,
lithium mobility as well as ionic conductivity. We expect that the incorporation of PEG-
grafted LPSQ allows for reducing the PEO crystallinity while maintaining or improving
its mechanical properties. Therefore, it could be an interesting approach to increase the
ionic conductivity of PEO-based electrolytes. On the other hand, blending polymers is
an efficient and economic method to develop new polymeric materials. PEO/PMMA is a
partially miscible crystalline/amorphous blend, which has attracted much interest [14–19].
Currently, there are no papers investigating the blends of PMMA and grafted PEO and
their viscoelastic properties. So, it could be interesting to study the behavior of PEG-grafted
LPSQ and PMMA blends. For these reasons, we first synthesized chloride-functionalized
LPSQ from two different precursors. The well-defined LPSQ was chosen for conversion
into an azide analog before grafting with PEG chains by the “grafting to” approach. Sec-
ondly, the resulting PEG-grafted LPSQ hybrid materials were blended at different contents
with PEO or PMMA. It is expected that the presence of grafted PEG on LPSQ will increase
their affinities/compatibilities with the polymer matrix, and hence the quality of disper-
sion, in order to ensure a good transfer of the properties of the hybrid material to the
polymeric matrix.

2. Results and Discussion

2.1. Synthesis of Ladder Hybrid Materials

The synthesis of functionalized ladder-like polysilsesquioxanes (LPSQs) was imple-
mented from 3-chloropropyl trialkoxysilane 1a and 1b in order to assess the impact of
their alkoxy groups, i.e., ethoxy or methoxy, on the features of the LPSQs (Scheme 1) [20].
1a or 1b was stirred at room temperature in a water/THF mixture in the presence of a
catalytic amount of K2CO3 (Scheme 1) [21]. In the case of 1a, MeOH (0.5 equiv.) was
added for triggering silanol formation. After only 18 h, NMR monitoring showed the
completion of the polymerization of 1b. This result is in agreement with a fast hydrolysis
of trimethoxysilane moiety. The presence of insoluble PSQ in the crude solution resulted
from random polymerization; its filtration yielded LPSQ 2b in 26% yield. As expected,
in the case of 1a, the reaction was much slower, and 9 days were needed to reach 96% of
the polymerization of 1a (NMR monitoring). Under these slow polymerization conditions,
no insoluble material, i.e., random polymerization, was detected. After work-up, 2a was
obtained quantitatively.

Scheme 1. Synthesis of functionalized ladder materials.

The solubility of 2a and 2b in several organic solvents allows performing the liquid
NMR analysis in CDCl3. The 1H and 13C spectra confirmed the integrity of the organic
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moieties under the sol–gel process conditions, as shown by the presence of characteristic
signals at 3.52 (CH2Cl) and 0.79 ppm (CH2Si) recorded for the two LPSQs.

Solid-state 29Si NMR (SS NMR) is one of the key analyses for asserting the ladder struc-
ture of the PSQ. Indeed, highlighting the difference between the ratio of T1 (RSi(OH)2OSi),
T2 (RSi(OH)(OSi)2) and T3 (RSi(OSi)3) siloxane structures allows revealing the level of
siloxane bond formation [9]. The analysis of the 29Si NMR spectra for 2a and 2b showed
the presence of T1, T2 and T3 signals of very weak, weak and strong intensity, respectively
(Figures S1 and S2, Supplementary Materials). PSQ 2a and 2b exhibited a high degree of
condensation (DOC) of 98.8 and 97.5%, consistent with an LPSQ structure [9].

The second key analysis is the Fourier-transform infrared (FTIR) spectroscopy. Indeed,
a characteristic double peak at 1100 and 1026 cm−1 is observed and attributed to the
asymmetric and symmetric stretching vibration of Si–O–Si, which is directly linked to the
LPSQ structure (Figure S3, Supplementary Materials) [22]. Furthermore, the absence of
peaks corresponding to the silanol group (Si-OH) at 3500 cm−1 and 960 cm−1 was in accord
with 29Si SS NMR, which exhibited a very weak T1 signal and weak peak for T2 in the case
of 2a, confirming the high level of condensation of the silanol to form siloxane bridges.

Powder wide-angle X-ray scattering (WAXS) analysis was carried out on 2a and gives
a good insight into the structure of the polysilsesquioxane. The WAXS pattern (Figure 1)
exhibits two maxima at 5.4 and 14.8 nm−1. The first maximum corresponds to distance
d1 = 1.16 nm, attributed to the chain-to-chain distance, and the second d2 = 0.42 nm
is related to the average thickness of the double-stranded siloxane backbone. Whereas
random polysilsequioxanes generally showed a unique broad peak due to low regular-
ity and POSS displayed sharp peaks, these results are in accordance with ladder-like
polysilsesquioxane [23].

Figure 1. WAXS measurement of LPSQ 2a.

SEC analysis was used to determine the Mw. The LPSQ 2b, prepared from trimethoxysi-
lane 1b, had a slightly lower Mw of 8200 g mol−1 than that measured for 2a of 10,500 g mol−1

and a comparable dispersity (Ð) of 2.4 and 2.5, respectively.
These analyses clearly pointed to a well-defined structure for 2a. The slower polycon-

densation with the triethoxysilane 1a provided an LPSQ with a low level of defects, a higher
molecular weight and a higher yield. Therefore, LPSQ 2a was used for the remainder of
this study.

The second step in the preparation of the hybrid material was the introduction of an
azide function via a nucleophilic substitution, so that in the next step, a poly(ethylene glycol)
chain could be introduced via a click reaction. A solution of 2a in DMF was stirred at 40 ◦C
for 72 h in the presence of 1.5 equivalents of NaN3. N3-LPSQ 3 was obtained with a yield
of 86%. 1H and 13C NMR confirmed a total conversion as no CH2Cl signals were detected
and new signals corresponding to CH2N3 appeared at 3.28 and 53.5 ppm, respectively.
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The FTIR analysis also established the presence of an azide function (2090 cm−1) and the
stability of the ladder structure under substitution conditions, thanks to the two peaks
at 1096 and 1040 cm−1. It is noteworthy that the 29Si NMR spectrum now displayed a
complete disappearance of the T1 signal, as shown by the DOC of 99.7%, calculated from
the integration of Tn signals. It is likely that the aforementioned substitution conditions
also favored the formation of the missing siloxane bonds in the ladder structure. At this
point, silanol polycondensation can be considered complete.

The last step in the synthesis of the ladder-based hybrid material was the grafting of
a polyethylene glycol (PEG) chain through a click reaction between a triple bond and an
azide function. This reaction was performed with two propargylated PEG with molecular
weights of 1000 g mol−1 (4) and 5000 g mol−1 (5) (Scheme 2). Two different experimental
conditions were implemented to form the 1,2,3-triazole ring. In the first approach, the cop-
per sulfate/sodium ascorbate couple was used to catalyze the click reaction [24,25], while
the second method involved a thermal activation to enable the [2+3] cycloaddition [24].

Scheme 2. Synthesis of poly(ethylene glycol)-grafted ladder materials.

In both cases, the reaction advancement was monitored by 1H NMR with the dis-
appearance of the Csp-H signal at 2.4 ppm from the triple bond of 4 or 5. It is worth
pointing out that the 13C NMR analysis of 6 (PEG1-LPSQ) and 7 (PEG5-LPSQ) showed
that the copper-catalyzed cyclization led only to 1,4-disubstituted 1,2,3-triazole (C qua-
ternary = 143.5 ppm, Csp2-H = 123.1 ppm) whereas the thermal conditions provided a
1:1 mixture of 1,4- and 1,5-disubstituted rings (C quaternary and Csp2H = 134.5 ppm).
TGA analysis was used to determine the grafting yield of the PEG chains, which was
56 mol % for 6 and 4 mol % for 7 as well as the weight fraction of PEG in these hybrid
materials, which was 80 wt% and 61 wt%, respectively. The calculations are detailed in
Figures S4 and S5 (Supplementary Materials). Although the grafting did not involve all the
azide functions, it can be noted that, in the case of PEG1-LPSQ (6), the characteristic FTIR
absorption band attributed to the azide group at 2090 cm−1 was weak compared to that
which should be expected while that of PEG5-LPSQ (7) is still observable (Figure S6a,b,
Supplementary Materials). Concerning the 13C NMR analysis, the same observation was
made for PEG1-LPSQ (6) and PEG5-LPSQ (7); in other words, the signal corresponding to
CH2-N3 around 53 ppm is weak or even undetectable for the PEG1-LPSQ (6) compound
and well present in the spectra of PEG5-LPSQ (7) (Figure S7a,b, Supplementary Materi-
als). Differential scanning calorimetry (DSC) was used to analyze the thermal behavior of
grafted PEG and look at how the presence of the LPSQ, covalently linked to PEG chains,
affects the melting temperature (Tm) and the crystallinity degree (Xc) of PEG. The pristine
PEG of 1000 g mol−1 and 5000 g mol−1 exhibit a Tm of 38.7 and 64.3 ◦C, respectively.
The PEG-grafted LPSQ showed a Tm of 36.5 and 57.3 ◦C for 6 and 7, respectively, which
are slightly lower than those of the corresponding pristine PEG. From the heat fusion
of the DSC thermogram (Figures S8 and S9, Supplementary Materials), the crystallinity
degree of PEG was calculated using Equation (1) and reported in Table 1. We observe a
significant reduction in Xc of the grafted PEG compared to the pristine PEG of the same
molar mass and this trend is more pronounced with the PEG of low molecular weight.
Since the mobility of the PEG chains is restricted by virtue of being covalently bonded to
the inorganic LPSQ, this inhibits the crystallization of the PEG chains and thus reduces the

53



Molecules 2024, 29, 5832

crystallinity degree of the PEG. In consequence, the shorter the PEG chains, the higher the
fraction of the restricted segments and the lower the crystallinity degree (Table 1).

Table 1. Thermal characteristics of PEG/PEO, PEG-grafted LPSQ, PEO-based and PMMA-based
composites.

Entry Sample
Tg

(◦C)
Tm (◦C)

ωPEG (PEO)
a

ΔHm

(J g−1)
Xc (%)

1 PEG1 b 38.7 1.00 166.8 85.5

2 PEG5 b 64.3 1.00 172.1 88.3

3 PEO c 65.6 1.00 146.7 75.2

4 PEG1-LPSQ (6) 36.5 0.80 66.3 42.5

5 PEG5-LPSQ (7) 57.3 0.61 83.2 69.9

6 PEO-Q1-2.5 −45.9 25.4
54.6

0.32
(0.60)

9.6
69.9

15.4
59.7

7 PEO-Q5-2.5 −51.2 57.9 0.10 (0.83) 142.1 78.4

8 PEO-Q5-1.0 −58.7 52.5 0.04 (0.93) 130.4 68.9

9 PMMA-Q1-2.5 −43.1
97.4 0.32 23.6 37.7

10 PMMA-Q5-2.5 −13.2 0.10 1.2 6.0
a weight fraction of PEG and PEO in the materials. b PEG1 and PEG5 are pristine PEG of molar masses of
1000 g mol−1 and 5000 g mol−1. c PEO of molar mass of 100,000 g mol−1 used as matrix for the preparation
of composites.

2.2. Elaboration and Characterization of Composite Materials Based on PEG-Grafted LPSQ

The PEG-grafted LPSQ hybrid materials were used as nanofiller and blended with
poly(ethylene oxide) (PEO) or poly(methyl methacrylate) (PMMA) as matrices to elaborate
different composites using the solvent casting process. Polymer nanocomposites can be
defined as a class of materials where one or more phases with nanoscale dimensions
are embedded in a polymer matrix [26]. Since the size of LPSQs are smaller than 4 nm
(according to their molar mass), the resulting blends between PEG-grafted LPSQ and PEO
or PMMA matrices can be qualified as polymer nanocomposites. Due to the small size of
LPSQs, their low contrast with polymer matrix and their dilution (≤2.5 wt%) in the blends,
it is difficult to analyze their dispersion and structure in the blends by WAXS as when
carried out for LPSQs alone. Indeed, WAXS of blends containing PEG-grafted LPSQ and
polyimide with a weight fraction of PEG-grafted LPSQ lower than 50 wt% did not show
proof of the dispersion of functional LPSQ in the polyimide matrix [10].

2.2.1. DSC Analysis

The thermal behavior of the nanocomposite materials was investigated using DSC. The
DSC traces were taken during the 2nd heating to remove any thermal history. Figures 2 and 3
show the heating thermograms for PEO matrix, PEG-grafted LPSQ and their composites.
Table 1 summarizes glass transition temperature (Tg), Tm and Xc values obtained from the
thermograms. As shown in Figures 2 and 3, a single Tg was observed for the resulting
composites containing PEG1-LPSQ and PEG5-LPSQ, suggesting that PEO and PEG-grafted
LPSQ are fully miscible in an amorphous phase. The high miscibility of the system is ascribed
to the PEG-based LPSQ grafted chains having the same repeat unit structure as the PEO
matrix. In the composites prepared with the same nanofiller e.g. PEG5-LPSQ, we observed
a reduction in Tg with an increase in PEG5-LPSQ content (Table 1). This trend was also
reported for nanocomposite electrolytes composing of PEO mixed with POSS functionalized
with PEG of 637 g mol−1 [27]. This suggests that the grafted PEG chains in the LPSQ act as
internal plasticizers to PEO. On the other hand, the composites containing the same weight
fraction of silica (e.g., 2.5 wt%) but prepared with different PEG-grafted LPSQ didn’t exhibit
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the same Tg. The PEO-Q1-2.5 composite shows a higher Tg (–45.9 ◦C) value than that of
PEO-Q5-2.5 (–51.2 ◦C) composite (Table 1) suggesting that plasticizing character of short PEG
chains (1000 g mol−1) is less than that of long PEG chains (5000 g mol−1).

Concerning the melting of PEO in the nanocomposites, as seen in Figures 2 and 3, both
the Tm and melting enthalpy slightly decrease when PEG-LPSQ nanofillers are incorpo-
rated into PEO. Furthermore, we noted an additional small peak appears on the heating
thermogram of the PEO-Q1-2.5 composite (Figure 2), indicating the formation of a new
crystalline phase. This peak is very close to the peak of PEG5-LPSQ. This finding was
already reported in the literature for the mixture of PEG-grafted POSS with a PEO ma-
trix [27]. According to this paper, the concentration of LPSQ moieties in the new crystalline
phase (LPSQ-rich phase) would be greater than that of the crystalline phase at a higher
temperature (PEO-rich phase).

Figure 2. DSC thermograms during the second heating run for PEO matrix (blue solid line), PEG1-
LPSQ (red solid line) and PEO-Q1-2.5 composite containing 2.5 wt% of silica (green solid line).

Figure 3. DSC thermograms during the second heating run for PEO matrix (blue solid line), PEG5-
LPSQ (red solid line), PEO-Q5-2.5 composite containing 2.5 wt% of silica (green solid line) and
PEO-Q5-1.0 composite containing 1 wt% of silica (green dash line).

The PEO/PMMA blends were largely studied in the literature because of their hy-
drophilic/hydrophobic character and their compatibility at certain compositions [16–19].
According to the work of Dionisio et al., PEO is miscible with PMMA up to a content of
25% of PEO in the blend [28]. The behavior of polymer blends, in particular the degree of
miscibility, is strongly dependent on the molecular weight, the tacticity of PMMA and on
the thermal history previous to the measurements. Decreases in both Tm of PEO and Tg of
PMMA were generally observed for PEO/PMMA blends [29–31]. The DSC thermograms
of PMMA-based composites and the PMMA matrix are shown in Figures S10–S12, and
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DSC data are reported in Table 1. The PMMA-Q1-2.5 composite shows an endothermic
melting peak at Tm = 28 ◦C corresponding to the crystalline phase of PEG (Figure S11) and
two glass transition temperatures at –43 ◦C (PEG phase) and 97 ◦C (PMMA phase). Since
the percentage of PEG in this composite is around 32 wt%, which is higher than that of the
low limit of PEO content for a miscibility blend, the thermal behavior of the blend is mainly
determined by the PEG component, and both Tm and Xc are less affected by the PMMA
phase (Table 1, Entry 9). However, the Tg of the PMMA phase is lower than that of pristine
PMMA (Tg = 117 ◦C) (Figure S10, Supplementary Materials), indicating the plasticization
of PMMA by short PEG chains grafted on LPSQ. The PMMA-Q5-2.5 composite containing
10 wt% of grafted PEG shows a tiny melting peak at 47 ◦C and a unique Tg at −13 ◦C
(Figure S12). According to the literature [15,16,18,28], at this PEO content, the blend is
completely miscible showing a single Tg. The Tg observed for our sample is very far away
from the expected Tg value (Tg = 89 ◦C) for a blend comprising 10 wt% of PEO and 90 wt%
of PMMA [28]. Nevertheless, in our case, the PEO chains are grafted to the LPSQ structure,
and this could greatly modify the behavior of polymer blends.

2.2.2. Rheology Analysis

Storage modulus (G’) and loss modulus (G”) are measured for all nanocomposites
prepared with two different PEG-grafted LPSQs and their matrices (PEO and PMMA) by
dynamic oscillatory measurements (Figures 4a,b and 5). The storage modulus of PEO-based
nanocomposites presents a monotonic increase for all frequencies, including pure PEO.
For pure PEO and its nanocomposites, the increment of frequency promotes the modulus
because the polymer chains do not have enough time to relax at high frequencies. On the
other hand, a low frequency or long time allows the relaxation of polymer chains to lower
the modulus.

Figure 4. (a) Storage modulus (G’) and (b) loss modulus (G”) versus angular frequency of PEG-
grafted LPSQ/PEO composites compared to neat PEO matrix of 100 kg mol−1. Measurements were
performed at 80 ◦C with a strain amplitude of 1%.

At 80 ◦C, pure PEO and PEO nanocomposites are under the melting state. As a
consequence, the pure PEO melt exhibits a liquid-like behavior (G” > G’) in all frequen-
cies (Figure 4), while PEO composites present two different behaviors dependent on the
type of functional LPSQ used. The PEO-Q1-2.5 nanocomposite prepared with the LPSQ
functionalized with short PEG chains (1000 g mol−1) shows solid-like behavior (G’ > G”)
from 0.1 to 80 rad/s, while PEO-Q5-2.5 composite prepared with the LPSQ functionalized
with longer PEG chains (5000 g mol−1) shows a liquid-like behavior for all frequencies. In
addition, we note that the values of storage modulus vary in the order G’ (PEO-Q1-2.5) >
G’ (pure PEO) > G (PEO-Q5-1.0) > G’ (PEO-Q5-2.5) for almost all frequencies. These results
suggest that PEG1-LPSQ is more efficient for the reinforcement of PEO matrix. Figure S13
(Supplementary Materials) shows the frequency dependence of tan δ = G”/G’ for nanoas-
sociated (tan δ > 3), weakly associated (1 < tan δ < 3) and strongly associated (tan δ < 1)
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dispersed functional LPSQ molecules [32]. Here, we think that when the grafted PEG
chains are short (Mn < Mc, where Mc of 4000 g mol−1 is the critical entanglement molecular
weight of PEO) [33], the LPSQ molecules act as entangled attractors, resulting in higher
entanglements near the surface of the LPSQ molecules, which reinforce the PEO matrix.
On the contrary, when the grafted PEG chains are sufficiently long (Mn > Mc), grafted
PEG chains act as entangled attractants, which lead to only PEG/PEO entanglements and
PEG/PEO interactions, resulting in a plasticizing effect for the PEO matrix.

Figure 5. Storage (G’) and loss (G”) modulus versus angular frequency of PEG-grafted LPSQ/PMMA
composites compared to neat PMMA matrix of 89 kg mol−1. Measurements were performed at
150 ◦C with a strain amplitude of 1%.

It is obviously apparent from Figure 5 that the PMMA/PEG-LPSQ nanocomposites
show a lower value of G’ and G” compared to the pure PMMA. A decrease of one to
one-and-a-haft decades in both the elastic (G’) and loss (G”) modulus lower than that of
the pure PMMA is observed for all frequencies. The PMMA-Q1-2.5 composite exhibits a
solid-like behavior for all frequencies, while the PMMA-Q5-2.5 composite is liquidlike at
low frequencies. The transition from liquidlike to solid-like behavior occurs at the crossover
frequency of G’ and G” of 0.4 rad s−1. This result illustrates that the dynamics of PMMA
are significantly enhanced owing to the plasticizing nature of the PEG chains for the PMMA
matrix. This effect increases with the grafted PEG chain length.

3. Materials and Methods

3.1. Materials

(3-Chloropropyl)trimethoxysilane (>97%), (3-Chloropropyl)triethoxysilane (95%), sodium
azide (>99%), propargyl bromide (80% in toluene), sodium hydride (60% dispersion in oil),
ethylenediaminetetraacetic acid (EDTA), poly(ethylene glycol) methyl ether of 1000 g mol−1

(PEG1) and 5000 g mol−1 (PEG5), poly(ethylene oxide) (PEO) of 100,000 g mol−1 and
poly(methyl methacrylate) (PMMA) of 89,000 g mol−1 were purchased from Sigma-Aldrich
(Saint Louis, MO, USA) and used as received. All solvents such as tetrahydrofuran (THF),
dichloromethane (DCM), dimethyl sulfoxide (DMSO) and N,N-dimethyl formamide (DMF)
and other reactants were purchased from commercial suppliers and used without further
purification.

3.2. Characterization Techniques

Thermogravimetric measurements (TGA) were carried out on a 10 to 20 mg sample
with a TGA Q500 apparatus (TA Instruments, New Castle, DE, USA) at a scan rate of
5 ◦C·min−1 from 40 to 800 ◦C under dynamic air atmosphere at a flow rate of 40 mL·min−1.
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Differential scanning calorimetry (DSC) experiments were carried out on a TA Instru-
ments DSC Q20. The measurements were performed by heating around 10 mg of samples
from −70 ◦C to 180 ◦C for hybrid material and commercial PEO. The heating rate was
10 ◦C min−1. The melting temperature (Tm) and the enthalpies of melting ΔHm were all
extracted from the second heating scan. The degree of crystallinity (Xc) was calculated
according to the following equation:

Xc =
ΔHm

wPEO ∗ ΔHo
m

∗ 100% (1)

where wPEO is the weight fraction of PEO in the LPSQ hybrid materials, ΔHm is the
measured enthalpy of melting of pristine or grafted PEO and ΔHo

m is the enthalpy of fusion
of a 100% crystalline PEO taken as 195 J g−1 [34].

Wide-angle X-ray scattering (WAXS) experiments were performed on SAXSess-MC2
(Anton-Paar, GmbH, Vienna, Austria) with a sealed copper tube as the X-ray source
(wavelength is 0.15417 nm (Cu K-α)) equipped with a Kratky block collimation system and
using an image plate (IP 200 × 60 mm, pixel resolution 50 × 50 μm) as the detector. The
system operates in line collimation, which allows achieving higher scattering intensities
and images. Plates were read with the Cyclone (Perkin Elmer, Shelton, CT, USA) and
Optiquant 3.0 software system. An exposure time of 30 min was long enough to provide a
good signal-to-noise ratio (scattering angle range 0.1 < q < 28 nm−1). SAXSquant 3.5 was
used as data analysis software.

Fourier-transform infrared (FTIR) analysis was performed on a Perkin Elmer Two
FTIR Spectrometer with an ATR accessory.

All solid-state Cross Polarization Magic Angle Spinning (CPMAS) NMR spectra were
obtained on a Bruker (Billerica, MA, USA) Avance-400 MHz NMR spectrometer operating
at a 13C and 29Si resonance frequency of 101.6 MHz and 79.5 MHz, respectively. 13C and
29Si CPMAS experiments were performed with a commercial Bruker double-bearing probe.
About 100 mg of samples was placed in zirconium dioxide rotors of 4 mm outer diameter
and spun at a Magic Angle Spinning rate of 10 kHz. The CP technique [35] was applied
with a ramped 1H pulse starting at 100% power and decreasing until 50% during the
contact time in order to circumvent Hartmann–Hahn mismatches [36,37]. The contact times
were 2 ms for 13C CPMAS and 5 ms for 29Si CPMAS. To improve the resolution, a dipolar
decoupling GT8 pulse sequence was applied during the acquisition time [38]. To obtain
a good signal-to-noise ratio, 6144 scans were accumulated using a delay of 2 s in the 13C
CPMAS experiment, and 4096 scans with a delay of 5 s in the 29Si CPMAS experiment. The
13C and 29Si chemical shifts were referenced to tetramethylsilane.

Viscoelastic properties of the LPSQ hybrid or PEO and PMMA composite were studied
using an Anton Paar Rheometer MCR 302 equipped with 8 mm diameter aluminum parallel
disks. The polymer was pressed to a gap width of 0.9 mm. The complex shear modulus,
G* = G’ + iG”, was then measured as a function of frequency by dynamically shearing the
compound at a fixed strain of 1% over the frequency range 0.1–100 rad s−1 at 80 ◦C for the
PEO composite and 150 ◦C for the PMMA composite. All measurements were performed
in a dry air atmosphere.

Size exclusion chromatography (SEC) analysis was performed on an apparatus from
Agilent Technologies (Santa Clara, CA, USA), which was equipped with a 1260 infinity
pump, a 1260 infinity autosampler, a 1260 infinity UV photodiode array detector and a 1260
infinity RI detector. The stationary phase was composed of two PSS-SDV Linear M columns
and a precolumn thermostated at 40 ◦C. Mobile phase was THF at 1 mL.min−1. Samples
were prepared at a concentration of 0.25 wt.% in THF containing 0.25 vol.% of toluene, as
a flow marker. Injection volume was 20 μL. Polystyrene equivalent number-average and
weight-average molar masses (Mn and Mw) and dispersities Ð were calculated by means
of PS calibration curve using PS-M Easivial (Agilent, USA).
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3.3. Synthesis of Chloropropyl Ladder PolySilsesQuioxane (2a)

A solution of K2CO3 (20 mg, 0.144 mmol, 0.0036 eq) in water (2.6 mL) was added
to a solution of (3-chloropropyl) triethoxysilane (9.6 g, 40 mmol, 1 eq) in THF (5.2 mL).
Then, MeOH (800 μL) was added. The mixture was stirred at room temperature for 9 days.
After removing THF under vacuum, the mixture was diluted with CH2Cl2 (40 mL) and
water (10 mL). The organic phase was isolated and dried over MgSO4; the solution was
evaporated to give the final product 2a (5 g, yield > 95%). 1H NMR (300 MHz, CDCl3) δ: 3.55
(broad peak, 2H, CH2-Cl), 1.85 (broad peak, 2H, CH2), 0.80 (broad peak, 2H, CH2-Si).13C
NMR (75 MHz, CDCl3) δ: 47.1 (CH2-Cl), 26.5 (CH2), 10.6 (broad, Si-CH2). An amount of
4 mol% of ethoxy signal was still present, because of remaining unhydrolyzed functions.
29Si CPMAS NMR: −58.3 (T2), −68.5 (T3). IR asymmetric stretching vibrations of the
perpendicular bonds between the silicon and the oxygen of the LPSQ were at 1025.5 cm−1

and 1102.5 cm−1. SEC analysis gave an Mn of 4 200 g mol−1 and a dispersity (Ð) of 2.48.

3.4. Synthesis of Chloropropyl Ladder PolySilsesQuioxane (2b)

A solution of K2CO3 (10 mg, 0.0725 mmol, 0.0036 eq) in water (1.3 mL) was added to
a solution of (3-chloropropyl) trimethoxysilane (4 g, 20.129 mmol, 1eq) in THF (2.6 mL).
The mixture was stirred at room temperature for 18 h. After removing THF under vacuum,
the mixture was diluted with CH2Cl2 (30 mL) and water (10 mL). The aqueous phase was
eliminated, and the organic phase was dried over MgSO4 and filtered; the solution was
evaporated to give the final product 2b (668 mg, 26%). 1H NMR (300 MHz, CDCl3) δ:
3.54 (broad peak, 2H, CH2-Cl), 1.85 (broad peak, 2H, CH2), 0.80 (broad peak, 2H, CH2-
Si).13C NMR (75 MHz, CDCl3) δ: 47.0 (CH2-Cl), 26.4 (CH2), 9.9 (broad, Si-CH2). Infrared
asymmetric stretching vibrations of the perpendicular bonds between the silicon and the
oxygen of the LPSQ were at 1028 cm−1 and 1099 cm−1. SEC analysis gave a number-average
molecular weight (Mn) of 3000 g mol−1 and a dispersity (Ð) of 2.7 based on polystyrene
standards calibration. 29Si CPMAS NMR: −58.3 (T2), −68.5 (T3).

3.5. Synthesis of Azidopropyl Ladder PolySilsesQuioxane (N3-LPSQ or 3)

NaN3 (527 mg, 8.101 mmol, 1.5 eq) was added to a solution of 2a (700 mg, 5.4 mmol,
1 eq) in DMF (7 mL). The reaction was stirred at 40 ◦C under an Argon atmosphere for
3 days. The mixture was diluted with CH2Cl2 (150 mL) and washed with water (400 mL).
The aqueous phase was isolated and extracted with CH2Cl2 (20 mL × 5). The organic
phases were combined and dried over MgSO4; the solution was then evaporated to give
the N3-LPSQ (3) (631 mg, 4.64 mmol, 86%).

1H NMR (300 MHz, CDCl3) δ: 3.28 (broad peak, 2H, CH2-N3), 1.68 (broad peak, 2H,
CH2), 0.74–0.70 (broad peak, 2H, CH2-Si). 13C NMR (75 MHz, CDCl3) δ: 53.5 (CH2-N3), 22.7
(CH2), 9.6 (Si-CH2). 29Si CPMAS NMR: −57.5 (T2), −67.7 (T3). IR asymmetric stretching
vibrations of the perpendicular bonds between the silicon and the oxygen of the LPSQ
were the two bands at 1039 cm−1 and 1096 cm−1 and N3 elongation band at 2090 cm−1.

3.6. Synthesis of Propargyl-Functionalized Poly (Ethylene Glycol) (PEG)

• Synthesis of propargyl-PEG of 1000 g mol−1 (4)

In a 100 mL flask, polyethylene glycol monomethyl ether of 1000 g mol−1 (PEG1)
(4.9 g, 4.9 mmol, 1 eq) was dissolved in anhydrous THF (4.9 mL) and cooled down to 0 ◦C.
Under argon, the NaH 60% dispersed in oil (392 mg, 9.8 mmol, 2 eq) was introduced to
the previous solution. The mixture was stirred at 0 ◦C for 1 h before adding in dropwise a
solution of propargyl bromide 80% in toluene (2.73 mL, 24.5 mmol, 5 eq). After 24 h stirring
at 30 ◦C, DCM was added, and the mixture was filtered. The filtrate was concentrated
under vacuum; the resulting solid was crushed in cold ethyl ether, filtered and dried under
vacuum. Propargyl-PEG1 (4) was obtained quantitatively as 5 g of a beige solid.

1H NMR (300 MHz, CDCl3) δ: 4.20 (m, 2H, propargyl CH2), 3.67 (broad peak, 82H,
OCH2), 3.56 (m, 2H, OCH2 next to OCH3 end group), 3.39 (s, 3H, OCH3), 2.45 (m, 1H, CH).
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• Synthesis of propargyl-PEG of 5000 g mol−1 (5)

In a 100 mL flask, dried polyethylene glycol monomethyl ether of 5000 g mol−1 (PEG5)
(10 g, 2 mmol, 1 eq) was dissolved in anhydrous THF (10 mL) at 60 ◦C and cooled down to
40 ◦C. Under argon, the NaH 60% dispersed in oil (120 mg, 3 mmol, 1.5 eq) was introduced
slowly to the previous solution. The mixture was stirred at 40 ◦C for 1 h before adding in
dropwise a solution of propargyl bromide 80% in toluene (664 μL, 6 mmol, 1.5 eq). After
48 h stirring at 40 ◦C, the warm mixture was filtered and rinsed with DCM. The filtrate was
concentrated under vacuum and the concentrated solution was precipitated in cold diethyl
ether. The solid was filtered and dried under vacuum. Propargyl-PEG5 (5) was obtained
quantitatively as a beige solid.

1H NMR (300 MHz, CDCl3) δ: 4.19 (m, 2H, propargyl CH2), 3.63 (m and broad peak,
452H, OCH2), 3.36 (s, 3H, OCH3), 2.43 (m, 1H, CH).

3.7. Grafting of PEG to the LPSQ by “Click Chemistry”

Two methods were used to graft PEG to the PLSQ. For the short PEG of 1000 g mol−1,
the click reaction was catalyzed by copper(I) while for the longer one (PEG of 5000 g mol−1),
the click reaction was carried out without catalyst at the melting state.

• Click reaction catalyzed by copper (I)—PEG1-LPSQ (6)

A solution of propargyl-PEG1 (4) (2.29 g, 2.205 mmol, 1 eq) in THF/H2O (11.3 mL/5.6 mL)
and LPSQ (300 mg, 2.205 mmol, 1 eq) was stirred at RT for 10 min. Then, CuSO4.5H2O (275 mg,
1.102 mmol, 0.5 eq) and an aqueous solution of sodium ascorbate (218 mg, 1.102 mmol, 0.5 eq.
in 3 mL H2O) were added. The resulting mixture was stirred at RT. The reaction was monitored
by 1H NMR in CDCl3 following the disappearance of the propargylic proton at 2.4 ppm.

After 3 days, because of the remaining residual propargyl signal, a second addition
of a solution of sodium ascorbate (218 mg, 1.102 mmol, 0.5 eq in a minimal amount of
water) and CuSO4.5H2O (275 mg, 1.102 mmol, 0.5 eq) was performed. Two other portions
of catalyst were required and added to the reactional mixture on the 6th and 9th day to
reach the complete consummation of propargyl-PEG1.

After 11 days, THF was evaporated and the 2.5 g crude solid (green flakes) was
dissolved in 15 mL of a mixture of acetone/water (2:1, v/v) under ultrasounds. This
solution was then dialyzed against EDTA solution (400 mg L−1) and deionized water to
eliminate residual cupper ions and non-reacted LPSQ using tubing membrane with a cut
off of 6000–8000 Da. After evaporation of water and drying in the vacuum, a beige solid
was obtained called PEG1-LPSQ (6) (700 mg, 1.00 mmol, 45 wt%) as the single Z isomer.
13C CPMAS NMR: (170 (spinning side bands)), 143.5 (Cq triazole), 123.1 (CH triazole), 70.9
(OCH2, broad, PEG), 69.5 (CH2), 57.5 (OCH3), 50.9 (CH2N), 22.9 (CH2), 8.5 (CH2-Si). 29Si
CPMAS NMR: −57.7 (T2), −66.9 (T3). FTIR: 2868 cm−1 (OCH2 of PEG chain); N3 function
seems to be masked as only a very small peak was observed at 2089 cm−1 (Figure S6a,
Supplementary Materials).

• Click reaction in thermal condition without catalyst—PEG5-LPSQ (7)

Propargyl-PEG5 (5) (741 mg, 0.147 mmol, 0.1 eq) was dried under vacuum for 3 h
at 100 ◦C in order to eliminate water (PEG5 melts at 60 ◦C). Under argon atmosphere
and under stirring, the N3-LPSQ (3) (200 mg, 1.470 mmol, 1 eq) was added to the melt
PEG. The reaction was monitored by 1H NMR in CDCl3 by following the disappearance
of the propargylic proton signal of 5 located at 2.4 ppm. The reaction was carried out
under stirring at 130 ◦C for 2 days. After cooling to RT, the solid crude product (940 mg)
was dissolved in 15 mL of a mixture of acetone/water (2:1, v/v) under ultrasounds. This
solution was then dialyzed against deionized water to eliminate non-reacted compounds
using tubing membrane with a cut off of 25,000 Da. After evaporation of water and drying
in the vacuum, a beige solid was obtained called PEG5-LPSQ (7) (800 mg, 85%wt). The
NMR analysis indicates the formation of the 2 position isomers from cycloaddition 1–3
dipolar in 50/50 ratio. 13C CPMAS NMR: (170 (spinning side bands) and 145.4 (Cq of the 2
triazole isomers), 124.7 and 134.5 (CH of the 2 triazole isomers), 71.0 (OCH2, broad, PEG),
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64.9 (CH2), 61.5 (OCH3), 54.2 (CH2N), 23.5 (CH2), 10.7 (CH2-Si). 29Si CPMAS NMR: −57.5
(T2), −67.4 (T3). FTIR: 2876.2 cm−1 (OCH2 of PEG chain); N3 elongation band at 2098 cm−1,
1097 cm−1 and 1060 cm−1 for siloxane Si-O-Si.

3.8. Preparation of Composite Materials from Hybrid Materials (PEG1-LPSQ (6) and PEG5-LPSQ
(7)) Dispersed in 100K PEO and 89K PMMA Matrices

Composites were prepared by the solvent casting process. They contained PEG-grafted
LPSQ as the nanofiller and either PEO or PMMA as the matrices. The weight fraction of
silica (SiO1.5) in the composite was fixed at 2.5 wt% or 1 wt%. In a general protocol, the
solutions of hybrid materials (PEG1-LPSQ (6) or PEG5-LPSQ (7) and polymer matrices
(PEO or PMMA) were prepared separately in DCM or DMSO. The resulting solutions
were then mixed together and stirred for 24 h. The solvent was evaporated at 60 ◦C under
vacuum until a constant weight. Several samples were prepared, and the experimental
data are summarized in Table 2. The resulting composites were labeled “M-Qx-y”, where
M corresponds to the polymer matrix (PEO or PMMA), Qx corresponds to the LPSQ
functionalized with PEG, x = 1 or 5 corresponding to the grafted PEG of 1000 g mol−1

or 5000 g mol−1, respectively, and y corresponds to the weight fraction of silica in the
composite materials.

Table 2. Experimental data for the preparation of composite materials.

Composite
Nanofiller

(mg)
mnanofiller

(mg)
Polymer Matrix

mmatrix

(mg)
wt% SiO1.5 in

Composite

PEO-Q1-2.5 PEG1-LPSQ (6) 51.6 PEO 78.4 2.5

PMMA-Q1-2.5 PEG1-LPSQ (6) 51.6 PMMA 78.4 2.5

PEO-Q5-1 PEG5-LPSQ (7) 10.1 PEO 139.1 1.0

PEO-Q5-2.5 PEG5-LPSQ (7) 25.3 PEO 124.7 2.5

PMMA-Q5-2.5 PEG5-LPSQ (7) 25.3 PMMA 124.7 2.5

4. Conclusions

In the present work, we have successfully synthesized two LPSQ molecules from
either 3-chloropropyl triethoxysilane or 3-chloropropyl trimethoxysilane. According to the
characterization results obtained by NMR, FTIR, WAXS and SEC, the LPSQ (2a) prepared
from 3-chloropropyl triethoxysilane showed a better-defined structure than the other one
because of the fast hydrolysis of the trimethoxysilane compound. The functionalization
of LPSQ with PEG chains (Mn of 1000 g mol−1 and 5000 g mol−1) was performed via
click chemistry between azide groups of the functionalized LPSQ structure and propargyl
ether on the PEG chains. Two click conditions were experimented, and both led to the
expected PEG-grafted LPSQ hybrid materials. The latter were used as nanofiller to elaborate
nanocomposite materials using either PEO or PMMA as matrix. In the case of PEO-based
nanocomposites, for the same silica (SiO1.5) content (e.g., 2.5 wt%), DSC analysis revealed
that whatever the Mn of grafted PEG chains, Tm and crystallinity degree of the resulting
nanocomposites shifted just a little, while rheology analysis showed a strong effect of
Mn of grafted PEG chains on the viscoelastic properties of their nanocomposites. Indeed,
PEG(1 kDa)-grafted LPSQ conferred a reinforcement character to the composite while
PEG(5 kDa)-grafted LPSQ acted as a plasticizer, attested by the lower G’ and G” modulus
values of PEO-Q5-2.5 composite compared to those of PEO matrix. Consequently, if we are
looking for the reinforcement effect of PEO matrix, it would be more relevant to use short-
PEG-chain-grafted LPSQ than long-PEG-chain-grafted LPSQ. Concerning PMMA-based
nanocomposites, two Tg values were observed for PMMA-Q1-2.5 composite with 32 wt% of
PEG, indicating a partial miscible blend, while only one Tg value was obtained for PMMA-
Q5-2.5 composite with 10 wt% of PEG, which is proof of a miscible blend. This observation
is consistent with the literature results where the low limit of PEO content for a miscible
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PEO/PMMA blend was around 25 wt%. The fact that the PEG chains are grafted does
not change the miscibility behavior of PEG-grafted LPSQ/PMMA blends. However, the
thermal properties such as Tg and Tm of PMMA-Q5-2.5 composite were strongly affected,
as well as its viscoelastic properties. Indeed, the obtained Tg value (Tg = −13 ◦C) was far
from the expected value (Tg around 90 ◦C) given in the literature [15,28], while G’ and G”
modulus values were one and a half decade lower than that of the pure PMMA matrix. The
decrease in viscoelastic modulus of the PMMA-based composite is owing to the presence
of PEG-grafted chains, which act as a plasticizer for PMMA. Albeit less pronounced, this
effect was also observed for the partially miscible blend PMMA-Q1-2.5. The study of the
thermodynamic and viscoelastic behavior of composites containing polymer-grafted LPSQ
should constitute a fascinating field of investigation, while the PEO- or PMMA-based
composites containing PEG-grafted LPSQ should lead to interesting solid electrolytes for
lithium battery applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29245832/s1, Figure S1: 29Si spectrum of LPSQ 2a;
Figure S2: 29Si spectrum of LPSQ 2b; Figure S3: infrared spectrum of LPSQ 2a; Figure S4: TGA
thermogram of PEG1-LPSQ (6) and associated calculation of the click reaction yield; Figure S5: TGA
thermogram of PEG5-LPSQ (7) and associated calculation of the click reaction yield; Figure S6: FTIR
spectra of (a) PEG1-LPSQ (6) and (b) PEG5-LPSQ (7); Figure S7: 13C NMR spectra of (a) PEG1-LPSQ
(6) and (b) PEG5-LPSQ (7); Figure S8: DSC thermograms during the second heating run of pristine
PEG1 and PEG1-grafted LPSQ (6); Figure S9: DSC thermograms during the second heating run
of pristine PEG5 and PEG5-grafted LPSQ (7); Figure S10: DSC thermogram during the second
heating run of PMMA matrix of 89,000 g mol−1; Figure S11: DSC thermogram during the second
heating run of PMMA-Q1-2.5 composite; Figure S12: DSC thermogram during the second heating
run of PMMA-Q5-2.5 composite; Figure S13: Tan δ versus frequency of pure PEO 100 kDa and its
nanocomposites.
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Abstract: Silica–poly (vinylpyrrolidone) hybrid material was prepared using the sol–gel method.
Tetramethyl ortosilane (TMOS) was used as a silica precursor. XRD analysis established that the
as-prepared material is amorphous. The morphological structure of the final product was determined
by the incorporated PVP. The UV–Vis analysis showed that the obtained hybrid exhibited absorption
in the ultraviolet range. The antimicrobial activity of the SiO2/15PVP hybrid material was tested
on Staphylococcus epidermidis ATCC 14990, Salmonella typhimurium ATCC BAA-2162, Candida albicans,
and Saccharomyces cerevisiae in combination with the following antibiotics: Vancomycin for Gram-
positive bacteria, Ciprofloxacin for Gram-negative bacteria, and Nystatin for yeast. The results
confirmed a concentration-dependent synergistic effect of the antibiotic in combination with the
TM15/PVP hybrid particles, especially at their highest concentration of 100 mg/mL on Gram-positive
bacteria and for the Gram-negative Salmonella. On Candida albicans ATCC 18804 and Saccharomyces
cerevisiae CCY 21-6-3, the effect was synergistic again, and a fungicidal effect was observed at 6.25 and
1.50 mg/mL for the antibiotic concentration and concentrations of hybrid material at 100 mg/mL. The
toxicity on Daphnia magna was also tested. The registered prooxidant activity of SiO2/15PVP shows
possible applications at very low concentrations. The obtained results demonstrate the possibility of
clinical implementations of the newly synthesized hybrid material.

Keywords: hybrid; optical properties; antibacterial properties; antibiotics; prooxidant properties;
environmental toxicity control

1. Introduction

One of the important extensions of the sol–gel process is the preparation of a group
of transparent amorphous materials consisting of an organic polymer and a metal oxide
such as silica gel [1]. These hybrid materials are constituted by an amorphous network of
inorganic and organic phases with strong interface interactions, typically through coupling
agent molecules. Therefore, by choosing the appropriate phases, hybrid materials with
desirable properties can be designed for multiple purposes [2,3].

It is recognized that nanoparticles, with their unique properties, such as their high
surface area to volume ratio, quantum effects, enhanced reactivity, antibacterial activity,
oxidation resistance, and high thermal conductivity, are leading the way in the world
of modern science and technology toward a true revolution in various fields, includ-
ing medicine, electronics, and environmental protection [3]. Among the wide range of

Molecules 2024, 29, 5322. https://doi.org/10.3390/molecules29225322 https://www.mdpi.com/journal/molecules65



Molecules 2024, 29, 5322

nanomaterials, mesoporous nanoparticles stand out with exceptional properties such as
biocompatibility, easy modification, and the ability to accommodate drug molecules [4].
Therefore, these kinds of materials are excellent candidates for the growing problem of
bacterial antibiotic resistance worldwide [5].

Generally, silica nanomaterials are still of great interest to modern science and biomedicine
due to their excellent properties that enable numerous biological applications [6]. Inorganic
silica nanoparticles have a high surface-to-volume ratio and exhibit tissue compatibility and
stability in biological macro-organisms. Due to its pronounced biocompatibility, inertness,
low toxicity, resistance to acidic conditions, and thermal resistance, silica has the ability to
enter into a variety of biochemical interactions due to its ability to form covalent bonds
with macromolecules, such as nucleic acids, antibodies, fluorescent molecules, thanks to
the silanol groups in its structure [7]. Silica nanoparticles are highly prevalent in nan-
otechnology because their production is an easy and cheap process. They are also used
as biocompatible pharmaceutical additives. Numerous studies have been developed that
prove the low toxicity and high bactericidal efficiency of mesoporous silica nanoparticles
whose surface is modified with organic polymers, for example, PVP, and whose interior is
loaded with antibiotics [8].

It is well known that the generation of reactive oxygen species (ROS) is one of the main
toxicity mechanisms by which nanoparticles inhibit bacterial growth. The generation of
ROS is an important biomarker regarding the redox properties of substances. By following
the kinetics of the generation of free radicals and ROS, the properties of newly synthesized
materials can be evaluated as well as their effects on the cascade of reactions causing the
formation and accumulation of antibacterial free radicals and ROS [9,10].

Chemiluminescence analysis is a rapid and sensitive method for such studies. It
is applied to follow the dynamics of free radical and ROS generation and to determine
the prooxidant/antioxidant activity of various materials. The responses are recorded in
the range of 480–580 nm and can be used to estimate the quantum yield [10–12]. The
redox activity of the newly synthesized material was tested in Fenton’s model chemical
reaction system, generating free radicals and ROS, at 7.4/37 ◦C (physiological), using the
activated chemiluminescence method [11]. In general, the higher the signal, the more ROS
are formed and the pro-oxidant effect is demonstrated. On the contrary, if the signal is
below the control level, antioxidant activity can be found.

The combination of nanoparticles (NPs) with antibiotics may improve the antibacte-
rial effect through additive or synergistic antibacterial effects by chemically or physically
weakening the bacteria [13,14]. It has been shown that such mechanisms weaken bacteria
by the creation of reactive oxygen species, antibacterial ions, or elevated temperatures [15].
The synergistic effects between metal and metal oxide NPs (MNPs) and commercial an-
timicrobial drugs have been studied for several years [14]. Most of the synergistic studies
focus on silver nanoparticles (AgNPs), gold (Au), copper (Cu), copper oxide (CuO), copper
sulfide (CuS), iron (Fe), iron oxide (Fe3O4/Fe2O3), zinc, zinc oxide (ZnO), and platinum (Pt).
MNPs have been combined with several antibiotic, antifungal, and antiviral agents, but a
high number of compounds still remain unexplored. However, their mechanism of action
is still not completely understood [16]. Recently, it has been reported that the conjugation
of MNPs with other antimicrobial compounds may enhance their effectiveness [14]. Some
authors have found new approaches in the fight against pathogens including the revival of
old antibiotics, to overcome the current drug resistance emergency [13,17]. Drug combina-
tion is a common strategy in clinical practice, and its therapeutic success has been found
in the treatment of acquired immunodeficiency syndrome (AIDS), cancer, cardiovascular
disease, and microbial infections [14].

The present work is a continuation of our previous investigations on the synthe-
sis and antibacterial properties of sol–gel-derived hybrid silica–poly (vinylpyrrolidone)
materials [8]. This study particularly demonstrates that it is possible to find effective
combinations of nanostructures and conventional antibiotics to prevent the formation of
bacterial biofilms and bacterial resistance. It was discovered that in combination, nanopar-
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ticles and antibiotics exert significant bactericidal activity against both susceptible and
already resistant strains. The synergistic antimicrobial effect that allows for the inhibition
of bacterial growth, using low concentrations of both the antibiotic and the nanoparticles,
emphasizes the novelty of the paper.

2. Results and Discussion

2.1. XRD and SEM Observations

Figure 1 displays the X-ray diffraction patterns of samples with 15% PVP content as
well as pure TMOS and PVP samples. The figure illustrates that all gels are amorphous.
This result correlates well with those obtained in our previous investigations [8].

Θ

Figure 1. XRD patterns of SiO2/15PVP, TMOS, and PVP.

SEM images of the investigated gel are shown in Figure 2a,b. The analysis of the
morphology of the SiO2/15PVP sol–gel derived powder showed clusters of agglomerated
particles. The same images also exhibited the presence of particles with irregular shapes.
However, other samples with larger quantities of PVP are characterized by such particle
agglomerates [18]. This is due to the high linking ability of PVP. Some authors [18] have
stated that during the formation of the silica core after the hydrolysis and polyconden-
sation of TEOS and PVP, molecules interact with the silica particles via electrostatic and
intermolecular hydrogen bonds between the OH groups of silica and C=O groups of PVP.
Consequently, at higher PVP (>10 mol%) concentrations, large particle clusters could be
formed during the sol–gel process. This influence of PVP on morphology is in accordance
with our previous study [8].

Θ

  

(a) (b) 

Figure 2. SEM micrographs of a sample with 15% PVP at different magnifications (a,b).
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2.2. UV–Vis Characterization

Aiming to analyze the optical properties of the produced gel, UV–Vis spectra were
applied in the range from 190 to 500 nm for pure TMOS, PVP, and the obtained hybrid
material (Figure 3). As can be seen from the figure, all spectra exhibited bands in the UV
region only. Several absorption peaks (215, 225, and 235 nm) are characteristic of pure
PVP, with that at 225 nm being the most intensive one. The increased absorption of PVP
in the UV areas is probably due to the type of transitions n→π* occurring between pairs
of free charge carriers derived from oxygen atoms and vacant states [19]. TMOS showed
strong absorption for ultraviolet wavelengths below 230 nm, which is consistent with
the results presented by Xu et al. [20]. This phenomenon can be caused by defects in the
surface structure of the produced nanoparticles, resulting in the formation of an incomplete
four-wall network of Si–O–Si, which is characterized by local optical activity only [20].
The spectra of the obtained hybrid SiO2/15PVP are characterized by a sharp absorption
edge at 220 nm. In addition, an increase in the absorption of the composite in comparison
to the pure TMOS was recorded. Using the registered UV–Vis spectra, the cut-off and
energy gaps (Eg) values are shown in Table 1. The calculated Eg values for pure amorphous
precursors TMOS and PVP are 5.43 and 4.63 eV, respectively, which corresponds well with
the data obtained by other authors [19,21]. It has to be noted that the Eg value of pure
TMOS is usually found to be above 9 eV, as reported by Weinberg et al. [21]. Nowadays,
the production of SiO2 nanostructures with lower Eg values can significantly affect the
performance improvement of electronic components used in production processes that
employ silica [19]. Looking back to Table 1, it can be seen that the band gap of the hybrid is
5.22 eV, with it shifting to lower energy waves, probably due to the nanometric size of the
obtained gel. Bearing in mind that the absorption of the hybrid increases in comparison
to the pure TMOS, it might be suggested that the obtained material could be used as an
efficient absorber of ultraviolet radiation.

Figure 3. UV–Vis spectra for the pure TMOS, PVP, and SiO2/15PVP hybrid. The inset shows the
spectra in the range of 200–350 nm.

Table 1. Cut-off and optical band gap values for the investigated materials.

Sample Cut-Off, nm Eg, eV

PVP 267.77 4.63
TMOS 228.16 5.43

SiO2/15PVP 237.61 5.22
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2.3. AFM Investigations

The AFM images in Figure 4 show the morphology of the micro- and nanostruc-
tured surface of the hybrid SiO2/15PVP material. The scanned area has dimensions of
5 × 5 μm2 and a scanning speed of 10 kH. From Figure 4a, it can be seen that the sample
has a relatively smooth surface with negligible irregularities but significant homogeneity.
Figure 4b is a three-dimensional topographic map from which the main parameters of
the AFM analysis are determined. The inset in Figure 4b exhibits the hysteresis of the
height distribution profiles of surfaces from which the mean square roughness (RMS) is
determined. It represents the standard deviation of the height value in the selected region,
which is 0.089 nm, and the calculated Ra (roughness average) for the scanned area is
0.055 nm. The surface height distribution profile (Figure 4c) obtained from the 3D image
shows that the surface morphology of the inorganic–organic hybrid SiO2/15PVP material
is homogeneous and structured by minor irregularities with relatively low height. Other
AFM studies of sol–gel hybrid materials show a good homogeneous continuous structure,
as well as certain aspects of the morphology of the surface depending on the chemical
composition and percentage of the organic additive [22,23].

 

 

(a) (b) 

 
(c) 

Figure 4. AFM images of the investigated SiO2/15PVP hybrid: 2D (a) and 3D (b) surface topography
and roughness profile (c) of the material.

2.4. Antibacterial Properties

In our research, we tested the effect of SiO2/15PVP hybrid nanomaterials alone and
in combination with popular antibiotics: Vancomycin against the Gram-positive bacteria
Staphylococcus epidermidis ATCC 14990, Ciprofloxacin against the Gram-negative bacteria
Salmonella typhimurium ATCC BAA-2162, and Nystatin against two eukaryotic cells—the
yeasts Candida albicans ATCC 18804 and Saccharomyces cerevisiae CCY 21-6-3.
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Figure 5 shows the amount (in CFU/mL) of Staphylococcus epidermidis ATCC 14990
at different concentrations of SiO2/15PVP (100 mg/mL, 50 mg/mL, and 25 mg/mL) in
combination with the antibiotic Vancomycin and compared to the effect of the antibiotic
alone. The MBC of the single action of the antibiotic Vancomycin against Staphylococcus
epidermidis was determined—125 μg/mL, while in the combination of Vancomycin with
the highest concentration of SiO2/15PVP (100 mg/mL), the MBC already decreased to only
62.5 μg/mL for the antibiotic concentration. The results in Figure 5 show that the minimum
inhibition concentration (MIC) of single Vancomycin is 62.5 μg/mL, and the minimum
inhibition concentration of 100 mg/mL SiO2/15PVP in combination with Vancomycin is
31.5 μg/mL.

 
Figure 5. Effect of SiO2/15PVP in combination with Vancomycin against Staphylococcus epidermidis
ATCC 14990 at 24 h of treatment.

The experiments with the Gram-negative bacteria Salmonella typhimurium ATCC BAA-
2162 and the antibiotic Ciprofloxacin showed similar results in the resistance of the bacteria
against the antibiotic alone and in the combination of Ciprofloxacin with the highest con-
centration of the hybrid. The obtained results for Salmonella typhimurium are quite similar
to those obtained for Staphylococcus epidermidis (Figure 6). The chart does not show a big
difference in MBC between the independent action of the antibiotic and when it is combined
with the highest concentration of the hybrid material SiO2/15PVP (100 mg/mL). The MBC
of the antibiotic acting alone against Salmonella typhimurium ATCC BAA-2162 was found to
be 1.5 μg/mL, which is the same value as the effect of Ciprofloxacin in combination with
SiO2/15PVP. Interestingly, the data from the graph confirm the significant synergistic effect
of the antibiotic in combination with SiO2/15PVP, especially at their highest concentration
of 100 mg/mL. As the minimum inhibitory concentration (MIC) of Ciprofloxacin in combi-
nation with the hybrid nanomaterials was 0.7 μg/mL, it is significantly lower than that of
the antibiotic acting alone. The difference in the microbial quantity of the antibiotic alone
and the combination of antimicrobial agents is almost four times more.
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Figure 6. SiO2/15PVP in combination with Ciprofloxacin against Salmonella typhimurium ATCC
BAA-2162 at 24 h of the experiment.

2.5. Antifungal Effects

As mentioned above, SiO2/15PVP hybrid nanomaterials were also tested in combina-
tion with the antifungal agent Nystatin against two eukaryotic cells. Of the two yeast cells
tested, Candida albicans ATCC 18804 showed higher resistance to the concentration of an-
tibiotics and the hybrid material. Here, the MBC of Nystatin alone was 12.5 μg/mL, while
through a synergistic effect with the new hybrid material SiO2/15PVP at a concentration of
100 mg/mL, the MBC decreased to 6.25 μg/mL, as shown in Figure 7.

 

Figure 7. Effect of SiO2/15PVP in combination with Nystatin against Candida albicans ATCC 18804 at
24 h of treatment.

The other yeast tested showed quite similar results in its suppression by Nystatin
and the hybrid material. However, Saccharomyces cerevisiae CCY 21-6-3 turned out to be
a much more sensitive microorganism. Figure 8 shows a similar MBC of Nystatin acting
alone and in combination with 100 mg/mL of the hybrid material. The MBC of Nystatin
against Saccharomyces cerevisiae was established to be 1.5 μg/mL, while for the combination
of Nystatin and the highest concentration (100 mg/mL) of SiO2/15PVP, the MIC was
established to be 0.7 μg/mL. Microbial growth was inhibited by almost 10,000 times.
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Figure 8. SiO2/15PVP in combination with Nystatin against Saccharomyces cerevisiae CCY 21-6-3 at
24 h of the experiment.

2.6. Luminescence Tests for SiO2/15PVP

The results of the chemiluminescence assay and the potential of the tested material to
generate ROS and present antibacterial properties are presented in Figure 9.

Figure 9. Chemiluminescence induced by ·OH and ·OOH radicals at pH 7.4/37 ◦C and the effect of
the materials: (a) maximum effects and (b) Fenton’s reaction over time (p ≤ 0.05).

At pH 7.4/37 ◦C (physiological), the kinetic curves showed a gradual increase in the
signal over time, indicating the generation of ROS in both the control and test reactions.
The control reaction had the lowest signal, with a maximum of around 5300 RLU. In all
other cases, the recorded signal was higher than the control, indicating the stimulated
generation of ·OH and ·OOH radicals for the newly synthesized material and its precursors.
The observed effects were as follows: TMOS—29%, PVP—25%, SiO2/15PVP (1 mg/mL)—
14%, and SiO2/15PVP (2 mg/mL)—40%. These results demonstrate a significant, nearly
threefold increase in the effect of the newly synthesized material at low, borderline applica-
tion concentrations—2 in comparison to 1 mg/mL. The newly synthesized SiO2/15PVP
compound showed a significant pro-oxidant effect that persists over time. In comparison,
our earlier results, described in [8], showed a similar prooxidant effect for the SiO2/20PVP
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material in the same reaction and conditions at a significantly higher final concentration
(25 mg/mL). The differences in the control reaction signal are due to the extreme sensitivity
of the method, which is why controls are prepared for each evaluation.

2.7. Results on Daphnia Magna Toxicity Testing

Daphnia are extremely sensitive organisms in the aquatic environment, which allows
conclusions to be drawn from the obtained results about the influence of SiO2/15PVP on
other aquatic organisms as well. Behavioral results of Daphnia showed 100% survival in the
acute toxicity test at 0.001 and 0.0001 mg/mL concentration. At the highest concentration
(0.01 mg/mL) at 24 h and 48 h, 97% of Daphnia survived. At the second concentration
(0.005 mg/mL) up to the twenty-fourth day, survival was 100%, and at 48 h, 97% survival
of Daphnia was observed. Compared to studies performed on the effect of PVP 20% on D.
magna [7], the present results showed that PVP 15% was even better tolerated by Daphnia,
close to 100%. Therefore, these concentrations of the substance used (PVP 15%) can be
considered harmless and can be discharged for whatever reason into surface waters without
harm to organisms (Figure 10).

 

Figure 10. TM/15PVP without antibiotic influence on Daphnia magna.

2.8. Analysis of the Results

The above-presented experimental results confirm the trend that silica-containing
materials possess a bacteriostatic effect [8,24,25]. These data correspond well with our
previous data [8], but the present survey expands the investigations with other bacterial
strains (Staphylococcus epidermidis ATCC 14990 and Salmonella typhimurium ATCC BAA-
2162), as well as different fungi (Candida albicans ATCC 18804 and Saccharomyces cerevisiae
CCY 21-6-3). Based on the obtained results, it could be concluded that all of the bacteria,
both Gram-positive and Gram-negative, are sensitive to the presence of the hybrid ma-
terial together with appropriate antibiotics. Once again, it has been demonstrated that
the synergistic effect of the hybrid with antibiotics is specific to the tested bacteria. The
antibacterial activity of the silica hybrid is evidently activated upon functionalization with
relatively low concentrations of the antibiotics Ciprofloxacin, Vancomycin, and Nystatin.
Obviously, the combination of the antibiotics and the SiO2/15PVP material strongly affects
the antibacterial properties of the synthesized material. The synergistic effects of Si/PVP
with antibiotics against microorganisms have been described by several authors in the
literature [14,26]. Generally, they can be explained by the formation of chelation bonds,
which are considered one of the most important interactions as they increase the concen-
tration of antimicrobial agents on the cell membrane. Perhaps, the synergistic effects of
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Si/PVP with antibiotics against microorganisms could be explained by reactive oxygen
species (ROS), which are formed in lower concentrations. Additional confirmation for the
good antibacterial activity of the synthesized SiO2/15PVP compound is the significant
pro-oxidant effect that persists over time. These results provoke our scientific interest to
continue these experiments, and future studies will focus on the investigation of the kind of
prepared hybrid and the influence of the composition of the antibacterial properties. Such
information could shed new light on the possibility of using these materials for several
biomedical applications including drug delivery.

3. Experiment

3.1. Materials and Preparation of Silica–Polyvinylpyrrolidone (SiO2-PVP) Hybrids

The gels were prepared using a combination of the alkoxide tetramethyl orthosilane
(TMOS), Sigma Aldrich Chemical (St. Louis, MO, USA), and polyvynylpyrrolidon K25-
(PVP), Fluka AG. (Buchs, Switzerland). The preparation procedure is described in detail
below. The following precursors, tetramethyl orthosilicate {TMOS, Si(OCH3)4}, distilled
H2O, and 0.1 M HCl in a molar ratio of 4:1:1, were mixed and stirred together. PVP at
15 wt% was added with the aim of obtaining a hybrid material with improved properties. It
was dissolved in ethanol and added dropwise to the stirred solution. Stirring was continued
until the mixture became clear. Gelation occurred at room temperature after about 20 h.
The investigated sample was denoted as SiO2/15PVP.

3.2. Methods for Characterization

X-ray diffraction powder data were collected using a Philips PW1730/10 diffractome-
ter using Ni-filtered CuKα radiation. The scanning rate for crystallinity was 11.2◦ 2θ/min.
SEM images were obtained on a Hitachi S-4100 (Hitachi Ltd., Tokyo, Japan) microscope
at an accelerating voltage of 25.0 kV. TEM images were captured using a Hitachi H-600A
(Tokyo, Japan). A powdered hybrid specimen was dispersed in a mixture of ethanol and
polysorbate 80 (1:1 v/v) by an ultrasonic generator (intensity of 250 W) for 3 min. One or
two drops of the resulting dispersion were dropped on a 300-mesh copper grid (Tedpella,
Inc., Redding, CA, USA) coated by carbon film and left to evaporate.

Atomic Force Microscopy (AFM) was used for the topographical contour mapping
and roughness analysis of the model nanohybrid. Surfaces were mapped in the tapping
mode (Intermittent Contact Mode) using NanoScope IIIa Dimension 3100 (Digital Instru-
ments, Inc., Tokyo, Japan) with a prefabricated cantilever with a scan rate of 1.0 Herz; a
nominal tip radius of 5–10 nm; a cantilever length of 125 μm; and a resonant frequency of
~200–400 Hz.

An “Evolution 300” UV–Vis diffused reflectance spectrophotometer, utilizing a mag-
nesium oxide reflectance standard as a baseline, was employed to measure the optical
absorption spectra of powdered samples within the wavelength range of 200 to 800 nm.
The band gap energies (Eg) of the samples were calculated using Planck’s equation, as
already described elsewhere [27,28].

3.3. Materials for Antimicrobial Activity Testing

For the purpose of the present experiment, microorganisms provided by the National
Bank for Industrial Microorganisms and Cell Cultures (NBIMCC, Sofia, Bulgaria) were
used. Two types of opportunistic pathogenic bacteria were used—Staphylococcus epidermidis
ATCC 14990 (Gram-positive) and Salmonella typhimurium ATCC BAA-2162, which is Gram-
negative. In addition, two types of yeast were used—Candida albicans ATCC 18804, a
commensal eukaryotic microorganism, and Saccharomyces cerevisiae CCY 21-6-3, a eukaryote
widely used in the biotechnological industry. The SiO2/15PVP hybrid nanomaterial was
tested for antimicrobial efficacy alone and in combination with conventional antibiotics in
liquid medium. Antibiotics were selected from five groups with a different mode of action,
including Ciprofloxacin, an antibiotic belonging to the fluoroquinolone group. It is a broad-
spectrum antibiotic and can be used to treat many bacterial infections. It exhibits activity
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against Gram-negative bacteria. Also, we used Vancomycin—a glycopeptide antibiotic
used for complicated skin infections, bone and joint infections, and meningitis caused
by MRSA. Its mechanism of action is aimed at the synthesis of the bacterial cell wall by
binding to the basic building block. Nystatin was chosen as an antifungal agent as it is
used to treat Candida skin infections and esophageal and vaginal candidiasis [29].

The minimum bactericidal concentration (MBC) of the sample alone and in combi-
nation with antibiotics against different microorganisms was examined using the broth
microdilution method, as described by international protocols [30]. The control sample,
used in all experiments, consisted of a pure culture of the strain in the exponential growth
phase, with a McFarland OD of 0.5, and showed 108 bacterial colonies or 106 yeast colonies,
demonstrating the typical growth of the target microorganism without the application of
microbicidal agents—antibiotic and nanoparticles. In all experiments, reporting of results
and enumeration of surviving cells occurred 24 h after treatment with nanoparticles, an-
tibiotics, and a combination of both. Preparation of the hybrid nanomaterials included
the following process: dispersions of nanocomposites in their respective concentrations
(100 mg/mL, 50 mg/mL, and 25 mg/mL), by measuring the dry substance with analytical
accuracy and dissolving it in distilled water. The respective antibiotics used for the purpose
of the experiment were prepared in the same way.

3.4. Methodology for Evaluation of the Minimum Inhibitory and Minimal Bactericidal
Concentration (MIC) and Antibacterial Mode of Inhibition of SiO2/15PVP

The minimum inhibitory concentration (MIC) of the nanocomposites applied in com-
bination with the antibiotic was determined by applying the microdilution method in a
96-well plate. Before starting the experiment, the respective antibiotic was diluted us-
ing a sterile 96-well plate. Next, 200 μL of the antibiotic at its initial concentration of
100 μg/mL was instilled into rows A1 and B1 of the 96-well plate. This was followed by
a two-fold dilution of the antibiotic by taking 100 μL from the previous well and adding
it to each subsequent well until reaching the lowest concentration in wells A11 and B11
of 0.09 μg/mL. When the antibiotic was ready for work, it was mixed with the hybrid
material on a new plate: first, 50 μL of the antibiotic in its different concentrations was
dripped into one well, and 50 μL of the hybrid material was added to it, again in the
corresponding concentration. Finally, 100 μL of bacterial suspension was dripped onto
the wells that contained the bactericidal agents. In column 12 of the 96-well plate, only
the bacterial suspension was added, which serves as a control. The bacterial growth from
the 96-well plate suspensions was monitored by preparing tenfold dilutions by dropping
100 μL onto solid agar and rubbing it until dry. The Petri dishes were incubated for 24 h,
at the appropriate temperature, specific to each tested microorganism, and the resulting
colonies from the respective dilution were counted. The amount of surviving treated
microorganisms was determined by the following formula: CFU/mL (number of colonies
× dilution factor)/inoculum sample volume. The minimum bactericidal concentration
(MBC) demonstrates the lowest level of antimicrobial agent that results in microbial death.
The MBC is identified by determining the lowest concentration of antibacterial agent that
reduces the viability of the initial bacterial inoculum by ≥99.9% [31]. Experiments were
performed in three independent replicates, and values from each replicate were averaged.

3.5. Chemiluminescence Assay
3.5.1. Materials

We purchased the following compounds at high purity: iron sulfate (p.a.) (Merck,
Darmstadt, Germany), hydrogen peroxide (30%) (Merck, Darmstadt, Germany), lucigenin
(bis-N-methylacridinium nitrate) (p.a.) (Sigma-Aldrich, St. Louis, MO, USA), dimethyl
sulfoxide (p.a.) (DMSO, Sigma-Aldrich, St. Louis, MO, USA), and buffer pH 7.4 (Sigma-
Aldrich, St. Louis, MO, USA). All chemicals were used as purchased.
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3.5.2. Method

The chemical probe that we applied for signal amplification is lucigenin. Thus, reliable,
comparable differences were achieved.

Fenton’s model system generates ·OOH and ·OH radicals [12]. The control samples do
not contain the tested material (which was applied in final concentrations of 1 or 2 mg/mL).
The reactions were monitored for 3 min, every 3 s, measured in triplicate, and presented
as average and standard deviation values. All tested materials were sonicated for 30 min
prior to testing to ensure good dispersion.

Fenton’s system

(1) Fe2+ + H2O2 → Fe3+ + ·OH + −OH
(2) Fe3+ + H2O2 → Fe2+ + ·OOH + H+

3.5.3. Statistics

All experiments were performed using LUMIstar Omega (BMG Labtech GmbH,
Ortenberg, Germany, 2020) in triple-reproducible measurements; statistical analysis was
performed with OriginPro 8 and Microsoft Office Excel 2010.

3.6. Daphnia Magna Toxicity Testing

An acute toxicity test of the resulting SiO2/15PVP hybrid was conducted on Daphnia
magna, with the aim of predicting the maximum permissible concentration in the environ-
ment without harm to aquatic organisms. The experiments used 4 concentrations of the
substance (0.01 mg/mL; 0.005 mg/mL; 0.001 mg/mL; 0.0001 mg/mL) with 3 replicates
of each concentration and 2 controls. The results were detected at 48 h and processed
statistically with the Excel program.

4. Conclusions

The synthesis of hybrid nanocomposites containing TMOS and poly (vinylpyrrolidone)
was carried out via the sol–gel method at room temperature. The morphological structure of
the final product was determined by the incorporated PVP. The observed UV–Vis analysis
results showed that the obtained hybrid exhibited absorption in the ultraviolet range.

The as-prepared SiO2/15PVP hybrid demonstrated a bacteriostatic effect, but its effi-
cacy decreased with decreasing concentration. This was evidenced by the higher number
of surviving microorganisms at lower concentrations of SiO2/15PVP. The antibiotics Van-
comycin and Ciprofloxacin were significantly more effective when applied in combination
with SiO2/15PVP in inhibiting the growth of Staphylococcus epidermidis ATCC 14990 and
Salmonella typhimurium ATCC BAA-2162, at all antibiotic concentrations tested. The action
of Nystatin was significantly enhanced when it was administered in combination with the
hybrid materials, especially at a concentration of 100 mg/mL of SiO2/15PVP.

The registered and confirmed prooxidant activity of SiO2/15PVP shows possible
applications at very low concentrations. A significant, nearly threefold increase in the effect
of the newly synthesized material at 2 mg/mL in comparison to 1 mg/mL was observed.

Daphnia magna was more sensitive than the bacteria to the tested nanoparticles.
The harmless concentration to the environment is 0.01 mg/mL according to the
conducted experiments.

The obtained results demonstrate the possibility of various clinical implementations
of the new synthesized hybrid material.
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Abstract: A concept to prepare a highly hydrophobic composite with self-healing properties has been
designed and verified. The new material is based on a composite of a crystalline hydrophobic fluoro
wax, synthesized from montan waxes and perfluoroethylene alcohols, combined with spherical silica
nanoparticles equipped with a hydrophobic shell. Highly repellent layers were prepared using this
combination of a hydrophobic crystalline wax and silica nanoparticles. The novel aspect of our
concept was to prepare a ladder-like structure of the hydrophobic shell allowing the inclusion of a
certain share of wax molecules. Wax molecules trapped in the hydrophobic structure during mixing
are hindered from crystallizing; therefore, these molecules maintain a higher mobility compared to
crystallized molecules. When a thin layer of the composite material is mechanically damaged, the
mobile wax molecules can migrate and heal the defects to a certain extent. The general preparation of
the composite is described and XRD analysis demonstrated that a certain share of wax molecules
in the composite are hindered to crystallize. Furthermore, we show that the resulting material can
recovery its repellent properties after surface damage.

Keywords: self-healing; hydrophobicity; sol-gel; silica nanoparticle

1. Introduction

In the late 1940s, Wenzel [1–3] as well as Cassie and Baxter [4,5] explained the
influence of the topography of a surface with a given chemical composition on repel-
lence. The Cassie–Baxter model predicts an increase in apparent contact angle with the
increasing roughness of an inherently hydrophobic surface. Optimal repellence can be
achieved with structures featuring both micro- and nanometer scale. Since that time,
scientists have been striving to develop hydrophobic surfaces with minimal surface en-
ergy combined with specific surface structures to create super-repellent surfaces [6–12].
The primary challenge is to prepare a durable hydrophobic surface structure in the
micrometer range. Maximum repellence will be achieved when an additional structure
in the nanometer range is also incorporated.

Various approaches have been investigated leading to more or less successful results.
A significant issue with structured hydrophobic surfaces is their comparatively low me-
chanical resistance. During use, the super-repellent surfaces can become abraded, resulting
in flat hydrophobic surfaces at best, and hydrophilic surfaces at worst if the abrasion
not only flattens the structure but also removes the hydrophobic coating completely [13].
Different plant waxes are suitable to recover the wear [14]. As a biomimetic approach,
nanotechnology has emerged as a promising approach to develop micro- and possibly
nanostructured hydrophobic surfaces with improved wear resistance [15–18]. The nanopar-
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ticles employed are expected to improve the abrasion resistance and can also serve as
shape-forming templates to achieve a desired topography.

As most approaches employing nanoparticles for the preparation of super-repellent
surfaces are focused on an improvement in the wear-resistance, the authors’ superior aim
was to develop novel composites capable of recovering the super-repellent properties if
damaged by abrasion. The basic approach was to prepare a composite based on inorganic
nanoparticles with surfaces modified by long-chained highly fluorinated alkoxysilanes,
combined with a new extremely hydrophobic highly crystalline wax system [15–18].

The inclusion of a certain share of wax into hydrophobic structures on the particle
surface will prevents the crystallization of these wax molecules and guarantee a degree
of mobility (compared to the crystalline share of wax) of the hydrophobic material in case
of a physical damage to the super-repellent surface. This mobility allows for a certain
recovery of the damaged layer. Thus, the combination of hydrophobic nanoparticles and
hydrophobic wax guarantees highly or even super-repellent surfaces. Self-healing can be
achieved if the mobility of the wax molecules, hindered from crystallizing by inclusion into
the hydrophobic structure, is sufficient to close—“repair”—damaged areas.

This approach is also applied by different other authors. Different waxes [19–21],
bio-based or fluor-containing systems, have been used to obtain hydrophobic and self-
repairing coatings. A fluorine-free approach demonstrates that self-healing and hydro-
or superhydrophobicity function depends on the particle size and the particle-to-wax
ratio [22]. Other approaches use self-lubricating slippery surfaces, which store a hy-
drophobic solvent in a nanoporous surface. The stored solvent prevents the surface
from damaging [23–27]. By using dynamic covalent bond chemistry or vitrimers also,
self-healing hydrophobic surfaces are possible [28–30]. All self-healing approaches have
in common that these processes take a certain time or need activation energy in the form
of heat or light.

Self-healing hydrophobic surfaces are interesting not only for the mentioned example
of a high-class mountaineering cord. In applications where material can suffer abrasive
damage like outdoor clothes, roofing membranes, personal protective equipment like work
wear or tents, these properties are highly desired.

The hydrophobic highly crystalline wax system used in this study was synthesized
based on the so-called montan waxes. These montan waxes [31–35] are byproducts of brown
coal mining that are separated from coal by extraction. The raw product is basically a
mixture of long-chained fatty acid esters and alcohols (C22–C34) and has been characterized
in a very detailed manner within the framework of the overarching aim of the underlying
research project. Following our approach, the montan waxes have to be purified, the
esters have to be saponified and the long-chained alcohols have to be oxidized to yield
a mixture of the corresponding long-chained, unbranched fatty acids with a high purity.
Alternatively, a commercially available material (Luwax® S, BASF) has been used. An
extremely hydrophobic crystalline wax was synthesized by esterification of the acids with
perfluoroalkylethyl alcohols (C8–C12). While a more detailed description of the wax and
its preparation is not necessary here, it is important to note that the novel approach for
preparing self-healing material relies on using a hydrophobic wax based on linear molecules
with a strong tendency to crystallize.

2. Results and Discussion

2.1. Preparation of Hydrophobic Nano Particles

One of the ideas of our approach was to employ nanoparticles modified with hy-
drophobic surface groups that allow and facilitate the inclusion of wax molecules, thus
preventing their crystallization. For the first investigations, Stöber particles [36] were
employed and modified with a long-chained, highly fluorinated alkoxysilane. Commer-
cially available silanes typically have relatively short fluorocarbon chains (maximum C6).
However, lower surface energies as well as a more effective inclusion of wax molecules are
expected using hydrophobic silanes with longer chains. To this end, a silane with a C10-
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fluorocarbon chain was synthesized by reflux heating 3-isocyanatopropyltriethoxysilane
and α,α,ω-trihydroperfluoroundecanol in the presence of triethanolamine and tin(II) octoate
at a temperature of 80 ◦C under a nitrogen atmosphere (Figure 1A).

Figure 1. (A) Reaction scheme for the synthesis of the fluorinated alkoxy silane. (B) Modification
of the silica particle surface. (C) DLS measurement of Stöber particles before and after grafting of
fluorinated silane.

Silica particles in methyl-2-pentanone and the synthesized alkoxysilane were mixed
prior to the addition of hydrochloric acid, which served as a catalyst to initiate the grafting
reactions (Figure 1B). The silanol groups on the surface of the silica particles were quantified
following the method described by Gorlov [37], which allowed to set a one-to-one ratio
between silanol groups and the synthesized alkoxysilane. The grafting process was carried
out by refluxing the mixture for 48 h. Subsequentially, small amounts of precipitates
were filtered off before the addition of hexamethyldisilazane, which was used to end-cap
any remaining silanol groups, thus enhancing the ageing stability of the sol. Ideally, the
grafting reaction would result in a monomeric coverage. However, the formation of “ladder
structures” is anticipated to be more realistic, although it has not been proven here. For
silica particles of an initial size of 15.4 nm, dynamic light scattering (DLS) measurements
indicated an increase in hydrodynamic diameter of the particle by approximately 1.6 nm
(Figure 1C).

2.2. Preparation of the Highly Repellent Wax

The wax used to prepare highly repellent surfaces was synthesized from montan
waxes, which are naturally occurring mixtures of C22–C34 fatty acids and alcohols. The
linear structure of these acids and alcohols allows the formation of crystalline waxes.
Commercially available purified montan waxes, which contain only the fatty acids, provide
a certain repellence but only for more polar liquids. To enhance repellent properties,
fluorocarbon groups were introduced via esterification. Several esterification processes
were tested, but satisfactory yields were only achieved when catalyzing the reaction with
tetrabutyl titanate [35], resulting in ~97% yield. Following the distillation of the byproduct
water and cooling to ambient temperature, a pale waxy material was obtained. As supposed,
XRD measurements confirmed a strong tendency of the resulting ester to crystallize, as
evidenced by the prominent peaks observed in Figure 2.
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Figure 2. XRD spectra of the pure wax, the modified silica nanoparticles and two composites
containing different amounts of wax. (broad, flat spectrum: silica nanoparticles only, the other spectra
represent measurements for composites with 27, 50 and 100 wt.% wax—the higher the intensity the
more the share of wax).

2.3. Preparation and Application of the Composite

The composite material was prepared in a simple manner by mixing the fluorinated
wax with the sol containing the modified silica nanoparticles using methyl-2-pentanone
as a solvent. The desired ratios of wax to sol were achieved by stirring the mixture while
heating it to 60 ◦C, yielding a clear solution. This solution was then applied to glass slides
(as model substrate) as well as textile substrates through casting and padding, respectively.
The samples were subsequently dried to remove the solvent. The SEM images of two
composites prepared with silica particles of different sizes are shown in Figure 3. The
micrographs reveal that the composite with very small silica particles (~15 nm) displays
a topography indicative of a strong tendency for the material to crystallize. In contrast,
composites prepared with larger particles (~286 nm) exhibit a microstructured surface.

 

Figure 3. SEM micrographs of a composite prepared from the fluorinated wax and modified silica
particles of approx. 15 nm (B) and corresponding particles of 286 nm (A).

2.4. Investigation of the Expected Inclusion of Wax Molecules

XRD measurements were carried out with selected samples to investigate the poten-
tial intercalation of wax molecules between the hydrophobic surface groups of the silica
particles. XRD spectra were recorded of the silica particles (after surface modification with
fluorocarbon groups), the pure wax (after esterification reaction with fluorocarbon groups)
and two composites with different shares of nanoparticles. The corresponding XRD spectra
are shown in Figure 2.

As expected, the amorphous silica particles show no diffraction peaks, while the
fluorinated wax shows three strong signals. Adding certain amounts of nanoparticles to
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the wax resulted in a decrease in signal intensity, due to the reduction in the proportion
of crystalline material forming the composite. A more detailed analysis of the integrated
signal intensities is shown in Figure 4. The data reveal that the integrals of the signal for
the nanoparticle–wax composites, for a given amount of wax, are smaller than those of the
pure wax. This suggests that the wax crystallizes to a lower degree when the composite is
prepared, which aligns well with our expectations.

Figure 4. Graphical analysis of the integral of diffraction peaks at 2θ = 21.4◦ as a function of the wax
proportion in the investigated materials (solid line is guide to eyes).

The aim of this study was to develop a hydrophobic material. Therefore, the surface
energy and contact angle of the resulting materials are of fundamental importance con-
cerning the desired properties. Surface energy was calculated following the approach of
Owens and Wendt [38]. Contact angles were measured for water (143.0◦ ± 0.1) and for
diiodomethane (132.4.0◦ ± 0.2) on coatings applied to glass slides. The SEM of the coated
surface (see Figure 3A) reveal that the surface is not flat, which explains the discrepancies in
the contact angle measurements, as the Owens and Wendt method requires measurements
on flat surfaces, which is not possible for the composite investigated here. Nevertheless,
the results demonstrate that the composite exhibits low surface energy and an increased
repellence, attributable to both surface energy and the surface structure. The roughness of
the coatings was investigated by atomic force microscopy (AFM) measurements, with the
roughness (Ra) calculated to be 200 nm.

An important aspect of this study was the self-healing ability of the highly hydrophobic
layer. To evaluate this property, several technical products were coated, and the surfaces
were damaged via plasma etching. The commercial product finished with two composites
was a high-class mountaineering cord. These cords require high repellence, as a water-
soaked rope significantly increases the risk of tearing when the climber falls dramatically.
The repellent coating must withstand damage from friction during use, as defects ingress
via capillary forces. Ropes coated with the hydrophobic composite were subjected to
plasma etching, and the contact angle after recovery was monitored (see Table 1 and
Figure 5). The contact angle of about 119◦ before etching, was reduced to 57◦ due to the
plasma process. The recovery of the contact angle within 168 h was less than expected,
reaching only a value of 72.5◦. However, additional tempering at 40 ◦C resulted in a notable
recovery and a contact angle of at least 94.2◦ was achieved. This indicates that the mobility
of the wax molecules is insufficient for recovery within a relevant timescale under ambient
conditions.
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Table 1. The contact angle within 1 to 168 h after plasma etching of the repellent composite surfaces.
The evaluation was performed for the combination of the modified particles with two different waxes.
The change in contact angle before and after various durations following surface etching is given.

As Prepared 1 h 16 h 38 h 168 h 168 h + Storage at 40 ◦C

original
(high crystallin) 119 57 62 73 70 94

alternative wax
(low crystallin) 105 68 100 100 99 100

 
Figure 5. Water droplets on a rope and their contact angle measured after plasma etching and
subsequent coating recovery over different time durations. A comparison was made between the
original system and an alternative wax.

To validate the general concept, an alternative composite was prepared by replacing
the wax with a less crystalline one, prepared from 2-butyloctanoic acid and the perfluo-
roethylene alcohol. The branched alkyl rest is expected to reduce the crystallinity of the
resulting wax. The contact angle achieved by the alternative composite was approximately
104.8◦, which is lower than that of the previously tested composite tested (see Table 1).
Plasma etching again resulted in a significantly decreased contact angle for one hour in
recovery. However, the alternative composite showed a relatively fast and nearly complete
recovery, achieving a stable contact angle (~100◦) from 16 h onward. While plasma etching
provides valuable information on the recovery ability of the treated surfaces, it is impor-
tant to note that etching not only causes physical damaging but also leads to oxidation,
increasing the hydrophilicity of the wax material at the surface. Finished ropes were also
subjected to realistic operational tests, e.g., a treatment with a so-called rope-tester, which
simulates wear damage. The product showed comparable performance in this specific test.
The self-healing effect works by the inclusion of a certain fraction of wax into hydrophobic
structures on nanoparticle surfaces. This will prevent the crystallization of these wax
molecules, whereby the degree of mobility of the hydrophobic material is increased. In case
of a physical damage event, this mobility allows a recovery of the damaged layer, which
is observed by regaining a higher contact angle after a certain time after the damaging of
the surface.

From the authors’ point of view, the results support the basic concept for a self-healing
repellent material that was followed here. Future investigation will be needed to describe
the alternative composite in more detail as presented for the one based on montan wax.
Celik et al. demonstrated a similar but fluorine-free and bio-based approach based on
carnauba wax. In this case, the right particle size and nanoparticle-to-wax ratio had to be
selected to obtain a self-healing and hydrophobic surface [22].
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Besides being a scientifically interesting system, it can be stated that the ropes finished
with the described composites outperform commercially available products.

3. Materials and Methods

3.1. Materials

3-Isocyanatopropyltriethoxysilane (GE-Crompton, >95%) was purified by vacuum
distillation to remove impurities. α,α,ω-trihydroperfluoroundecanol supplied by Halo-
gen Russia (Perm) (92.0%) was also purified via vacuum distillation before use. The
following substances were used without further purification: ammonia 25% p.a. (Fluka,
Buchs, Switzerland), 2-Butyl-1-octanol (Isofol 12, >97% Sasol, Hamburg, Germany), ethanol
(>99.9%; H2O: <0.05% Alcosuisse, Rüti bei Büren, Switzerland), hexamethyldisilazane
(HMDS, >98%, Fluka), hexane (>99.0%, Fluka), tetraethoxysilane (TEOS, >99.9%), tin(II),
octoate (Metatin S 28, Rohm & Haas, Acima, Buchs, Switzerland), MIBK (4-Methyl-2-
pentanone, >98%), Fluka and Luwax S (BASF, San Bruno, CA, USA)).

3.2. Analytic

Infrared spectra were obtained by preparing KBr samples and measured using a
Perkin Elmer (Waltham, MA, USA) 1650 spectrometer. NMR-spectra were recorded with
a Bruker DPX 400. The 1H-NMR spectra were recorded at 400 MHz using CDCl3 as a
solvent, while the 13C-NMR spectra were recorded at 100 MHz using the same solvent.
XRD investigations were performed using a Siemens (Bruker (Billerica, MA, USA) AXS) D
5005 instrument with an OED Detector. The X-ray source was copper, and the frequency
used was 0.154056 nm (Cu-Kα). Contact angles were measured using a Krüss DSA 10
with Drop Shape Analysis Software DSA 1 v 1.9. The testing liquids were distilled water
and diiodomethane (Fluka (Geel, Belgium) AN 66880; purum > 98.0%), the volume of the
drops was 10 μL and the deposition of a drop was carried out with 50 μL/min. Particle
size was evaluated via dynamic light scattering (DLS) using a Zetasizer Nano S (Malvern
Instruments Limited, Malvern, UK).

SEM micrographs were prepared with a Zeiss Supra 40 VP. Fluorine content of the
products was determined by combustion of the dried samples according to the Schöniger
method [39], followed by ion-sensitive fluoride determination.

To determine the surface roughness, atomic force microscopy (AFM) measurements
were performed in contact imaging mode using an Agilent Technologies (Santa Clara, CA,
USA) model 5500 beam-deflection atomic force microscope. Nanosensors with standard
contact-mode cantilevers and a resonance frequency of 13 kHz, force constant of 0.2 N/m,
length of 450 μm, width of 50 μm and thickness of 2 μm were used. The sampling resolution
of all the images was set at 1024 data points with a scanning speed of 0.5 lines/s. All the
captured images were processed using the open-source Gwyddion 2.49 software, and the
arithmetic average roughness (Ra) was obtained by averaging the row/column roughness
statistics of the whole image.

3.3. Plasma Etching

Plasma etching was carried out in a plasma chamber purged with argon/oxygen (1:1;
v/v, flow rate: 25 ccm/min, pressure 10−4 bar). The RF-plasma operated at an excitation
frequency of 13.56 MHz with a power of 40 W. Samples were treated for 10 min.

3.4. Preparation of Stöber Particles

Stöber particles were prepared by dissolving TEOS in ethanol, followed by the addition
of specific amounts of ammonia and distilled water at room temperature. After initiating
the hydrolysis, the sols were stirred for at least 16 h in a closed vessel. After preparation,
the sols were concentrated by partially evaporating the solvent. For the preparation of
16 nm particles, 35.5 g (0.170 mol) TEOS was dissolved in 770 g EtOH, and 35.0 g of 25%
aqueous NH3 was slowly added.
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3.5. Preparation of the Hydrophobic Silane

For preparation of the fluorinated silane (see Figure 1A), α,α,ω-trihydroperfluoroundecanol
and 3-Isocyanatopropyltriethoxysilane were mixed in an equimolar ratio. Additionally,
triethanolamine and tin octoate were added. The reagents were melted and kept at 80 ◦C
in a nitrogen atmosphere for at least one hour. The product of the reaction was a color-
less greasy wax, which was used without further purification. The fluorine content was
measured as 44.1%, which is in good agreement with the theoretical value of 44.9%. An
infrared spectrum of the product did not show any signals indicating residual isocyanato
functions. The further NMR (Figure 6) and IR data are summarized below.

1H-NMR: dH (400 MHz; CDCl3; Me4Si): 6.06 (3t, 1H, H-CF2-, 2JH-CF2-CF2- = 51.8; 3J HCF2-CF2-
= 5.04); 5.41 (b, 1H, -NH); 4.58 (m, 2H, -CF2-CH2-O-); 3.83 (m, 2H, -O-CH2-CH3); 3.22 (m,
2H, -NH-CH2-); 1.67 (m, 2H, -CH2-CH2-CH2-); 1.23 (t, 2H, -CH3); 0.64 (m, 2H, -CH2-Si).
13C-NMR: dC (100 MHz, de-coupled, CDCl3, Me4Si): 6.05 (-CH2-Si-); 16.44 (-CH3); 21.41
(-NH-CH2-CH2-); 42.09 ((-NH-CH2-CH2-); 56.91 (Si-O-CH2); 58.39 (-CF2-CH2-O-) 2JFC-CH2-
= 104); 103–116 not resolved (HCF2-C10F20-); 153.09 (C=O).

IR (KBr molding film): νmax/cm−1 3348w (NH); 2978w (CH3), 2932w (-CH2-); 2889w
(-CH2-); 1732w (-C=O); 1533w (-C-N); 1445w (-CH2-); 1380w (-CH3); 1206s (-C=O); 1145s
(-CF2-); 1103s (-CF2-); 770w (-CF).

Figure 6. Cont.
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Figure 6. 1H- and 13C-NMR spectra of the fluorinated silane.

3.6. Surface Grafting of Stöber Particles with the Hydrophobic Silane

The surface-grafting of the silica particles was carried out by adding the previously
synthesized alkoxysilane to the different silica sols (Scheme 1). The ratio of available silanol
groups to added silane was approximately one-to-one. The silanol groups were determined
via a method described by Gorlov et al. [37], which involves the chlorination of the silanol
groups with thionyl chloride and a subsequent determination of the chloride content.
The analysis of the fluorine content of the modified nanoparticles, after the removal of
all solvents, showed a total fluorine content of 11.53% for the modified particles with a
diameter of 15 nm. This value represents about 94.5% of the fluorine content calculated
from the number of silanol groups theoretically available for condensation with the silane.
Since the grafting with the comparably voluminous silane molecule will not remove all
residual hydroxyl groups on the particle surface, and simultaneously not all silanol groups
of the employed alkoxysilanes will crosslink due to steric reasons, an end-capping of the
silanol functions can be carried out, e.g., to prevent an unwanted aging of the sols. The
end-capping was performed using hexamethylsilazane.

3.7. Preparation of a Wax Based on Luwax S and the Perfluoroethylene Alcohol
(Fluowet EA 812 AC)

To begin, 326.48 g (800 mmol) Luwax S (refined mixture of carbon acids from montan
wax), 429.24 g (840 mmol) Fluowet EA 812 AC, 1.01 g sodium hypophosphite monohydrate
and 3.78 g tetrabutyl orthotitanate were heated at 180 ◦C for 4 h in a three-necked flask
equipped with a Dean–Stark apparatus. After 4 h, an additional 2 g tetrabutyl orthotitanate
was added. The mixture was allowed to cool to 160 ◦C before adding 2 g NaCl solution.
The dark mixture lightened immediately, yielding 703 g (97% of the theoretical yield) of a
light-yellow wax with an acid number of 9.4 mg KOH/g.
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Scheme 1. Surface modification of silica nanoparticles with the synthesized fluorinated silane.

3.8. Preparation of an Alternative Wax Based on 2-Butyloctanoic Acid and the
Perfluoroethylene Alcohol

A mixture of 3.64 g (10 mmol) 3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooctanol and 2.00 g
(10 mmol) of 2-Butyloctanacid were dissolved in 20 mL n-hexane. Then, 80 mg 4-dimethyl-
aminpyridine and 2.84 g (13 mmol) di-tert-butyl dicarbonate were added to the mixture.
The reaction mixture was stirred at 50 ◦C for three hours. Following this, 30 mL n-hexane
was added before the mixture was transferred into a separating funnel and washed twice
with 15 mL aqueous HCl (7 wt.%), twice with 15 mL aqueous NaCO3 solution (10 wt.%)
and twice with water. The organic phase was dried with 3 g of magnesium sulfate and
then reduced using a rotary evaporator, before it was dried at ambient temperature and a
pressure of 10−5 bar until no change in weight was observed. This process yielded 4.98 g
(91% of the theoretical yield) of a colorless oil. Scheme 2 show the reaction.
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Scheme 2. Synthesis of the perfluoroethyl wax.

1H-NMR (400 MHz; CDCl3; ppm): 4.37 (m, 2H, C6F13-CH2-CH2-; 3J = 8); 2.51 (m, 2H,
C6F13-CH2-CH2-) 2.35 (2t, 1H, -CH-COOH); 1.49 (m, 2H, C3H7-CH2-); 1.45 (m, 2H, C5H11-
CH2-); 1.29 (m, 12H, -CH2-); 0.88 (m, 6H, -CH3).

13C-NMR (100 MHz, decoupled, CDCl3; ppm): 12.49 (CH3-C3H6-); 12.65 (CH3-C5H10-); 21.21
(CH3-CH2-C4H8-); 21.24 (CH3-CH2-C2H4-); 26.03 (C4H9-CH2-CH2-); 27.85 (C5H11-CH2-
CH-); 29.30 (C2H5-CH2-C2H4-); 28.25 (C3H7-CH2-CH-); 30.55 (C3H7-CH2-C2H4-); 31.03
(C2H5-CH2-C3H6-); 44.28 (CH Methine); 57.34 (Rf-CH2-CH2-); 106–118 (C6F13-); 174.87
(-C=O).

IR (KBr liquid film; cm−1): 2959 (s) νas -CH3; 2932 (s) νas -CH2-; 2861 (s) νs -CH2-; 1740 (s)
ν -C=O carboxylic acid esters; 1464 (m) νas -CH3; 1458; νs -CH2-; 1240 (s) ν -C-O- ester; ν
-CF3; 1206 (s) ν -CF3; 1164 (w) ν -CF2-; 1145 (m) ν -CF2-; 733 (w) ν -CH2- rocking; 709 + 700
(w) ν -CF.

3.9. Preparation and Investigation of the Composites

The composites were prepared by mixing the modified nanoparticles (directly from
the sol) and the wax in the desired ratio. The mixture was stirred and heated to 80 ◦C until
a clear solution was obtained. For application, the composite can be further diluted with
the solvent (additional dispersant). For investigation of the resulting products, the mixture
was simply dried to remove the solvent.

3.10. XRD Measurements

XRD measurements of the pure wax system are depicted in Figure 2 (blue), proving
that the wax is a highly ordered system. In the investigated area, three signals can be ob-
served between 2θ = 15 and 25. Notably, Lorenz investigated comparable systems [40] and
described three identical peaks in this region (he investigated perfluorinated dendrimers
based on C8-alkyl groups). Lorenz reported that these peaks indicate a layered structure of
the perfluoro groups. The comparatively broad peak at 2θ = 17.8◦ can be explained by the
interference of the perfluoroalkyl chains. Lorenz calculated a distance of 4.9 Å between
the chains of the dendrimer he synthesized and the signal position identical to that in this
work. However, Lorenz reported a half-width of 10 on the 2θ scale, whereas in this work, it
was only 1. This indicates the formation of larger crystallites in this work (crystallite size is
calculated to be 83.5 Å). The peaks at 21.4◦ and 24.0◦ are assigned to alkyl groups.
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Abstract

Colloidal quantum dots (QDs) are semiconductor crystals a few nanometers in size. Due
to their vibrant colors and unique photoluminescence (PL), QDs are widely utilized in
displays, where barrier films provide essential shielding. However, one of the primary chal-
lenges of QD applications remains achieving sufficient robustness while keeping costs low.
Over the past two decades, significant progress has been made in the encapsulation of QDs
within silica matrices, aiming to preserve their original PL properties. Research efforts have
evolved from bulk forms to thin films. Silica nanoparticles containing multiple embedded
QDs have emerged as particularly promising candidates for practical applications. This
review highlights recent advancements in silica-based QD encapsulation, incorporating
findings from both the authors’ investigations and those of other research groups within
the field. Silica glass possesses inherent shielding capabilities, but silane coupling agents
such as (3-aminopropyl)trimethoxysilane and (3-mercaptopropyl)trimethoxysilane tend
to negatively impact this functionality when they are used alone, partly because of the
limited formation of a well-developed glass network structure. However, when judiciously
controlled, they can serve as mediators between the QD surface and the surrounding pure
silica glass matrix, helping to preserve PL properties and control the morphology of silica
particles. This review discusses the potential for achieving exceptional shielding properties
through sol–gel glass fabrication at low temperatures, utilizing both tetraethoxysilane and
other silane coupling agents.

Keywords: sol-gel; silane-coupling agent; colloidal quantum dot; photoluminescence;
protection

1. Introduction

Silica, particularly in its amorphous form (silica glass), plays a crucial role in the
semiconductor industry because of its exceptional protective, insulating properties and
adaptability in shaping [1]. This distinctive nature may also be indispensable as a matrix for
quantum dot (QDs) emissions. Throughout this article, amorphous silica or silica glass is
collectively referred to as “silica”. Since the QDs discussed here are synthesized in solution
(colloidal QDs), the silica is similarly prepared in solution via the sol–gel method to ensure
compatibility. In contrast to the vacuum-based processes commonly employed in the
semiconductor industry, the solution-phase chemical reactions required to form protective

Molecules 2025, 30, 3369 https://doi.org/10.3390/molecules30163369
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layers on QDs are dependent on the use of silane coupling agents. This contribution to the
Special Issue on hybrid organic/inorganic (O/I) sol–gel-derived nanocomposite systems
summarizes accumulated knowledge on the preparation and evaluation of sol–gel-derived
silica-encapsulated QD emissions. Relevant studies from other research groups are also
critically examined to provide a comprehensive overview.

It has been more than a decade since the first commercial release of televisions utilizing
QDs as photoluminescence (PL) sources, commonly referred to as QD TVs [2]. The primary
application of QDs continues to be as phosphors in display technology, with the overall
market size reportedly valued at billions of dollars annually [3]. Another potential use
is in biomedical tagging, where QDs function as fluorescent reagents [4–6]. However,
both applications still demand enhanced robustness in QD formulations. Following this
introductory section, Section 2 presents a concise overview of the related research areas,
with emphasis on colloidal QDs and their protective materials, and a brief outline of the
structure and scope of this article. This discussion aims to facilitate a better understanding
of subsequent arguments. Section 3 outlines the basic principles of the preparation of silica
matrices with encapsulated emitting QDs, along with the results observed in bulk and
thin-film forms. Given their promising potential for applications, silica nanoparticles with
encapsulated QDs are particularly noteworthy. Accordingly, the subsequent Section 4 explores
four distinct nanoparticle preparation methods, categorized based on two types of QDs
(hydrophilic and hydrophobic), and two sol–gel approaches (reverse micelle and the Stöber
method). Related research from other groups is also provided. Among these, the preparation
of silica nanoparticles with dozens of encapsulated hydrophobic QDs using the Stöber method
yielded the most promising results, with the aid of a silane coupling agent. As this particular
method demonstrated significant advantages, Section 5 delves deeper into preparations
and evaluations of these silica particles, despite their classification under hydrophobic QD
encapsulation by the Stöber method in Section 4. Recent advancements, applications, and
challenges in the field are discussed in Section 6. Finally, Section 7 offers concluding remarks
with perspectives on future developments. Table 2, discussed later, is intended to facilitate
understanding of the positioning and classification outlined in this review.

2. Background of Related Fields and Article Outline

2.1. Colloidal Quantum Dots

Colloidal QDs are semiconductor nanocrystals synthesized in solution, typically mea-
suring a few nanometers in diameter. Their size places them between atomic clusters and
bulk materials, as illustrated in Figure 1, with each QD crystal consisting of approximately
102–104 atoms per particle. The quantum size, also known as quantum confinement, causes
the band gap to widen as the crystal size decreases, actually originating from the uncertainty
principle, which is schematically depicted in Figure 2 [7]. Emitting QDs generally consist
of three components: a core, a shell, and surface ligands (surfactants), as shown in Figure 3.
To achieve narrow and intense PL, the band gap of the shell must be larger than that of the
core. The ligand structure also influences the solubility properties of QDs. Hydrophilic
QDs are typically functionalized with ligands containing short carbon chains (fewer than
three–four carbon atoms). Conversely, hydrophobic QDs are stabilized during synthesis
using ligands with longer carbon chains (generally exceeding seven carbon atoms). Both
hydrophilic and hydrophobic colloidal QDs are precipitated upon the addition of lower
alcohols such as ethanol and methanol. This purification method is generally used during
synthesis. Following this process, ligand exchange is frequently performed post-synthesis
to tailor surface properties for specific downstream applications. Given their small size,
a large proportion of QD atoms are surface-exposed, making surface chemistry a critical
factor in determining PL efficiency.
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Figure 1. The relationship between particle size and band gap in semiconductors. As particle size
decreases, quantum confinement effects become more pronounced, leading to an increase in band gap
energy. This phenomenon plays a crucial role in tuning optical and electronic properties in nanoscale
semiconductor materials, such as QDs.

Figure 2. Schematic representation of the quantum size effect. As the QD size decreases, quantum
confinement effects become more pronounced, leading to a widening of the bandgap, according
to the value of zero-point energy originating from the uncertainty principle [7] (Courtesy of AIST,
Japan). This effect was first observed and precisely explained by two Nobel laureates in chemistry:
Dr. A. I. Ekimov [8], and Dr. L. E. Brus [9].
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Figure 3. Schematic representation of the structure of emitting QDs, consisting of three primary
components: 1©the core, which defines the fundamental optical and electronic properties; 2©the shell,
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which enhances stability and emission efficiency; and 3© the surrounding ligand molecules, which
facilitate dispersion and surface interaction. The functional group of PO in the figure is from tri-
octylphosphine oxide. In certain cases, the shell is embedded within the core structure during
synthesis, as exemplified by aqueous CdTe QDs [10]. Perovskite QDs exhibit strong PL originat-
ing predominantly from their core structure; however, the presence of an outer shell significantly
improves their structural robustness and stability [11].

The most typical hydrophilic emitting QD widely studied is CdTe, capped with low
molecular weight thiols such as thioglycolic acid [12]. In the case of hydrophobic QDs, the
most investigated and highest-quality QDs are those that are CdSe-based, pioneered by the
success of hot injection synthesis [13]. Their shells, typically composed of CdS, ZnSe, or
ZnS, enable a remarkably narrow PL spectral width (approximately 25 nm or less in full
width at half maximum, FWHM), ensuring exceptional color fidelity in display applications.
However, cadmium-based QDs are being phased out due to RoHS restrictions [14]. As an
alternative, InP-based QDs currently stand out as the sole viable, environmentally friendly
binary QDs capable of emitting visible light through quantum size effects [15]. Despite
early awareness of their potential, research on InP QDs lagged behind that of CdSe by
more than a decade, largely due to the challenging reaction conditions inherent to III–V
semiconductor systems and the difficulty of forming an optimized interface between InP
cores and II–VI shells (such as ZnSe or ZnS). After multiple trials [16–18], InP QDs finally
achieved nearly 100% PL quantum yield (PLQY) [19,20]. Currently, high-end displays
have begun adopting InP-based QDs as an alternative to CdSe-based QDs, despite their
relatively broad PL spectral width (typically exceeding 35 nm FWHM).

In addition to traditional binary QDs (II–VI and III–V), two-types of ternary QDs,
namely chalcopyrite (I-III-VI2 or II-IV-V2, such as CuInS2, AgInS2, and sometimes qua-
ternary) and perovskite (CH3NH3PbX3 or CsPbX3, where X = Cl, Br, I), have emerged.
These materials show narrow and intense PL (typically less than 25 nm), comparable to
CdSe-based QDs.

Non-toxic chalcopyrite QDs were first reported as Zn-CuInS2 in 2006 [21]. These
QDs exhibited PL accompanied with strong defect emissions, which likely originated
from deviations in stoichiometric composition due to the limited number of atoms within
individual QDs. In the case of AuInS2 QDs, the formation of a specific shell structure
significantly reduced the defect emission [22]. However, the suppression was not entirely
complete. Ongoing efforts continue to improve the PL properties and processability of
these QDs [23]. Several studies have also reported the silica encapsulation of these QDs to
enhance their stability, as briefly outlined in Section 2.4.

Lead-based perovskites represent a distinct class of emitting QDs. Although their
synthesis procedures are broadly similar to those used for traditional hydrophobic II-VI,
they are highly ionic. Unlike other QDs, their emission is largely insensitive to the surface
conditions [24], although the shell formation is effective for structural protection [11].
Currently, stability remains a significant drawback for these QDs as well. Consequently,
extensive research has been conducted on their encapsulation within silica matrices, as
outlined in Section 2.3. Lead (Pb), a regulated heavy metal, presents environmental and
safety concerns in consumer applications. However, ongoing advancements in solar cell
technologies, employing the same perovskite compositions in bulk rather than QD form,
have contributed to a relaxation of regulatory constraints for QD-based consumer products.

The remaining class consists of single-component (unary, group IV) QDs. Carbon-
based QDs are quite sensitive to the surface, and their PL is typically characterized by a
broad emission profile [25]. Similarly, silicon QDs generally show broad PL spectra, and
both systems continue to face significant challenges in terms of stability [26]. To date, no
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substantial studies have been identified regarding the incorporation of these unary QDs
into silica matrices.

2.2. Matrices for QD Encapsulation

As discussed above, QDs require coating and protection with another transparent
material to preserve their distinctive PL properties. Table 1 summarizes research efforts ded-
icated to the shielding of emitting QDs, including contributions from key producers [27–30],
the authors’ own investigations, and various polymer-based approaches. Attempts to en-
capsulate QDs within crystalline materials have largely been unsuccessful. Since QDs
themselves are crystals, achieving a stable interface with another crystalline matrix is
challenging, particularly at high dispersion concentrations. This often leads to surface
defects that reduce PLQY. Among transparent amorphous materials, polymer and glass
(such as silica glass) stand out as viable encapsulation matrices. Due to the significantly
lower oxygen permeability of glass compared to polymers [31], glass is widely regarded
as the optimal choice for QD encapsulation. Consequently, thousands of publications
have explored sol–gel-derived silica as a protective encapsulation medium. Representative
examples will be discussed following categorical classification later in this work. However,
due to the complexity of sol–gel processing and the relatively lower performance of the
resulting materials, most studies in this area have not been actively pursued. Nonetheless,
the continued and substantial contributions made by the authors’ research group offer
a valuable foundation for interpreting progress in this field. Accordingly, the authors
encourage readers to consider these findings as a core framework of this review for under-
standing the development and future prospects of silica-encapsulated QD technologies, as
elaborated in the following subsection.

Table 1. Properties of transparent matrices for encapsulation of emitting QDs (a).

Matrix

Property
Shielding Ability
(Photostability)

PLQY Main Producer

Organic
Amorphous

Polymer − + General

Inorganic

Silica (b) + +/− The authors

Crystal
Zeolite + − Korean group [27]

Alumina + − Crystalplex Inc., USA [28],
Related papers [29,30]

(a) A plus sign (+) in the table indicates a positive or promising outcome, while a minus sign (−) denotes a negative
or unfavorable result. (b) An inorganic and amorphous matrix shown in blue is preferable to encapsulate the
crystalline QDs with preventing the intrusion of oxygen. We therefore have selected silica as shown in a thin
yellow background.

2.3. Outline of the Article

Table 2 summarizes the methods for the encapsulation of emitting colloidal QDs in
silica matrices, which are categorized from letters A to F, corresponding to the respective
sections discussed in this article.

Briefly, two types of hydrophilic and hydrophobic QDs, immediately after synthesis,
were encapsulated using the sol–gel process of reverse micelle or the Stöber method, and
other approaches. Given that current display technologies primarily employ binary QDs
based on CdSe and InP (with ZnSe-based variants used in limited demonstration stages),
research activities have largely concentrated on these materials. The results of authors’
studies are compared with existing reports, and it is concluded that F, corresponding to the
encapsulation of hydrophobic QDs into silica particles assisted by silane coupling agents,
yields the most favorable outcomes.
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2.4. Silica Encapsulation of Ternary QDs

A selection of representative studies on the silica encapsulation of ternary QDs is
discussed in this subsection. The results are interpreted with reference to the encapsulation
categories defined in Table 2.

Chalcopyrite QDs (CuInS2-based) have been encapsulated within silica nanoparticles
using tetraethoxysilane (TEOS) via reverse micelle methods. Both hydrophilic (E) [32] and
hydrophobic (A) [33] variants have been investigated, though only the latter was reported
to have a PLQY of 1.5%. Stability assessments indicated limited improvement upon
encapsulation when compared to the pre-encapsulated state. Additionally, silane coupling
agents, including (3-aminopropyl)trimethoxysilane (APS), have been employed for CuInS2

QDs (hydrophobic version of No. B) [34–36]. The silica precursor used in reference [34]
was not a conventional silane coupling agent, but it exhibited reaction behavior closely
resembling such agents. Overall, PLQYs achieved using this approach are generally
superior to those obtained via the reverse micelle method. However, the degree of glass
network formation appears suboptimal, as indicated by the absence of noticeable shrinkage
in the resulting monoliths upon completion of the preparation process. The stability of
silica-encapsulated chalcopyrite QDs exceeds that of their pristine counterparts [35]. For
AgInS2-based QDs, only one instance of successful silica encapsulation has been identified,
involving growth within a molten glass matrix. This approach yielded broad PL emission
across the visible spectrum [37].

Perovskite QDs have been more actively integrated into silica matrices compared
to other QD systems. The predominant approach involves standard sol–gel methods
utilizing silane coupling agents such as APS [38–40] or alkoxides with four functional
groups such as TEOS [41] or tetramethoxysilane (TMOS) [42,43], while the latter exhibits a
significantly higher hydrolysis rate than that of TEOS. These encapsulation strategies are
classified under B, targeting hydrophobic QDs. A maximum PLQY of 78% was reported
for QDs encapsulated using APS [38]. However, stability assessments in these studies were
limited to comparisons with pristine QDs or those embedded in polymethyl methacrylate
(PMMA) [38]. In another work, hydrophobic QDs were encapsulated using a modified
Stöber method (F), with stability evaluated relative to their pristine counterparts [44].

Commercial mesoporous silica matrices have been employed to incorporate colloidal
QDs [45–47]. However, no comparative data on stability with other solid matrices has been
reported. Among the available studies, the most promising one appears to be the synthesis
of CsPbBr3 QDs within a molten glass matrix, achieving a PLQY of 42% [48]. Although the
size distribution of QDs in the glass is broad, these QDs are stable in air for over one month.
A comprehensive investigation has described the growth mechanism of these QDs in glass
matrices at elevated temperatures, such as 600 ◦C, over extended durations exceeding 10 h.
The study combines experimental results with theoretical insights into particle growth
mechanisms [49]. Nevertheless, a significant limitation of this method is the inability to
purify and further modify the QDs post-incorporation, such as enhancing PLQY after
synthesis [50]. Therefore, the authors have advocated for research into dispersing colloidal
QDs into silica matrices through sol–gel approaches following colloidal synthesis.

Here, it is worth noting that most of the encapsulation methods for ternary QDs
emerged in the 2010s. These early research attempts failed to result in systematic or quanti-
tative studies, limiting their impact on methodical development and comparative analysis.
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3. Incorporation of QDs in Bulk and Thin-Film Silica Derived from
Silane Coupling Agents

3.1. Bulk Incorporation of QDs Using APS

Following the successful synthesis of hydrophobic CdSe-based QDs [78], these QDs
were incorporated into polymer matrices molded within glass tubes for industrial ap-
plications [79]. However, the reported PLQY remained relatively low, ranging between
20 and 40%. Around the same time, researchers introduced a modified sol–gel method to
disperse QDs within silica [54]. However, the prepared matrix is seemingly a gel, not a
solid. Unlike polymer-based dispersions, the sol–gel approach requires sufficient reaction
time to achieve uniform solidification, a critical factor in optimizing the method.

Building upon the fundamental properties of colloidal emitting QDs, a series of
investigations was conducted to evaluate their stability and optimize incorporation into
silica matrices. Generally, the radius (r) of QDs in solution grows or dissolves according to
the equation [80]

dr
dt

=
K
r

(
1
rc

− 1
r

)
, (1)

where K is a constant determined by the solution temperature, the diffusion coefficients
of the components, and the specific surface energy of QDs. When the radius r of QD is
smaller than a critical value rc, it dissolves and finally disappears into the solution. The
dissolution process leads to a rapid and significant decrease in PLQY. The constituent
atoms or clusters of such QDs are used to grow other QDs larger than rc. This phenomenon
is known as Ostwald ripening. To create bulk silica glasses incorporating QDs, aqueous
CdTe-based QDs stabilized with thioglycolic acid (TGA) were initially selected. The core
ligand structure of TGA features a single carbon skeleton, offering minimal steric hindrance
and facilitating uniform dispersion within the sol–gel matrix.

Based on Equation (1), a tailored protocol was developed to preserve the initial PLQY
of QD after the incorporation into silica matrices.

Selection of Silane Coupling Agent: The amino-functionalized silane (APS) was cho-
sen to facilitate stable QD dispersion. This selection leveraged the carboxylic acid groups
present on TGA-stabilized QDs. The amine functionality not only exhibits affinity toward
carboxyl groups facilitating coordination with QD surface ligands, but also serve as a
catalyst for gel formation during the sol–gel process [54].

Dispersion Strategy: Constituent molecules and ions including TGA and Cd2+ were
dispersed in APS solution to minimize the dissolution of QDs during the sol–gel process.
In other words, Equation (1) indicates that the dissolution of QDs is effectively suppressed
when the particles are surrounded by a sufficient concentration of constituent molecules
and ions. This protective environment helps stabilize the QDs by minimizing surface
degradation and maintaining their PL properties.

Optimized Timing for QD Addition: To mitigate time-dependent dissolution, QDs
were introduced into the sol phase immediately prior to gelation. This timing ensures rapid
immobilization within the forming silica network, effectively preventing QD dissolution
and preserving their structural integrity and PL properties.

As a result, the first bulk glass containing dispersed emitting QDs was successfully
fabricated, maintaining an initial PLQY of ~40%, as illustrated in Figure 4. Due to the
release of methanol during the hydrolysis of APS, which acts as a poor solvent for QDs,
the achievable dispersion concentration of QDs within the resultant silica matrix remained
relatively low, typically in the order of 10−5 mol/L [55]. As the brightness of QDs is
directly proportional to the dispersion concentration in appropriate conditions, higher
concentrations are desirable for practical applications.
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Figure 4. Fluorescent color images of the prepared bulk-type glass containing QDs under UV lamp
excitation at 365 nm. The phosphor is selectively adhered to patterned grooves on the surface of the
glass substrates, enhancing localized emission [55]. The non-English term (nano glass in Japanese) is
the name of research project sponsored by a funding agency (NEDO). The color variation is due to
the different size of aqueous CdTe-based QDs.

Similar results were reported more recently for hydrophobic CdSe QDs. Although
TEOS was used in combination with other silane-coupling agents, its molar ratio was
maintained below 10% [56]. Consequently, the resultant monoliths exhibit characteristics
comparable to those of APS-based matrices, wherein the initial PLQY is relatively well
preserved. Notably, the dispersion concentration of QDs achieved in this case is estimated
to be approximately two orders of magnitude higher (5 wt%) than that reported in the
earlier APS-based approach.

In the case of InP-based QDs, hydrophobic variants were first hydrophilized and sub-
sequently incorporated into silica matrices synthesized from silicon compounds, exhibiting
behavior similar to silane coupling agents. The PLQY was relatively well maintained,
decreasing from an initial 52% to 27% upon encapsulation. However, insufficient devel-
opment of the silica network is suggested by the absence of characteristic cracks which
typically result from condensation and shrinkage in bulk materials. The stability was
evaluated against PMMA [57]. In a subsequent effort, four-functional alkoxides (TMOS
and TEOS) were employed for encapsulating the same hydrophobic QDs. In the case of
TMOS, a high PLQY was reported, likely reflecting the properties of QDs embedded in a
gel-like matrix [58].

3.2. Layer-by-Layer (LbL) Incorporation of QDs Using APS

To enhance QD incorporation into silica matrices, a layer-by-layer (LbL) deposition
method was employed using APS [59], building upon the previously discussed bulk encap-
sulation results. In this approach, a glass slide was sequentially dipped into APS solution,
TGA-containing solution, and QD solution, forming transparent QD layers between the
glass layers, as shown in Figure 5a. The inset of Figure 5b demonstrates a linear increase
in absorbance with each successive dipping cycle, indicating progressive QD accumula-
tion. Using the molar extinction coefficient of QDs [81], the concentration was estimated
to be 10−2 mol/L, approaching the threshold of concentration quenching. At such high
concentrations, the PL peak wavelength is red shifted with a narrowing of spectral width
due to the re-absorption of PL. In this phenomenon, PL emitted from smaller QDs is reab-
sorbed by adjacent larger QDs, leading to selective emission primarily from the larger QDs.
Consequently, the observed PL spectrum shifts toward the red end, with a reduction in full
width at half maximum (FWHM). These observations confirm that APS facilitates effective
QD incorporation, making it a preferred choice for both the bulk glass incorporation of
hydrophobic QDs [82] and thin-film applications [83].
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Figure 5. (a) PL image of the self-assembled films irradiated with 365 nm UV light prepared using
APS and CdTe colloidal solution (left). A photograph of the sample taken under ambient room
lighting (right). (b) PL and absorption spectra of the films. Spectra (i), (ii), and (iii) correspond to
absorption measurements for samples with 3, 5, and 10 CdTe layers, respectively. Spectrum (iv)
represents the PL response of the film with 10 CdTe layers. The inset in (b) illustrates the absorbance
at the first absorption peak as a function of the number of dipping cycles. For comparison, the PL
and absorption spectra of diluted QD colloidal solutions are also provided [59].

When the applied sol–gel process does not require stirring, such as the LbL process,
the QDs do not suffer from dissolution according to the mechanism outlined in Equation (1).
This allows for a significant increase in dispersion concentration while largely preserving
the initial PLQY. However, glasses prepared using only three-functional alkoxides, such as
APS, lack a robust glass network both for bulk and LbL. As a result, they exhibit insufficient
structural integrity and eventually dissolve completely in hot water.

4. Incorporation of QDs into Sol–Gel-Derived Silica Nanoparticles

As research progressed, it became evident that silica nanoparticles with encapsu-
lated QDs are particularly promising for both display and biological tagging applications.
Among encapsulation methods, the step-by-step grafting of alkoxide molecules [84,85] was
limited in effectiveness, since this method cannot be used to achieve thicknesses beyond 10
nm. However, excluding this approach, the sol–gel encapsulation method can generally be
classified into two main categories: the reverse micelle method and the Stöber method. The
reverse micelle method uses a water-in-oil emulsion where the alkoxide initially disperses
in the continuous oil phase but gradually goes into the water droplet phase upon hydrol-
ysis. In the Stöber method, the typical alkoxide TEOS reacts with an alkaline aqueous
solution of abundant ethanol to form hydrolyzed TEOS, which later condenses onto col-
loidal QDs, resulting in the formation of nanosized silica particles with encapsulated QDs.
As described above, the QDs are of two types: hydrophilic and hydrophobic. Therefore,
the encapsulation methods result in four distinct types. The following sections detail each
method separately.

4.1. Hydrophilic QDs Incorporated into Silica Nanoparticles via Reverse Micelle Method

For hydrophilic QDs, the reverse micelle method leverages water droplets within
the water-in-oil microemulsion as their dispersion medium. Initially, hydrophobic TEOS
molecules remain in the continuous oil phase but gradually migrate into the water droplet
phase upon hydrolysis. Subsequently, hydrolyzed TEOS condenses in an alkaline envi-
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ronment, forming silica nanoparticles. The aqueous QDs (TGA-capped CdTe QDs) were
initially expected to be incorporated into the silica particles by this protocol. However,
the transmission electron microscope (TEM) image (Figure 6) revealed that the QDs were
pushed away during the silica network formation, preventing effective encapsulation [51].
To overcome this challenge, a hydrophilic vitreous layer was introduced onto the QD
surface prior to sol–gel processing, successfully enabling multi-QD incorporation into
nanoscale silica particles. This refinement allowed red-emitting QDs to maintain a PLQY
of 65% post-encapsulation [52].

Figure 6. (a) Transmission electron microscope (TEM) image of silica spheres synthesized using a
reverse micelle method with aqueous QDs in bright field mode. (b) High-angle annular dark field
(HAADF) image of the region indicated by a circle in (a), highlighting locations where Cd is detected,
as marked by the arrows [51].

In contrast, aqueous CdS QDs synthesized within reverse micelle droplets were suc-
cessfully encapsulated using TEOS, without the need for additional surface modifications
in advance [53]. This discrepancy appears to stem from CdS QDs being inherently stabi-
lized in an alkaline environment (rich in hydroxyl ions) without requiring external ligands.
However, PL properties for this system were not reported.

4.2. Hydrophilic QDs Incorporated into Silica Nanoparticles via the Stöber Method

In the early stages of research, hydrophilic QDs such as CdTe stabilized by short-chain
thiols, or CdSe stabilized by sodium citrate, were incorporated into silica particles using
sodium silicate. These silica particles containing multiple QDs were referred to as “Raisin
Bun-type” silica composites. To further enhance their structure, the Stöber method was
used to coat the silica spheres, increasing their size beyond 200 nm. However, at this stage,
PLQY remained low, and the particles were primarily used to construct three-dimensional
photonic crystals [60].

To improve encapsulation efficiency, a two-step process was developed for integrating
multiple TGA-capped CdTe QDs into silica particles [61].

Step 1—QD Assembly Using MPS: Since thiol ligands exhibit the strongest binding
energy to II-VI QDs, an aqueous CdTe QD solution was mixed under alkaline conditions
with ethanol solution containing (3-mercaptopropyl)trimethoxysilane (MPS, a silane cou-
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pling agent) for the partial exchange of TGA ligands. A controlled amount of ethanol and
MPS facilitated the formation of CdTe QD assemblies.

Step 2—Silica Layer Formation via the Stöber Method: A silica coating was devel-
oped on the assembled QDs using TEOS and aqueous ammonia via the Stöber method.
The resulting silica nanoparticles were collected by centrifugation and re-dispersed in
pure water.

4.2.1. Nanoparticle Morphology and PL Properties

The typical morphologies of silica nanoparticles prepared in Reference [61] are shown
in Figure 7a–d. In the best-case scenario, PLQY was reduced slightly from its initial value
(46%) to 40% upon encapsulation. Given the close packing of QDs within each nanoparticle,
PL re-absorption occurs, similar to the behavior described in Section 3.2. This results in
an overall red shift in the PL spectrum and a narrowed FWHM as shown in Figure 7e.
By adjusting the MPS concentration in Step 1, the number of QDs per nanoparticle could
be effectively controlled. Table 3 outlines the relationships between various parameters,
including PL peak wavelength, PLQY, FWHM, nanoparticle size, and QD count.

 

Figure 7. TEM images of luminescent silica nanoparticles. (a) Sample 2, (b) Sample 3, (c) and Sample 2
at a higher resolution, and (d) Sample 3 at a higher magnification. Three and six QDs (indicated by
white arrows) are visible in (c) and (d), respectively. Well-developed lattice fringes are observed in
CdTe QDs, confirming their structural integrity. (e) Absorption and PL spectra of luminescent silica
nanoparticles, compared with those of initial CdTe QDs (nanocrystals, NCs). After encapsulation, PL
peaks are red-shifted and a spectral narrowing is observed compared with original QDs [61].

Table 3. Properties of luminescent nanoparticles [61] (a).

Sample
PL Peak

/nm
PLQY

(%)
FWHM

/nm
Mean Size

/nm (b)
Average QDs No.

in Each Nanoparticle (b)

1 658.4 34 49.2 12.5 ± 1.7 1.6 ± 0.7
2 660.8 40 48.0 15.9 ± 1.6 2.9 ± 0.9
3 662.6 31 48.4 29.1 ± 3.8 4.0 ± 1.6
4 663.8 32 47.2 35.9 ± 4.4 5.7 ± 2.3

CdTe (a) 650.2 46 58.0 3.9 ± 0.2 —
(a) Properties of initial CdTe QDs are shown for comparison. The molar ratios of MPS to QDs for Samples 1, 2, 3,
and 4 during preparation were 176, 117, 57, and 29, respectively. (b) Estimated by TEM observation.
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4.2.2. Hybrid Structure and Porous Properties

The silica nanoparticles exhibit a hybrid structure in the central part, primarily due
to the combined presence of MPS and TEOS used in Step 1. The MPS concentration has
a decisive role to control the number of QDs in the assembly. Higher MPS concentration
results in fewer QDs in the central region after Step 2. This effect is quantitatively explained
in the footnote of Table 3.

The porous nature of the silica nanoparticles thus prepared was evaluated by N2

adsorption–desorption isotherms. When the silica layer thickness exceeded ~10 nm, the
shielding ability improved due to a pore transition from cylindrical to ink-bottle-shaped
pores. These structural behaviors differ significantly from those observed in bulk silica
systems [62], where drying-induced shrinkage plays a key role in pore formation. Based on
the insights into porous characteristics, a shell thickness exceeding 10 nm was prepared
via the Stöber method, as described in the following section using hydrophobic QDs. The
excellent shielding effects are detailed in Section 5.4.

The potential for biomedical applications was demonstrated by successfully conjugat-
ing biotinylated immunoglobulin to the prepared silica nanoparticles with a shell thickness
of ca. 10 nm [61]. Quite similar results were obtained using aqueous InP-based QDs as
well [63]. These suggest promising future directions for bio-tagging technologies utilizing
QD-incorporated silica nanoparticles.

4.3. Hydrophobic QDs Incorporated via Reverse Micelle Method

Following the successful synthesis of highly emitting CdSe-based QDs [13,78], several
researchers attempted to incorporate them into silica particles [64,65]. The most compre-
hensive study on encapsulation mechanisms was conducted by Meijerink’s group in the
Netherlands [66]. In their approach, CdSe-based QDs, typically octadecylamine-capped,
were mixed with TEOS, surfactant, and aqueous ammonia in cyclohexane. This process
rapidly exchanged the pristine alkyl-amine ligands, rendering the QDs hydrophilic at the
expense of a significant PLQY reduction. The encapsulation process followed similar steps
to those used for hydrophilic QDs, yet the final silica particles exhibited PLQY decay to
below a few percent typically within one week.

A similar encapsulation approach was reported by another research group, involving
oleic-acid coated CdSe-based QDs, instead of those coated with long-chain thiols. While
the choice of the surfactant used in microemulsion system differed, the study similarly
observed a time-dependent reduction in PLQY [67].

Single CdSe-based QDs were successfully encapsulated within individual silica parti-
cles, emphasizing surface silanization as a key factor in maintaining PL stability throughout
the reverse micelle process [68]. For red-emitting QDs, the initial PLQY of 60% decreased
to 35% post-encapsulation, while the PL spectral width (FWHM) narrowed from 28 nm to
24 nm. Impressively, the PLQY remained stable for months in aqueous conditions. Further
investigations revealed that silanization conditions, particularly the molar ratio between
QD and TEOS, play a crucial role in enhancing photostability [69].

4.4. Hydrophobic QDs Incorporated via the Stöber Method

An early study described the encapsulation of CdSe/ZnS QDs following ligand ex-
change with MPS. Researchers explored conditions for incorporating single QDs within
individual silica particles [70], though PLQY values before and after encapsulation were
not reported.

Around the same time, another study [71] demonstrated the formation of silica spheres
incorporating CdS/ZnS QDs localized in the surface region. Initially, hydrophobic tri-
n-octylphosphine oxide (TOPO) ligands on the QDs were replaced with two types of
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amino compounds, enhancing ethanol dispersibility. Similarly to the approach used
for hydrophilic QDs, these vitreophilic QDs were then embedded within a silica layer
(~100 nm thick) surrounding monodisperse silica microspheres (~550 nm in diameter).
However, the resultant PLQY dropped from 38% to 13%. A limitation of this method is
that the central silica core does not contribute to PL, reducing overall intensity.

Seemingly, the Stöber method appears to reduce the PLQY significantly because of
the required ligand exchanges that facilitate the deposition of silica molecules onto the
QDs. Additionally, lower alcohols commonly used to precipitate both hydrophilic and
hydrophobic QDs often compromise their stability. Recognizing these challenges, the
authors developed a new approach to integrate dozens of hydrophobic QDs into the
central region of nanosized silica spheres while preserving the original PL properties. This
approach is discussed in detail in the next section.

5. Silica Nanoparticles with Encapsulated Dozens of Hydrophobic
CdSe-Based QDs

5.1. Preparation and Formation Mechanism

As discussed earlier [61], a silica layer thicker than 10 nm is crucial for effective shield-
ing against the environment. However, encapsulating a single QD per silica particle results
in an overall particle size of nearly 30 nm, which limits the high dispersion concentration
required for applications. Consequently, smaller silica particles (several tens of nanometers
in size) with dozens of embedded QDs have proven to be more suitable. Hydrophobic
QDs synthesized at approximately 300 ◦C exhibit high PLQY and narrow FWHM, making
them preferable for phosphor applications rather than hydrophilic QDs (as described in
Section 4.2). Nonetheless, the synthetic method utilizing MPS as a size regulator remains
a valuable approach. The encapsulation of CdSe-based QDs consists of three steps, as
illustrated in Figure 8 [72,73].

Step 1—Surface Silanization: TEOS is added to a toluene solution containing hy-
drophobic QDs capped with oleic acid. Since analytical-grade toluene contains a small
amount of water (~0.02 wt% [43]), a single alkoxy group among the four in TEOS gradually
hydrolyzes, forming (CH3CH2O)3-Si-OH, which replaces the pristine ligand molecule, a
process termed surface silanization. Due to the slow ligand replacement, the partially
hydrolyzed TEOS forms a well-ordered arrangement on the QD surface, ensuring effective
passivation without changing the PLQY and FWHM of the initial QD. This step enhances
the QD stability against lower-alcohol exposure.

Step 2—Formation of QD Assembly (Seed): The silanized QDs in toluene are mixed
with hydrolyzed MPS in an aqueous ammonia and ethanol solution. Since the QDs in
toluene are efficiently exposed to the aqueous phase because of abundant ethanol, they are
hydrolyzed more, become hydrophilic, and finally are transferred into the aqueous phase.
In this aqueous phase, QDs are condensed rapidly to form seed structures. Since MPS
hydrolyzes slower than TEOS, MPS acts as a size regulator, similar to its role in hydrophilic
QD encapsulation. A higher concentration of MPS results in smaller QD assemblies, with a
lower QD count per particle.

Step 3—Silica Layer Formation via the Stöber Method: Following purification of the
solution in Step 2, the Stöber method is applied to deposit a silica layer around the assem-
bled QD structures, completing the encapsulation process.
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Figure 8. Schematic illustration of the process for assembling multiple CdSe/ZnS QDs into silica
nanoparticles. The procedure consists of three key steps: (1) surface silanization, where QDs are
modified to enhance compatibility with silica precursors; (2) phase transfer, facilitating QD transition
from an organic to an aqueous phase; and (3) growth of the assembly, leading to encapsulation within
silica matrices. Solution A contains silanized CdSe/ZnS QDs dispersed in toluene; Solution B consists
of partially hydrolyzed MPS in ethanol, H2O, and ammonium hydroxide (NH4OH), essential for
controlled nanoparticle formation [72].
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5.2. Structural and Optical Properties

The morphology and PL spectra of the prepared silica nanoparticles are presented in
Figure 9. The assembly size was successfully controlled by adjusting MPS concentration, as
evidenced by the differences between Figure 9a and b. Additionally, Figure 9c confirms
that PL spectral shape remains intact after the encapsulation. A three-dimensional imaging
study [72] further reveals QD distribution within silica nanoparticles, distinctly visible as
white dots. Initially, the synthesis focused solely on QDs emitting at ~620 nm, as shown in
Figure 9c. To extend applicability, the preparation method was optimized for various PL
wavelengths. It was determined that the QD concentration in Step 1, relative to the TEOS
amount, must be optimized to achieve the maximum PLQY in silica nanoparticles. This
optimization is critical because silanization efficiency in Step 1 depends on the total QD
surface area in solution.

Figure 9. TEM images of luminescent silica nanoparticles displaying (a) particle 1 and (b) particle 2.
The high-resolution images on the right provide a detailed visualization of the distribution of
QDs in nanoparticles [72]. (c) Comparison of PL spectra of the colloidal solution and nanoparticle
shown in (a).

The resultant PL spectra and PL images emitting initially at 550, 610, and 650 nm before
and after the encapsulation are shown in Figure 10a. Notably, when smaller QDs are encap-
sulated, PL red shifting becomes more pronounced due to the additional influence of the
quantum confinement effect associated with the smaller size of the QDs [74], despite similar
reabsorption phenomena being observed and previously described in Figures 5b and 7e.

107



Molecules 2025, 30, 3369

Figure 10. (a) Normalized absorption and PL spectra of CdSe/CdZnS QDs in toluene solution and
in silica nanoparticles (beads). Numbers at the top of the graph indicate the PL peak wavelengths
of QDs in toluene. (b) PL image of as-prepared QDs in toluene solution, and (c) PL image of
QDs incorporated in silica particles, both excited by a UV lamp at 365 nm, illustrating emission
characteristics before and after encapsulation [74].

5.3. PL Properties at the Single-Particle Level

Evaluations were conducted on the prepared silica nanoparticles to analyze their PL
behavior at the single-particle level. Using a standard single-particle detection method,
the PL intensity of two random pristine QDs exhibited distinct blinking, as illustrated
in Figure 11a. However, in contrast, the PL intensity of two random silica nanoparticles
displayed only fluctuations rather than blinking. Here, it is reasonable to consider that
each individual QD within a single silica particle does not interact with others because the
overall ensemble PL spectrum in Figure 9c remains unchanged after encapsulation. This
means each QD in the particle exhibits the same blinking nature as pristine QDs before
encapsulation. The PL originating from the ensemble of approximately 20 QDs per silica
nanoparticle results in fluctuations within the measured temporal resolution of 200 ms.
The apparent non-blinking behavior observed in Figure 11b is attributed to this exposure
window, which masks the detail of individual blinking events. The variations likely reflect
the cumulative blinking dynamics of the constituent QDs within the same nanoparticle.
A crucial observation is that the PL intensity (vertical axis) from the silica nanoparticles
in Figure 11 is approximately 15 times stronger than that of a single QD under similar
conditions. The original fluorescence microscope recordings used for Figure 11, provide
further evidence of this behavior for both pristine QDs and silica nanoparticles [72]. Notably,
after continuous irradiation for 30 min, the silica nanoparticles exhibited significantly higher
photostability compared to their pristine QD counterpart.

The observed substantially non-blinking behavior, coupled with strong PL from indi-
vidual silica-encapsulated QD particles, is particularly advantageous for in vivo imaging
applications [86]. This capability enables the simultaneous tracking of multiple biomolecu-
lar targets with enhanced spatial resolution and temporal resolution. Furthermore, silica
surfaces offer well-established platforms for bioconjugation [87], facilitating targeted deliv-
ery and functionalization. Togher with the substantial suppression of heavy metal elusion
discussed in the following subsection, these silica-encapsulated QDs represent highly
promising fluorophores for biological applications.
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Figure 11. PL intensity trajectories of single QDs and silica particles, recorded with a temporal
resolution of 200 ms over a duration of 60 s: (a) PL intensity of two random individual CdSe/ZnS
QDs, exhibiting pronounced blinking behavior. (b) PL intensity of two random individual lu-
minescent silica particles, demonstrating a non-blinking nature, with only minor fluctuations in
intensity. Note that the average PL intensity of silica particles (b) was approximately 15 times higher
than that of individual QDs (a) under comparable conditions, indicating enhanced emission in the
silica matrix [72].

As outlined in the Introduction, several comprehensive review articles on biological
applications of colloidal emitting QDs [4–6] have been published, following their initial
development [13,78]. The most recent review [6] focuses on the pharmacokinetics and
biodistribution of infrared-emitting QDs in murine models, demonstrating that surface
modification and particle size critically influence distribution and excretion pathways. The
silica-coating methodology discussed in this review is expected to significantly contribute
to advancements in this promising research domain. Nonetheless, it is important to
acknowledge that the extensive lead time and substantial cost associated with validation
and regulatory approval continue to pose challenges for transitioning such technologies
into clinical use for humans.
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5.4. Elusion of Heavy Metal Ions and Cytotoxicity of Silica Nanoparticles

To assess the shielding performance of silica layers other than the photostability of PL
intensity, two additional measurements were conducted to study the elusion of heavy metal
ions (Cd2+) into buffer solutions and cytotoxicity testing in live cell culture mediums [75].

For the elusion analysis, two additional silica nanoparticles were synthesized by
modifying the Stöber method in Step 3. In Table 4, B represents the silica nanoparticle
described in the previous Section 5.1, while C was prepared by performing the Stöber
method at 40 ◦C instead of room temperature. To enhance biocompatibility for biological
applications, the silica surface initially capped with hydroxyl (-OH) groups was modified
with carboxyl (-COOH) groups for bioconjugation. This was achieved using carboxyethyl-
silanetriol sodium salt (CES) during the Stöber process [72], resulting in silica nanoparticle
D. Additionally, a commercial polymer-coated aqueous QD (A10200, surface-modified
with COOH, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used as a control and
labeled A.

Table 4. Concentration of dissolved Cd2+ from various QDs dispersed in HEPES solution.

No. Sample
Concentration Ratio of Dissolved

Cd2+ in HEPES Solution (a)

A
Polymer-coated QDs

(-COOH surface) 1
 

B
Silica nanoparticle with QDs

(-OH surface, prepared
at room temperature)

0.26
 

C
Silica nanoparticle with QDs

(-OH surface, prepared at 40 ◦C) 0.06

 

D
Silica nanoparticle with QDs
(-COOH surface, prepared

at room temperature)
0.009

 
(a) The values are normalized using the measured concentration listed in Table 1 of Reference [75]. A schematic
illustration depicting the development of each silica network is shown on the right-hand side.

Stock solutions of silica nanoparticles and commercial polymer-coated QDs listed in
Table 4 were precipitated and redispersed in HEPES buffer solution (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) at concentrations ranging from 20 to 50 nM. After 15 h,
the solution was filtered through a centrifugal concentration filter. The concentration of
Cd2+ in the obtained filtrate (in the ppb range) was quantified using inductively coupled
plasma mass spectrometry (ICP-MS). Table 4 presents the normalized Cd2+ concentrations,
adjusted to a standard 10 nM QD concentration, using A as the reference. The schematic
diagrams on the right-hand side of the Table illustrate the morphology of QDs and silica
matrix network development. As observed, silica matrices demonstrate superior shielding
performance compared to polymer coatings, effectively reducing heavy metal ion elusion.
Additionally, variations in Stöber method conditions significantly impact silica network
formation, highlighting the importance of synthesis optimization. These insights contribute
to understanding discrepancies in reported cytotoxicity data for silica shells following
meta-analysis [88].

Cytotoxicity assessments complemented the heavy metal elusion study. The best silica
nanoparticle (D) with a COOH-modified surface was compared to the control nanopar-
ticle (A), which was also COOH-modified, using two widely recognized assays: MTT
[3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium Bromide] assay, which evaluates cell
viability, and LDH (Lactate Dehydrogenase) assay, which assesses cell membrane damage.
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Two widely studied human cell lines, lung carcinoma A549 cells and keratinocyte HaCaT
cells, were used for the evaluation. Figure 12 demonstrates that D exhibited no cytotoxicity,
whereas A induced significant toxicity in both cell types, as evidenced by MTT and LDH
assay results.
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Figure 12. (a) MTT assay results for two human cell lines, HaCaT and A549, assessing cell viability
based on mitochondrial activity. (b) LDH assay results for the same two cell lines, evaluating
cell membrane damage. In this study, both mitochondrial function and membrane integrity were
significantly affected only in cells exposed to polymer-coated QDs, whereas silica-encapsulated
QDs demonstrated improved biocompatibility for both cell types [75]. Nos. A and D in the figure
correspond to the samples A and D respectively shown in Table 4. All values are mean ± SD, * p < 0.05
vs. control, ** p < 0.01 vs. control. p < 0.05 is considered to indicate a statistically significant difference.

These cytotoxicity findings align with the heavy metal elusion trends shown in Table 4,
reinforcing the correlation between silica shielding efficiency and biocompatibility. More-
over, silica layers synthesized via the Stöber method (Step 3) exhibit variations in shielding
performance, suggesting that further optimization could be beneficial in developing robust
silica matrices comparable to those widely utilized in semiconductor technology.

Expanding on Step 3, further investigations were conducted to assess how the prepa-
ration method, specifically the surface silanization conditions in Step 1, influences photo-
stability [76]. Three types of nanoparticles, labeled 1© to 3©, were synthesized by varying
only the initial ratio R of TEOS to QD, as shown in Figure 13, which directly impacted the
QD density within the assembly and consequently the photostability of the silica particles.
Morphological assessments were conducted using TEM and high-angle annular dark field
scanning TEM (HAADF-STEM) (Figure 14). These images enabled precise quantification of
QD count, assembly size, and silica shell thickness across all three nanoparticle types.
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Figure 13. Reaction scheme illustrating the formation of three types ( 1©– 3©) of silica particles, starting
from hydrophobic QDs through surface silanization and assembly (seed) formation to shell (silica)
formation. The initial ratio (R) of TEOS to QDs significantly influences the degree of condensation
within the silica-glass network around the QDs in the particles. This dictates the difference in QD
density and the photostability of silica particles [76].

Figure 14. (a–c) HAADF images of three different types ( 1©– 3©) of silica particles. The white scale
bars in the images correspond to 20 nm. (d) Evaluation of the number of QDs present in type 1© silica
particles, including data on assembly (seed) size, overall particle dimensions, and shell thickness.
The small red circles represent the outline of the QDs whereas the large red circle represents the
outline of the entire nanoparticle. In addition, the white circle represents the outline of the seed. The
particle size of nanoparticles and the thickness of silica shell are also shown. (e) Typical TEM image of
type 2© silica particles, corresponding to the HAADF image in (b) [76].

Figure 15 illustrates the correlation between assembly size and QD number, with
corresponding linear fitting equations. Among the three samples, nanoparticle 3© exhibited
the slope, indicating the highest packing density of QDs, which resulted from its unique
silanization condition. To assess photostability, single-particle detection was applied to
more than 20 individual nanoparticles from 1©, 2©, and 3©. Figure 16a depicts the overall PL
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intensity decay over irradiation time for all three samples. A commercial polymer-coated
aqueous CdSe-based QD (Qtracker™ 655, Thermo Fisher Scientific Inc. Massachusetts,
USA), known for its exceptional durability, was selected as a control due to its emission
wavelength being nearly identical to that of the silica nanoparticles. Figure 16b plots PL
degradation time with error margins derived from Figure 16a, plotted against R (TEOS/QD
ratio) and QD concentration during Step 1. The same Qtracker™ 655 data is displayed as a
filled triangle on the vertical axis. These evaluations revealed that nanoparticle 3© exhibited
up to an eight-fold increase in photostability compared to polymer-coated counterparts,
achieved by optimizing the molar ratio R of alkoxide to QDs during silanization.

Figure 15. Relationship between the assembly (seed) size and the number of QDs for three types
( 1©– 3©) of particles. The red circles in the images indicate the positions of QDs. The results of linear
fitting are shown with corresponding equations and correlation coefficients. Three typical HAADF
images used for counting the number of QDs in the particles are shown, with the data points marked
by triangles, circles, and squares corresponding to types 1©, 2©, and 3©, respectively. The white scale
bars correspond to 20 nm [76].
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Figure 16. (a) PL intensity for three types ( 1©– 3©) of nanoparticles against the irradiation time. Each
data point was fitted using a single exponential decay curve. (b) PL degradation time with error bars
for three types of nanoparticles. The result of commercial aqueous QD (Qtracker) is plotted on the
vertical axis of the figure as a triangle for comparison [76].
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The developed silica network formed in Step 1 near the QD surface remained struc-
turally intact in Step 2, where hydrolyzed MPS was introduced to regulate assembly
size. Ultimately, controlled silanization in Step 1 proved to be as significant as Step 3 in
improving the photostability of silica nanoparticles.

6. Recent Progress and Applications

6.1. Adapting Earlier Approaches for Silica Nanoparticle Encapsulation with InP-Based QDs

As outlined in the background section, InP-based QDs stand out as the only environ-
mentally benign binary system capable of emitting in the visible range. With this objective,
the previously established silica nanoparticle encapsulation method, which was originally
developed for hydrophobic CdSe-based QDs, was adapted for InP-based QDs. However,
following this method, a significant decrease in PLQY was unexpectedly observed. To un-
derstand this discrepancy, three variations of InP-based QDs were synthesized, specifically
InP/(ZnSe)n/ZnS, with n = 4, 6, and 8 monolayers (MLs), each emitting at approximately
550 nm. These QDs were subsequently encapsulated within silica nanoparticles to investi-
gate the influence of shell thickness and surface interactions on PLQY retention.

The TEM images and a schematic diagram of the prepared QDs are shown in Figure 17.
Additionally, a HAADF-STEM image of one silica nanoparticle with embedded QDs (8 ML)
is shown in Figure 18a. A single isolated QD in the silica matrix was selected for energy
dispersive X-ray spectroscopy (EDX) analysis along the red horizontal line in Figure 18a,
confirming in Figure 18b that the QD maintains its InP/ZnSe/ZnS structure. The findings
suggest that QDs with a thicker intermediate ZnSe layer do not deteriorate significantly
when encapsulated within silica nanoparticles.

Figure 17. (a) TEM images of InP-based QDs synthesized with 4, 6, and 8 monolayers (ML) of ZnSe
using the same core structure. (b) Schematic representation of the three types of InP/(ZnSe)n/ZnS
QDs (n = 4, 6, 8) used in this study [77].

Since the nanoparticle encapsulation process involves initial hydrophobic surface
ligand exchange with partially hydrolyzed TEOS molecules, the QD surface conditions
significantly influence the resulting PL properties. To further elucidate the underlying
photophysical behavior, quantum mechanical simulations were carried out to calculate
the electron distribution within the exciton for these three InP-based QDs. One example
of a QD with an 8 ML intermediate ZnSe layer is shown in Figure 19. As depicted in the
right-hand region of Figure 19, the electron spreads out from the QD structure into the
surrounding environment. The relationship between ZnSe-shell thickness and electron
spread is depicted by a line (a) in Figure 20, revealing a linear trend when plotted on a
logarithmic scale. It is important to note that CdSe-based QDs, discussed in the previous
section, typically feature shell thicknesses between 0.5 and 1.5 nm. Compared to CdSe-
based QDs, InP-based QDs tend to exhibit greater electron dispersion due to their lighter
effective electron mass and lower barrier height from the InP core to ZnSe/ZnS shells.
As the ZnSe layer thickness increases, the amount of spread electron reduces, thereby
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better preserving the PLQY after encapsulation. On the other hand, the degree of electron
spread outside the QD serves as a key factor in PLQY reduction for InP-based QDs. The
simulations further indicate that the preferable structure for QDs includes an InP-core size
greater than 2.2 nm with a ZnSe shell thickness of 2.5 nm or more, resulting in an electron
spread outside the QD in the order of 10−5 or less, as shown in the figure [77].

 

Figure 18. (a) Enlarged HAADF-STEM image of silica particles with encapsulated InP-based QDs
(8 ML). The EDX analysis was performed along the red line across a single isolated QD. (b) EDX
results are overlaid on the HAADF-STEM image. The horizontal bars (InP, ZnSe, ZnS) are drawn,
corresponding to the preparation conditions used for QD synthesis and encapsulation [77]. The white
vertical dashed line in (b) indicates the center line of the QD to be analyzed.

 
Figure 19. Radial probabilities for the presence of exciton electrons in QDs with 8 ML of ZnSe
(InP/(ZnSe)8/ZnS). The amount of spread electron (electron outside the QD) is shown on the right-
hand side, illustrating the degree of confinement within the QD [77].
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Figure 20. Relationship between the thickness of the ZnSe layer (InP/(ZnSe)4,6,8/(ZnS)) and the
amount of spread electron outside the QDs. (a) Three QDs investigated in this study. (b) Simulation
for an InP core diameter of 2.2 nm as a function of ZnSe-layer thickness. The preferable structure
region of the QD for silica encapsulation is indicated by diagonal lines [77].

6.2. Phosphors for Display Technologies and Mass Production Strategies

Figure 21 presents a schematic representation of the display panels currently available
as commercial products. In the first-generation models, QDs were dispersed within a
polymer layer (combining both green- and red-emitting QDs together with scattering
materials such as titania) and sandwiched between barrier films, including glass films [2]. In
subsequent generations, individual pixels were formed by separately assembled green- and
red-emitting QDs, eliminating the need for liquid crystal while still requiring barrier films
for stability. The robust silica particles are expected to replace free QDs, particularly those
surrounded by polymers, thereby enhancing durability without necessitating additional
stability measures during usage, as depicted at the bottom of Figure 21.

One of the main challenges in developing silica-encapsulated QDs was the lengthy
preparation protocol, spanning steps 1 through 3 and requiring centrifugation at 50,000× g
for separation. However, recent refinements have allowed the protocol to be streamlined
into a single-pot process, reducing the necessary centrifuge speed to nearly half, signif-
icantly improving scalability for mass production. These silica particles are now being
explored for broader applications beyond displays, offering a user-friendly phosphor with
narrow spectral width, high brightness, and robust durability. Future investigations will
focus on infrared emission using QDs composed of alternative heavy metals, particularly
for biomedical applications [6] and infrared detection [89].

To drive commercialization, a start-up company [90] has been launched to leverage the
findings presented in this article, particularly in optimizing phosphor materials for display
technologies and expanding into infrared-emitting QDs. This effort entails detailed techni-
cal refinement and strategic negotiations to facilitate efficient manufacturing processes.
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Figure 21. Schematic representation of display panel structures. In the first generation, the QDs are
dispersed within a polymer layer and sandwiched between barrier films, including glass films. In
the next generation, each pixel is formed by QD assembly. To enhance long-term stability, robust
silica particles are proposed as a substitute for free QDs, reducing the need for additional stability
measures during operation.

7. Concluding Remarks

In previous studies, the coating materials for QDs were compared, specifically poly-
mer and silica [15]. Currently, more than five million QD displays are manufactured
annually worldwide [3] using polymer coatings. However, due to their limited robustness,
barrier films remain necessary. Ongoing research has actively addressed this challenge
by fabricating silica nanoparticles encapsulating both hydrophobic and hydrophilic QDs.
This dual encapsulation approach allows for broader material compatibility and facilitates
comprehensive evaluation of photostability, dispersion uniformity, and biocompatibility
across varied surface chemistries. The uses of silane coupling agents (initially APS and
later MPS) have proved essential in controlling the overall morphology and maintaining
the unique spectral properties of QDs.

Among these developments, silica nanoparticles with encapsulated dozens of
hydrophobic CdSe-based QDs, synthesized through a three-step process using MPS
(No. F in Table 2), demonstrated superior shielding effects. This was validated through PL
measurements at the single-particle level, assessments of heavy metal ion (Cd2+) elusion,
and cytotoxicity tests. The preparation steps, particularly steps 1 and 3, were found to
significantly affect the effectiveness of the shielding. Furthermore, when applying this
encapsulation method to hydrophobic InP-based QDs (InP/ZnSe/ZnS), a considerable
decrease in PLQY was observed. Experimental comparisons and quantum mechanical
calculations revealed that maintaining a thick intermediate ZnSe layer (greater than 2.5 nm)
was necessary to mitigate this deterioration. This requirement arises due to the lower
effective mass of electrons and the shallow barrier height between the core and shell,
distinguishing InP-based QDs from their CdSe-based counterparts.

Since emitting QDs cannot withstand prolonged exposure to high temperatures, sol–
gel preparations were conducted at moderate temperatures, typically in the range of one
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hundred degrees Celsius. The findings from this research indicate that with careful opti-
mization, silica layers can achieve an unprecedented level of shielding performance even
at relatively low temperatures, presenting promising opportunities for future applications.
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Abstract

Experimental research in the field of science and technology of polymeric materials and their
hybrid organic-inorganic systems has been and will continue to be based on the execution of
tests to establish robust structure-morphology-property-processing correlations. Although
absolutely necessary, these tests are often time-consuming and require specific efforts;
sometimes, they must be repeated to achieve a certain reproducibility and reliability. In
this context, the introduction of methods like the Design of Experiments (DoEs) has made
it possible to drastically reduce the number of experimental tests required for a complete
characterization of a material system. However, this does not seem enough. Indeed, further
improvements are being observed thanks to the introduction of a very recent approach
based on the use of artificial intelligence (AI) through the exploitation of a “machine
learning (ML)” strategy: this way, it is possible to “teach” AI how to use literature data
already available (and even incomplete) for material systems similar to the one being
explored to predict key parameters of this latter, minimizing the error while maximizing
the reliability. This work aims to provide an overview of the current, new (and up-to-date)
use of AI/ML strategies in the field of sol-gel-derived hybrid materials.

Keywords: sol-gel method; hybrid materials; artificial intelligence; machine learning;
decision trees; neural networks

1. Introduction

The scientific literature is rich with several interesting examples regarding the synthe-
sis and characterization of sol-gel-derived hybrid organic-inorganic materials: indeed, these
systems can be quite easily obtained by exploiting the occurrence of hydrolysis and con-
densation reactions of suitable precursors, possibly in the presence of coupling agents [1–4].
Additionally, the wide availability of the latter, together with the possibility of designing
formulations with diverse types of monomers (epoxy, (meth)acrylic, vinyl ester, . . .), allows
for obtaining hybrid materials that, at least potentially, are suitable for different applications
in advanced sectors [5–13].

Despite their robustness and feasibility, the optimization of sol-gel-derived hybrid
organic-inorganic systems requires the design, development, and implementation of test-
ing activities aimed at identifying the best performing recipes and the best experimental
parameters as well. Indeed, any changes in the starting formulations (chemical structure
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and reactivity of selected monomers and precursors, monomers to precursors ratio, type
and loading of coupling agents, among others) and in the experimental conditions (pH,
temperature, reaction time) may significantly affect the overall sol-gel process and, subse-
quently, the properties of the final hybrid materials [14–17]. However, this optimization
is often time-consuming and requires specific efforts, also considering that experimental
testing may necessitate some replicas to achieve acceptable reproducibility and reliability.

Notwithstanding that the experimental activities carried out on any material systems
are remarkably necessary, an important reduction in the number of the experimental tests
needed for a complete characterization has been achieved by proposing such methods
as the Design of Experiments (DoEs) [18]. Briefly, DoE represents a branch of applied
statistics, which encompasses planning, running, and analyzing controlled tests to evaluate
factors affecting the value of one or more parameters. It is, therefore, a powerful tool for
collecting and analyzing data in a variety of experimental conditions; besides, it accounts
for a reduction in the experimental testing efforts, hence simplifying the experimental
activities to be performed.

This methodology has also been successfully applied in the case of sol-gel-derived
hybrid materials.

In particular, Mahmoodian and co-workers [19] synthesized organic–inorganic hybrid
systems based on a modified Bisphenol A diglycidyl methacrylate (bearing two ethoxy-
silane reactive groups), tetraethylorthosilicate (TEOS), and triethylene glycol dimethacry-
late, suitable for orthodontic purposes (i.e., dental resins). The DoE approach based on
the Taguchi orthogonal method was exploited to find the best experimental conditions for
achieving the highest gel content without complete gelation of the resin mixture.

Najafabadi et al. [20] exploited the DoE methodology based on Taguchi orthogonal
design to investigate and optimize compositional and process parameters of hybrid organic-
inorganic coatings, sol-gel-derived from TEOS and 3-glycidoxypropyltrimethoxysilane,
and deposited onto an Aluminum 5083 alloy. The multifactor analysis of variance (ANOVA)
analysis method was employed [21], and pull-off tests assessing the adhesion strength of
coatings to the metal substrate were utilized as a response.

In further research [22], the same group exploited DoE based on Taguchi orthogonal
design and the ANOVA analysis method to optimize the same sol-gel-derived hybrid
organic-inorganic coatings deposited onto an Aluminum 5083 alloy, using the corrosion
current density as a response.

Yahyaei et al. [23] investigated the impact of diverse parameters (namely, hydrolysis
ratio, molar ratio of precursors, weight percentage of inorganic to organic part, post-curing
temperature, and time) on sol-gel derived hybrid UV-curable coatings synthesized from UV-
curable urethane acrylates (organic phase) and TEOS and 3-methacryloxypropyl trimethoxy
silane (inorganic phase). For this purpose, again, a DoE based on Taguchi orthogonal design
was used to identify the best experimental conditions for obtaining hybrid systems with
high abrasion resistance and, at the same time, high transparency.

Despite the potential and reliability of DoE, this methodology has rarely been utilized
in hybrid organic-inorganic systems. Indeed, sol-gel systems involve many operative
conditions (e.g., temperature, pH, chemistry of the sol-gel precursors, sol-gel routes, sol-gel
recipes, . . .), which limit an effective DoE exploitation. As a consequence, it is possible
to use DoE for identifying the necessary experimental tests, though their number is still
quite high and tests are still time-consuming. To try to fix this issue, during the last five
years, a new approach based on the use of AI [24–26] through the exploitation of ML
methods [27,28] has emerged (and is emerging). Although it is still in its infancy (Figure 1),
this new methodology seems very promising and intriguing, specifically referring to
materials science and technology. This new approach involves teaching AI how to exploit
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already existing experimental data (even incomplete) related to material systems similar to
the one being explored to predict key parameters of this latter, minimizing the error while
maximizing their reliability.

Figure 1. Number of publications per year dealing with “sol-gel” AND “machine learning” (AND is
the Boolean operator; source: Web of Science, updated to 8 January 2025).

This review work aims to summarize the research efforts spent so far on the use of
AI/ML methods in the field of sol-gel-derived hybrid materials, underlining the current
achievements and providing the reader with some perspectives about the development
and implementation of this new research approach. To this aim, first, the fundamentals of
AI and ML tools will be described; then, the main research outcomes on the use of AI and
ML tools for predicting some key properties of hybrid organic-inorganic sol-gel-derived
systems will be discussed.

2. Artificial Intelligence and Machine Learning in Materials Science:
An Overview

The next paragraphs will summarize the basic concepts of AI and ML tools for those
who are not familiar with them, demonstrating that, from an overall point of view, this new
strategy can be successfully applied to materials science.

ML is changing the world and science, opening new avenues for the development of
innovative and functional materials. Starting from atomistic behavior and physicochemical
data, it is possible to predict selected material properties using specific models [29]. Such
models can be complex algorithms employed in imaging or material characterization, which
can provide data-driven insights in the analysis of material properties and shed light on
trends and not-obvious correlations [30]. Predictive models are fostering material discovery
and optimization, also enabling the preparation of new compounds with customized
features in diverse fields [31]. While, on one hand, the application of wide datasets and
ML is making it possible for computers to learn as they progress, on the other hand, it
is removing the need for long procedures based on trial and error, expensive routes, and
dangerous synthesis steps along the fabrication of products. ML algorithms can recognize
patterns, help in risk assessment, adapt over time, and extrapolate useful insights for the
design of experiments [32]. ML is a subfield of computer science dealing with AI, and it
mainly searches to reveal patterns from data to enhance performance in different activities.

2.1. Supervised Learning Approaches

During the design of a new material, many limitations or constraints can be found;
thus, ML is often employed to overcome these adverse factors. In this context, supervised
learning is identified as the most representative form of ML [33]. This learning approach
involves two steps: the algorithm reveals patterns in the training dataset, which may
consist of labels or sample sets, and then it converts patterns into a mathematical function,
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namely the model, during the training stage. Supervised learning models are generally
implemented for predictions about samples that the models have not encountered in the
inference stage [34]. To give an example, a typical learning task, following a supervised
approach, is the classification problem, in which the learner approximates the behavior
related to a function [35]. Training and test stages represent the crucial points of an ML
process. In the training phase, the algorithm is built by the exploitation of examples
gathered from the training dataset as input, so the acquisition of features from the learner
or learning model can take place. Once labeled data are available for training, supervised
learning can be applied, for example, in regression (e.g., predicting the prices of products
on the market) and classification (e.g., image classification) tasks [36]. The training of
linear regression, decision trees (DTs), support vector machines (SVMs), logistic regression,
random forests (RFs), and neural network (supervised ones) algorithms is performed on
labeled data, thus learning the mapping between the input parameters and their related
outputs (see Figure 2) [33].

Figure 2. Supervision approaches for the learning process.

In artificial neural networks (ANNs), a hidden layer is a layer composed of artificial
neurons, which is different from both the input layer and the output layer, as it appears
clear in multilayer perceptrons. Hidden layers transform inputs into a prediction or outputs
through weighted connections and activation functions. Hyperparameters, which control
the learning process of an ML model, are set before the model starts its training and are
different from the internal values learned during the training. The optimization of the
hyperparameters allows for the maximization of the model’s performance. In a typical
ML process, the biases and weights regulate the input of data flow (forward propagation)
through the layers of a neural network. Biases and weights are started and then iteratively
updated during the training stage by backpropagation [37]. During the backpropagation,
the prediction is compared to the actual target value to obtain an error, which is then
minimized by the network by adjusting weights and biases. This way, the model learns
and improves its prediction accuracy.

Support vector machine (SVM) is a learning model that can be adopted to address
and solve regression and classification problems by supervised learning. This model is
especially applied to minimize structural risk and find the best hyperplane dividing a
dataset into different classes. Its parameters (e.g., kernel and penalty) influence the effec-
tiveness of prediction models. SVMs can employ a kernel trick to convert data into higher
dimensions to optimize the splitting of data when these latter are not linearly separable [38].
For this reason, SVMs are more effective and accurate when: (i) the classes are very well
separated, (ii) they are implemented for classification tasks in high-dimensional spaces
(e.g., text categorization, bioinformatics), and (iii) they are employed to estimate implicit
functions [39,40].
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2.2. Unsupervised Learning Methods

In materials science, the possibility to look through extensive quantities of data by
using ML tools is becoming increasingly important. Unsupervised learning searches
for features without manual analysis or explicit supervision. Such a type of learning is
useful to find structure or hidden patterns within unlabeled data [41]. To handle customer
segmentation or data compression, algorithms based on unsupervised learning (e.g., K-
means, principal component analysis (PCA), and generative adversarial networks) are
valuable tools [42].

2.3. Deep Learning Methodologies and Bayesian Methods for Optimization

Deep learning is composed of interconnected classifiers based on activation functions
and linear regression [43]. Among the existing ML approaches, shallow learning and deep
learning differ in their ability to process complex data. More specifically, shallow learning
applies models made of one or two hidden layers (i.e., nonlinear feature conversion layers)
to handle tasks with simple relationships in data. On the other side, deep learning em-
ploys more complex models with multiple hidden layers to learn intricate patterns in data.
The most used shallow models are Gaussian mixture models, support vector machines,
and logistic regression [44]. For pattern recognition tasks (e.g., image recognition, speech
recognition), deep learning is the most appropriate, as it allows for easy management of
huge amounts of data. The most frequently employed deep learning algorithms are recur-
rent neural networks for sequential data, conventional neural networks for image-related
tasks, and generative pre-trained transformer models for natural language processing [45].
Bayesian optimization methodology allows for setting parameters for the optimization of
the decision-making process by implementing an objective function. Bayesian methods
(e.g., Bayesian linear regression and Bayesian networks) are mostly used to model uncer-
tainty based on evidence and objective functions by employing probability [46]; therefore,
they are suitable for tasks dealing with decision-making under probabilistic reasoning or in
cases where assumptions necessitate being included into the model, for example, in natural
language modeling [47,48]. Bayesian optimization strategy optimizes black-box functions
(i.e., functions where the internal code and inner workings are hidden; this means that
the only interaction of the user with the function concerns the feeding of input and the
observation of the outputs), and it represents a valuable tool to find optimal configurations
for ML models, especially when the analytical form of the functions is unknown, deriva-
tives are not reliable, and evaluations are expensive. As an example, Gaussian process
regression (GPR) is a Bayesian and non-parametric approach to regression, which is mostly
appropriate to predict an estimation of the uncertainty, obtain a flexible data-driven model,
and model functions with unavailable derivatives.

2.4. Artificial Intelligence in Materials Science and Property Prediction

ML is mostly employed in materials science to predict a material’s properties or design
new routes of preparation. The algorithm for the prediction is generally built based on
an extensive amount of material data. The input dataset is used to train the algorithm,
which can then forecast the features of new and untested materials (or intermediates), also
along with their synthesis. The proper algorithm can correlate patterns behind the data
collected during the experimental work or available in the literature. The possibility to
define the future properties of novel materials during their design or manufacturing allows
for the identification of the most profitable routes of preparation, screening steps with
fewer endeavors, and cost-saving decisions. Thus, the task of discovering the optimal com-
positions to obtain materials with desired properties can be faced by the ML approach. ML
algorithms can be optimal to search for non-linear connections involving several variables
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concerning the synthesis and characterization of polymers, 2D materials, organic-inorganic
structures, and multi-component compounds [49,50]. A huge number of properties have
been predicted by ML using wide input datasets (e.g., made of different physico-chemical
properties), such as defect energetics [51], glass transition temperatures [52], mechanical
properties [53], thermal conductivity [54], and catalytic action [55]. Figure 3 displays how
AI finds the way to be applied in material synthesis.

 

Figure 3. Main routes for exploiting artificial intelligence in materials science.

2.5. Other Machine Learning Algorithms and Statistical Tools for Data Optimization

Adaptive boosting is a well-known ML method that is commonly employed for
classification tasks, but it can also be useful for regression [56]. This method forms strong
classifiers through the combination of multiple weak learners. Boosted regression trees,
or gradient boost (GB) regression trees, are used to connect decision trees and promote
the performance of regressions and classifications [57]. Similarly to adaptive boosting,
GB regression trees are built by weak learners (e.g., small regression trees) to forecast
a continuous target variable: practically, each new tree tries to correct the errors of the
combined existing trees. K-nearest neighbors (K-NN) is a non-parametric algorithm applied
for both regression and classification, which makes predictions based on the closeness of
data points [58]. K-NN starts from the assumption that similar data points are located close
to each other in feature space; therefore, such an algorithm stores the whole training dataset
and performs the predictions considering the majority class or the average value of the K
closest training examples to the input point. Long short-term memory (LSTM) algorithms
are used to counter the issue related to the vanishing gradients in deep learning [59].
They are recurrent neural network architectures able to handle prediction tasks like time
series forecasting and natural language processing. LSTM finds a wide application with
sequential data and in tasks where previous time steps affect future predictions. Finally,
among dimensionality reduction (i.e., reduction in input features in datasets, preserving
as much variation as possible) techniques, the principal component analysis is frequently
implemented in data science to transform large datasets into a set of orthogonal axes (i.e.,
principal components), which extract the most important variance within the data [60].
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This results in a better visualization of high-dimensional data and in an improvement of
ML models’ performance.

2.6. Statistical Metrics and Performance Parameters for Prediction Evaluation and
Data Correlation

Several statistical metrics are generally employed to quantify the performance effi-
ciency of prediction models [61,62]. These metrics give a clear idea of the accuracy and
errors of the models in different tasks (e.g., classification, regression). The application of
regression models allows for predicting continuous values. Mean absolute error (MAE) can
be used to measure how close the actual values are to the predicted ones, as it provides the
absolute differences between both values:

MAE =
1
n∑n

i=1|yi − ŷi| (1)

where yi is the actual value, ŷi is the predicted value, and n is the number of data points.
Good prediction accuracy corresponds to small MAE values. Mean squared error (MSE)
can be a valuable alternative to MAE:

MSE =
1
n∑n

i=1(yi − ŷi)
2 (2)

However, MSE emphasizes larger errors more than smaller ones because of the squar-
ing, and it is more sensitive than MAE to outliers. Root mean squared error (RMSE)
represents the square root of MSE:

RMSE =

√
1
n∑n

i=1(yi − ŷi)
2 (3)

This statistical metric transforms the units to match those of the original data. Also,
lower values of RMSE indicate better accuracy. R-Squared (R2) indicates the proportion
of the variance included in the dependent variable that is possible to predict from the
independent variable:

R2 = 1 − ∑(yi − ŷi)
2

∑(yi − y)2 (4)

where y is the mean of actual values. R2 can assume values ranging from 0 to 1, with 1
referring to a very reliable prediction. Particularly, a high R2 reveals that the model well
explains most of the variance in the target. Mean absolute percentage error (MAPE) can
be very useful; it immediately gives an idea about the prediction accuracy of the model as
a percentage:

MAPE =
100
n ∑n

i=1

∣∣∣∣yi − ŷi
yi

∣∣∣∣ (5)

The adoption of such a statistical metric is suggested when the actual values are
very small. Due to their definitions, MSE, MAE, and R2 are mostly suitable for regression
tasks. Concerning classification tasks, the final objective is to predict discrete labels, and
thus the accuracy factor is generally employed to evaluate the prediction performance of
the algorithm:

Accuracy =
True Positives + True Negatives

Total Instances
(6)

High accuracy means that most of the predictions performed by a specific model are
correct [63]. Kling-Gupta efficiency (KGE) is a metric applied to study the performance of
continuous time series models through the comparison of simulated values to observed
ones [64]. KGE enables the contributions of different components of model performance to
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be separated, allowing the reasons for good or poor performance to be understood. R-value,
also called the correlation coefficient, measures the strength of the linear relationship linking
two variables. This statistical metric is used in both correlation analysis and regression to
estimate the degree of relation between two variables. The strength of the linear relationship
between the variables increases with the R-value’s proximity to either +1 or −1 [65].

3. Current State-of-the-Art in the Use of AI/ML Approaches for
Predicting Key Properties of Hybrid Sol-Gel-Derived Materials

The use of ML in the development of new materials is expanding. Sol-gel chemistry
enables the preparation of materials, especially glasses and ceramics, by transforming a
“sol” into a “gel” through hydrolysis and condensation reactions. This method allows for
the synthesis of various systems, including nanoparticles, thin films, and monolithic objects,
often at room temperature. Such types of materials are among the most commonly explored
and fabricated sol-gel products. In addition to the prediction of materials’ properties and
advantages under operative conditions, ML models can contribute to emphasizing the
valuable characteristics of the sol-gel method, namely: mild synthesis conditions, versatile
chemistry, and high sustainability.

3.1. Sol-Gel-Derived Aerogels: Machine Learning Prediction of Their Physico-Chemical Features

Silica aerogels are porous sol-gel systems exhibiting unique characteristics, such as
ultra-low density, high surface area, low thermal conductivity, and high porosity. To
describe silica aerogels at the nanoscale and their related fractal structure, fractal geometry
is generally employed. Abdusalamov et al. proposed an ANN to predict the fractal
dimension of silica aerogels and reconstruct their microstructures from a given fractal
dimension [66]. The diffusion-limited cluster–cluster aggregation (DLCA) approach was
applied to obtain the microstructures [67]. In the forward propagation model, DLCA
network structures were used as input parameters to train the ANN. The latter was able
to predict the fractal dimension for any given set of input parameters with an accuracy
of R2 = 0.973. On the other side, in back-propagation mode and by including model
constraints in the inversion algorithm, the same ANN was inverted and employed to
predict input DLCA model parameters for a desired fractal dimension with an error of
2% [66].

ANNs are not the only ML tools able to support the development and characterization
of such materials. As some of the major applications of silica aerogels are as electrodes in
the field of energy conversion and storage and high-end adsorbers, Scherdel et al. proposed
the implementation of linear regression and GPR ML models to predict the solid-phase
thermal conductivity of silica aerogels from a structural dataset [68]. The research group
built the structural input dataset from small-angle X-ray scattering data and physical
properties of the aerogels, also using different data subsets as predictors, based on different
states of synthesis (i.e., wet and dry), to evaluate the model performance [68]. To give
an idea of model evaluation, after supercritical drying, the linear regression model gave
an RMSE of ~2 for the training and ~10 for the prediction of the solid-phase thermal
conductivity. Considering that the morphology of gels changes a lot during the processing
(e.g., supercritical drying), GPR models combined with SAXS data led to the best prediction.

As the properties of silica aerogels are strongly related to the synthesis pathway, it
would be beneficial to predict the final features of such materials based on experimental
data and operative conditions. In this context, Walker et al. developed a silica aerogel graph
database (regarding the synthesis conditions of 103 silica aerogels) and a supervised ML
neural network regression model to better understand and visually display the relationship
between synthesis conditions and final properties of aerogels [69]. By following a validation
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test, the model maps could predict the aerogel surface area from processing and optimal
synthesis conditions with an error lower than 5%, while the graph database was able to
reduce time and experimental dimensionality during the preparation of high surface area
silica aerogels for application in thermal insulation or sorption media. The silica aerogel
graph database was used as an input dataset after removing statistical outliers and aerogels
with high prediction errors [69]. This data cleaning process could enhance the model,
leading to the prediction of aerogel surface area with an average error of 109 ± 84 m2/g
(112% ± 72.6%). The normalized predicted versus actual graph for the surface area values
of aerogels in the model, using K-fold cross-validation (i.e., a resampling and sample
splitting method that uses different portions of the input data to test and train the model
on different iterations), gave R2 of 0.731, MSE value of 0.014, and RMSE of 0.118 [69].

Despite the excellent properties of silica aerogels, their mechanical brittleness results
in significant challenges. It is well known that surface area, pore volume, density, and
thermal conductivity strongly influence the final properties of silica aerogels [70]. However,
the silica content may also remarkably affect the performance of such aerogels. Chaouk
et al. explored the feasibility of PCA to investigate the influence of silica content on the
physicochemical properties of aerogels [71]. Also, cross-correlation analysis was employed
to find the relationships between surface area, pore volume, density, and thermal conduc-
tivity. PCA results confirmed that silica content is the prominent parameter impacting
the aerogel properties, in agreement with the first principal component giving a positive
correlation (R2 = 94%) with the silica content. By avoiding long screening experimental
procedures, the research group could demonstrate that higher silica contents correspond to
lower thermal conductivity, surface area, and porosity [71]. Finally, the outcomes of the
second principal component suggested the thermal conductivity as crucial in influencing
the final properties of aerogels, especially in samples with moderate/high silica loadings.
Chaouk et al. applied PCA to reduce the dimensionality of the dataset and effectively
understand the complex interaction between surface area, porosity, density, thermal con-
ductivity, and silica content of aerogels. PCA results were found optimal, as the statistical
method could capture 97.45% of the total variance [71].

3.2. Sol-Gel Derived Hybrid Nanofluids: Machine Learning Prediction of Their
Physico-Chemical Properties

Conventional heat transfer liquids (e.g., water, ethylene glycol) show lower ther-
mal conductivity than solid particles. To enhance the thermophysical properties of tra-
ditional fluids, the scientific community has proposed different solutions, for example,
turbulators and nanofluids. Nanofluids can be prepared by suspending metallic, ce-
ramic, and non-metallic nanoparticles in a base fluid and can guarantee high heat transfer
performance [72,73]. Researchers are progressively looking for new, effective, stable, and
well-designed nanofluids suitable for fluids with specific density and viscosity. In this
context, Said et al. produced, starting from graphene oxide (GO), rGO-Fe3O4-TiO2 ternary
hybrid nanocomposites by sol-gel methodology to obtain ethylene glycol-based stable
nanofluids, whose viscosity and density were deeply investigated through the variation in
temperature and volume concentration [74]. The use of analytical methods for the optimiza-
tion of viscosity and density of the rGO-Fe3O4-TiO2 hybrid nanofluids may involve long
operations to handle a large volume of nonlinear experimental data. To avoid such a time-
consuming and expensive procedure, Said et al. employed advanced ML techniques like
boosted regression tree (BRT), SVM, and ANNs to predict the influence of temperature and
volume concentration on the viscosity and density of rGO-Fe3O4-TiO2 hybrid nanofluids.
To have an idea about the prediction performances, statistical errors were calculated to com-
pare predicted values with experimental outcomes [74]. The R-values of BRT-based density
(0.9989) and viscosity (0.9979) were higher than those of the ANN-based and SVM-based
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prediction models. These results, together with the values of R2 (BRT > ANN > SVM) and
KGE (BRT > ANN > SVM), demonstrated the higher efficiency of BRT-based prognostic
models. Also, the BRT-based models reported lower MAPE and RMSE than both ANN
and SV algorithms. Finally, the research group highlighted that BRT, ANN, and SVM
could accurately predict the experimental values of density and viscosity of ternary hybrid
nanofluids along wide ranges of temperature and nanoparticle concentration ratio [74].

Among its possible uses, GO can be adopted for the fabrication of water base hybrid
nanofluids by combining it with suitable metal oxides. Lately, Kanti et al. prepared hybrid
nanofluids by mixing CuO and GO at different ratios. CuO and GO were synthesized by
sol-gel chemistry, and the effects of pH on thermal conductivity, stability, and viscosity
of hybrid nanofluids were studied for each formulation and composition in a specific
range of temperature [75]. The experimental results revealed that these hybrid nanofluids
may be promising in solar power facilities, where ethylene glycol or molten salts often
require the addition of proper nanoparticles to improve their thermophysical features.
Bayesian optimized support vector machine (BoA-SVM) and Bayesian optimized boosted
regression trees (BoA-BRT) were applied as ML models for the prediction of thermal
conductivity and viscosity of hybrid nanofluids. The prognostic capabilities of models
were evaluated by several statistical indices (e.g., MSE) [75]. The correlation in terms
of R2 between observed and predicted values of thermal conductivity and viscosity was
in the range of 0.9923–0.9922, while the prediction error, measured by MSE, was quite
low (between 0.0000085 and 0.00354). BoA-BRT and BoA-SVM were proved as robust
forecasting techniques for the prediction, with BoA-SVM (R2 = 0.9992) showing slightly
superior efficiency than BoA-BRT (R2 = 0.9976). The research group demonstrated that
ML can be useful to give a forecast about potential thermophysical parameters of hybrid
nanofluids under a wide range of operative conditions, also reducing the implementation
of expensive technologies, which are usually employed to test heat transfer fluids [75].

As additional proof that the combined use of sol-gel chemistry and ML can be the
needle of the scale in the development of new hybrid nanofluids, Kanti et al. proposed
water-based hybrid nanofluids composed of Al2O3 and GO at different mixing ratios,
also studying their thermophysical characteristics and dispersion stability. Al2O3 and GO
nanoparticles were synthesized by sol-gel routes and Hummer’s method [76]. The stability
of the hybrid nanofluids was tested by the incorporation of three different surfactants,
while the effects on both thermal conductivity and viscosity were measured at different
temperatures (30–60 ◦C) and filler concentrations (0.1 to 1 vol.%) [76]. The research group
found that mainly the inclusion of GO content could increase the thermal conductivity
and the viscosity of hybrid nanofluids. Finally, regression models (i.e., a Bayesian opti-
mized support vector machine (BoA-SVM) and a Bayesian optimized wide neural network
(BoWNN)) were developed to predict the thermal conductivity and the viscosity of hybrid
nanofluids. The prediction of the thermophysical properties achieved a good prognostic
efficiency of 97.15–99.91% [76].

3.3. Machine Learning Assisted Sol-Gel Methodologies for the Preparation and Characterization of
Functional Polymeric Products

Among the possible materials made by sol-gel chemistry, functional nanostructures
composed of different inorganic phases can be employed to fabricate low-energy surface
coatings [77]. These coatings are mostly used to generate hydrophobic and superhydropho-
bic surfaces on a single substrate. In this context, ML tools can predict the optimal set
of parameters to obtain hydrophobic surfaces for a given substrate. Manoharan et al.
developed an ANN to predict the different factors affecting the anti-wetting behavior and
surface contact angle of coated printable paper substrates [78]. The research group used
the outcomes of this prediction to optimize the coating method (i.e., dip coating, spray
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coating, spin coating, and inkjet printing), the number of deposited layers, the selection of
proper silane (i.e., trimethoxymethylsilane, TEOS), and the sol-gel-derived material applied
during the deposition stage. Manoharan et al. exploited base material, initial contact
angle, and final contact angle on the front side and back side as input data for the ANN,
which was trained for up to 5 cycles until the convergence (R ≈ 1) of all parameters. The
ANN implemented a tangent sigmoid as a transfer function and the Levenberg–Marquardt
algorithm (i.e., an algorithm used to solve non-linear least squares problems), involving
Gauss Newton and Gradient methods, as the optimization technique. The contact angle
resulting from the predicted parameters was found to be similar to the actual values, with
a maximum error of ±4.5◦ [78].

To be suitable for several industrial applications, polymeric composites must pass
specific requirements in terms of fire behavior. As most polymers are highly flammable,
the exploitation of flame retardants is generally needed [79]. As an example, the incor-
poration of magnesium hydroxide nanoparticles into the polymer matrix allows for a
reduction in the heat release rate and smoke emission of final composites, also lowering
their flammability. To test the fire performance of polymeric materials, a long series of
disruptive and time-consuming fire tests must be performed to find the optimal formu-
lation for a specific application [80]. ML tools can help to expedite the development of
new flame-retardant polymeric composites or support their characterization by predicting
key fire parameters. Recently, Bifulco et al. synthesized an in-situ hybrid Mg(OH)2-epoxy
nanocomposite through sol-gel methodology [81], also predicting its heat release capacity
through the implementation of a made-on-purpose fully connected feed-forward ANN
(see Figure 4) [82]. From the experimental side, nanocomposites incorporating ~5 wt.%
of in-situ generated Mg(OH)2 nanoparticles exhibited a significant decrease in the HRC
(around −34%), measured by performing a certain number of pyrolysis combustion flow
calorimetry tests, and in some cone calorimetry parameters (e.g., peak of heat release rate
(pkHRR), heat release rate, and total smoke release) [82]. The developed ANN-based
system could predict the HRC of the prepared Mg(OH)2-epoxy nanocomposite, giving
very low error values (i.e., MAE and RMSE equal to 145.6 and 186.1, respectively).

Figure 4. Development of hybrid epoxy nanocomposites and multifunctional textiles and prediction
of their fire properties.

Sol-gel chemistry has also been combined with a DCNN (deep convolutional neural
network) algorithm: this latter applies a convolution operation over one-dimensional
sequence data, which are commonly adopted to analyze temporal signals or text. A
one-dimensional convolutional neural network (1DCNN) in deep learning is specifically
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designed for processing one-dimensional sequence data [83]. To this aim, Ma et al. devel-
oped a system for the shelf-life estimation of food products, namely the freshness-related
information of salmon for consumers [84]. The system was fabricated by incorporating
a dye-containing, optically changeable colorimetric sensor into a sol-gel functionalized
paper sensor using a DCNN model based on images for the freshness estimation. The
cross-reactive paper sensor array was obtained by employing different dyes and treating
paper with sol-gel particles (synthesized from (3-aminopropyl) triethoxysilane -APTMS-
and TEOS) and indicators (e.g., ammonia gas indicator, pH indicator, indicators for volatile
organic compounds, and oxidation indicator) [84]. The augmentation by ML allowed for
setting the limit for ammonia detection at ~17.1 ppm and the accuracy up to 99.2% for the
non-destructive estimation of the salmon freshness (i.e., visual and olfactory), in agreement
with the requirements of food supply chains and scalable batch production [84].

Another interesting application of AI/ML tools refers to electrospinning and sol-gel-
derived nanostructures, which can be used to develop polymeric nanofibers with several
functional properties. In this context, Bifulco et al. prepared a multilayer material made of
coated hemp blankets with cross-linked electrospun polyvinylpyrrolidone-silica blankets
and TiO2 nanoparticles (Figure 4) [85]. This MM showed good tensile properties and could
work not only as a smoke suppressant but also as a fireproof fabric. The assessment of the
fire properties is usually time-consuming and requires the preparation of a huge number
of precious samples. Despite the incomplete input dataset consisting of fire parameters
related to sol-gel-treated textiles, and thanks to the support of ChatGPT (GPT-4o version),
the research group implemented ANNs and decision trees to predict the time to ignition
(TTI) and the pkHRR of the MM. The accuracy of the prediction was evaluated by the
calculation of MAPE values, considering the experimental data and the predicted values.
Decision trees gave MAPE values of 0.431 (~43%) and 0.336 (~34%) for TTI and pkHRR,
respectively. Conversely, MAPE values assessed by the outputs of ANNs were 0.468 (~47%)
for the TTI parameter and 0.404 (~40%) for the pkHRR parameter [85]. Based on these
results, for both algorithms, a reasonable predictive capability was found [86]. However,
decision trees provided the lowest MAPE values, hence becoming preferable and more
reliable in case of some missing input data.

Hybrid sol-gel materials combine the best features of the organic and inorganic phases
in a single material due to the peculiarities of the resulting co-continuous network. In
this respect, Lin et al. demonstrated that sol-gel chemistry and ML can be applied to
obtain large hybrid monoliths, made of silica/poly (tetrahydrofuran), with good mechan-
ical properties as well as resistance toward cracking phenomena [87]. These latter are
commonly triggered by the combined action of capillary and shrinkage stresses inside the
monoliths, which mostly take place during the drying procedure. The shrinkage along
different drying processes was assessed by collecting computational scribe calculations
on X-ray micro-computed tomography images. A filtered back-projection algorithm was
applied to reconstruct captured projections into a 3D image matrix. A random forest voxel
classifier (i.e., an ML algorithm) was implemented to segment hybrid samples within the
3D images [87,88].

3.4. Sol-Gel Derived Metal Oxides, Organic Structures, and Inorganic Materials for Several
ML-Optimized Technologies

Many sol-gel techniques can be employed for the manufacturing of coatings able to
confer very low wettability and chemical resistance to different substrates [89]. To give
an example, in the oil and gas sector, the wettability of surfaces in pipelines affects the
corrosion rates; therefore, several strategies are usually adopted to limit the occurrence
of material deterioration phenomena [90]. Akbarzadeh et al. obtained sol-gel coatings
starting from TEOS, methyltriethoxysilane, and glycidoxypropyltrimethoxysilane as pre-
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cursors (Figure 5) [91]. The research group incorporated different amounts of oxidized
multi-walled carbon nanotubes (O-MWCNTs) to modify the corrosion resistance properties
and hydrophobicity, and increase the barrier effect of the silane-based nanocomposite coat-
ings, also checking the performance through electrochemical impedance spectroscopy and
wettability measurements. By using a single hidden-layer perceptron and the Levenberg–
Marquardt algorithm optimization procedure as a learning algorithm, an ANN model was
constructed to predict the imaginary part of the impedance [91]. The immersion time of
mild steel panels in the sol-gel silane solution by dip-coating, the different loadings of
O-MWCNT in the solution, and the real part of the impedance were implemented as input
data. The accuracy of the optimized model was calculated by comparing the experimental
data with the predicted parameters. High O-MWCNT loadings in the silane-based coatings
resulted in a decrease in the corrosion current density, as confirmed by polarization curves
and AC impedance spectra. The ANN model demonstrated highly reliable predictive
efficiency, as the statistical errors, including MSE and MAE, were 0.00099606 and 0.0106,
respectively. Also, the R2 value was found to be around 0.9879, revealing the absence of
scattering in the entire data prediction range [91].

Figure 5. Development of sol-gel coatings containing O-MWCNTs and prediction of the imaginary
part of the impedance for corrosion resistance technologies.

Further, AI/ML tools can support sol-gel chemistry along with the synthesis of specific
nanostructures that are crucial for the preparation of biosensors [92]. Biosensors’ recep-
tors include enzymes, nucleic acids, and microorganisms, among others. To open new
perspectives in the fabrication of nanomaterial-based sensors, Zalke et al. proposed an
ML-assisted screen-printed and non-enzymatic biosensor for the quantification of urea
concentrations, which is very important during medical intervention [93]. For the detection
of urea, the biosensor was tailored by an MWCNT-ZnO nanocomposite functionalized with
CuO micro-flowers (MFs). CuO-MFs were prepared by the sol-gel approach starting from
copper nitrate trihydrate as a precursor. To have an idea about the sensor’s performance for
the detection of urea, cyclic voltammetry at different scan rates was applied to assess the
dependence of peak currents on analyte concentration. The non-enzymatic biosensor ex-
hibited good sensitivity and a satisfactory linear range of operation [93]. Regression-based
ML models were employed to predict CV parameters for the optimization of the measured
experimental concentrations of urea. To improve the sensor’s accuracy and determination
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of the urea concentration, linear regression, DT, K-nearest neighbor (KNN), RF, adaptive
boosting (AdBoost), and GB models were used, and their outcomes were compared by
different regression metrics. ML models outperformed linear regression in predictive
accuracy metrics, e.g., RMSE and R2. For example, the KNN model gave a significantly
lower RMSE (0.0004) than linear regression (0.0006), together with a higher (0.981) R2

compared to linear regression (0.953) [93]. Thus, the research group demonstrated that the
KNN model could well predict optimal CV parameters and thus the sensor’s response to
different urea concentrations, not only providing a better fit of the data but also capturing
more variance.

Water is a precious resource for humans, and its proper management is getting in-
creasingly complicated, as new pollutants and persistent contaminants are constantly
found during analysis [94]. In the field of water decontamination, green strategies or
waste-to-wealth approaches allow for the synthesis of functional nanoparticles by the
sol-gel method [95]. ZnO nanoparticles can be very effective in addressing groundwater
contamination and countering microbial cells. Chelghoum et al. obtained ZnO-based
nanoparticles by using a sol-gel route and lemon peel aqueous extract [96]. ZnO-based
nanoparticles were employed to photodegrade quinoline yellow dye by sunlight irradi-
ation while studying their antioxidant and antibacterial properties. The nanoparticles
exhibited a notable photoactivity, also revealing high efficiency as antioxidants and against
Gram-positive bacterial strains. The photodegradation action was mainly affected by the
initial concentration of the quinoline yellow, the pH, and the catalyst dosage. To predict the
photodegradation rates of quinoline yellow, the research group developed a GPR combined
with an optimization Lévy flight distribution algorithm [96]. The implementation of an
ARD-Exponential kernel function (i.e., a tool enabling the non-linear transformation of
data without explicitly performing such transformations, also mapping input data into
a high-dimensional feature space) allowed us to achieve high accuracy. The prediction
model gave high correlation coefficients (i.e., close to 1) between predicted values and the
actual ones and low RMSE values along all phases (i.e., 0.0160, 0.0250, 0.0244, and 0.0179
during training, testing, validation, and for the whole dataset, respectively), confirming
good reliability in forecasting photodegradation rates of quinoline yellow by the synthe-
sized nanoparticles. The prediction of dye photodegradation could avoid time-consuming
procedures and waste of resources [96].

Furthermore, nanostructured organic-inorganic hybrids made by ML-assisted sol-gel
procedures can represent potential solutions and facilitate new advancements for water-
splitting studies [97]. In this context, Koyale et al. improved the photoelectrochemical
activity of graphitic carbon nitride (g-C3N4) nanosheets through the synthesis of their
nanocomposites with metal-organic framework-derived porous CeO2 nanobars along with
ZnO nanorods and TiO2 nanoparticles [98]. Such synthesis could enhance the photoelectro-
chemical behavior of g-C3N4 by lowering the charge recombination rate. CeO2 nanobars
and g-C3N4 nanosheets were prepared starting from their precursors, whereas the sol-gel
method was applied to obtain ZnO nanorods and TiO2 nanoparticles. The binder-free
brush-coating technique was deployed to manufacture nanocomposites-based photoan-
odes, which were analyzed through several electrochemical experiments [98]. The binary
g-C3N4/CeO2 nanocomposites, including 20 wt.% CeO2 nanobars (gC20 nanocomposites),
showed a significant enhancement in the current density compared to that of bare g-C3N4

nanosheets. A further improvement in the current density was detected using ternary
gC20/TiO2 (gCT50) and gC20/ZnO (gCZ50) nanocomposites: this finding was mainly
ascribed to a lower charge transfer resistance and an increased donor density. The research
group also predicted the stability (i.e., the values of current density over time) of gCZ50
and gCT50 nanocomposite-based photoanodes by the implementation of a recurrent neural
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network-based LSTM technique [98]. This technique could effectively forecast the stability
of photoanodes, providing useful details about their durability. The performance effi-
ciency of the prediction was evaluated by the calculation of RMSE and MSE metrics: both
showed very low values for the training datasets (80% of the experimental electrochemical
observations) and the stability prediction results.

Then, ML, with its data-driven approach, has successfully been exploited in the design
of materials for batteries. Owing to such interest, Seitz et al. developed an approach using
data obtained from small-angle X-ray scattering measurements for the manufacturing of
optimized sol–gel Si-based porous materials for battery anodes [99]. The research group
employed a feed-forward ANN connected to a pretrained autoencoder to map parameters
(e.g., network topologies) related to the material synthesis to the SAXS curve of the resulting
product. The trained network could give information about which parameters allow for a
desired SAXS curve [99]. It was found that the prediction error of the ANN model could be
reduced by widening the input dataset (during the design of the experiment stage) and
training each output variable with an independent ANN algorithm, hence following a
multi-step method for the material development.

Recently, the 1DCNN algorithm was also applied to prepare a sensor array able to
effectively classify mixed gases. Such a sensor may be promising for developing elec-
tronic nose systems with low data processing and high sensitivity. Mu et al. fabricated
a ZnO/SnO2-based micro-electromechanical system gas sensor array by inkjet printing
sensing materials onto a micro-hotplate [100]. By combining the use of a pattern recognition
algorithm and having time series input lengths as starting data, the sensor could identify
formaldehyde, toluene, ammonia, and their binary and ternary mixtures. A sol-gel route
was employed to prepare the pure ZnO precursor ink. Unlike traditional ML models, the
pattern recognition unit based on the 1DCNN algorithm could avoid the manual feature
extraction step, prevent any alteration in the original features of the data, and reduce the
experimental work [100]. Furthermore, unlike the best-performing traditional algorithm,
i.e., the SVM model, which gave an 80% recognition accuracy of the gas mixtures, the
1DCNN could achieve 99.8%.

To make better use of the systems discussed above, Table 1 summarizes their main
features and outcomes.

Table 1. Sol-gel system technologies and outcomes related to the prediction of some specific properties
and functions.

Sol-Gel
System

Machine Learning and
Optimization Tools

Predicted Parameters
and Characteristics

Statistical
Indices for Efficiency

Ref.

Silica aerogels ANN
• Fractal dimension
• Reconstruct

micro-structures
R2 = 0.973 [66]

Silica aerogels
• Linear regression
• Gaussian process

regression

Solid-phase thermal
conductivity

• RMSE = ~2 for the training
• RMSE = ~10 for the prediction [68]

Silica aerogels

• Supervised ML
neural network
regression

• K-fold
cross-validation

Surface area
• R2 = 0.731
• MSE = 0.014
• RMSE = 0.118

[69]

rGO-Fe3O4-TiO2 hybrid
nanofluids

• BRT
• SVM
• ANN

Influence of
temperature and
volume concentration
on the viscosity
and density

R-values of BRT-based density
(0.9989) and viscosity (0.9979) higher
than those of the ANN-based and
SVM-based models

[74]
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Table 1. Cont.

Sol-Gel
System

Machine Learning and
Optimization Tools

Predicted Parameters
and Characteristics

Statistical
Indices for Efficiency

Ref.

Hybrid nanofluids based
on CuO and GO at
different ratios

• BoASVM
• BoA-BRT

• Thermal
conductivity

• Viscosity

• BoASVM (R2 = 0.9992)
• BoA-BRT (R2 = 0.9976) [75]

Hybrid nanofluids
composed of alumina
(Al2O3) and graphene
oxide (GO) at different
mixing ratios

• BoASVM
• BoWNN

• Thermal
conductivity

• Viscosity
Prognostic efficiency of
97.15–99.91% [76]

Mg(OH)2-epoxy
nanocomposite ANN HRC MAE and RMSE equal to 145.6 and

186.1, respectively [82]

Sol-gel functionalized
paper sensor

• DCNN model
based on images

• Data
augmentation

Non-destructive
estimation of the
salmon freshness

Accuracy up to 99.2% [84]

Coated hemp blankets with
cross-linked electrospun
polyvinylpyrrolidone-
silica blankets and TiO2
nanoparticles

• ANNs
• Decision trees
• ChatGPT

• TTI
• pkHRR

• MAPE values of 0.431 (~43%)
and 0.336 (~34%), respectively
for the TTI parameter and the
pkHRR parameter

• MAPE values assessed by the
outputs of ANNs were 0.468
(~47%) for the TTI parameter
and 0.404 (~40%) for the
pkHRR parameter

[85]

Sol-gel coatings containing
O-MWCNT nanotubes

• ANN
• Levenberg–

Marquardt
algorithm

Imaginary part of the
impedance

• MSE and MAE were
0.00099606 and 0.0106,
respectively

• R2 value was found
around 0.9879

[91]

Xanthine biosensor based
on Co3O4 nanoparticles
and MWCNTs
(tailored by a
MWCNT-ZnO
nanocomposite
functionalized with
CuO-MFs)

• Linear regression
• DT
• KNN
• RF
• AdBoost
• GB

• Optimization of
the measured
experimental
concentrations of
urea

• CV parameters

KNN model gave lower RMSE
(0.0004) than linear regression
(0.0006), together with a higher
(0.981) R2 compared to linear
regression (0.953)

[93]

ZnO-based nanoparticles
• GPR
• Lévy flight

distribution
Photodegradation rates
of quinoline yellow

RMSE values along all phases (i.e.,
training (0.0160), testing (0.0250),
validation (0.0244), and the whole
dataset (0.0179))

[96]

ZnO/SnO2-based
micro-electromechanical
system gas sensor array

1DCNN Classification of
mixed gases

The conventional SVM model gave
an 80% recognition accuracy of the
gas mixtures, while the 1DCNN
provided 99.8%

[100]

4. Conclusions and Perspectives

Undoubtedly, combining AI with ML tools offers big potentialities as a valuable,
reliable, and efficient strategy for predicting several properties of material systems.

This review paper first set out how AI and ML can be successfully applied to materials
science, focusing particularly on hybrid organic-inorganic systems derived from sol-gel
processes. Although work in this area is still in its infancy, predicting the properties of
these hybrid systems while minimizing errors and maximizing the results’ reliability is of
extreme interest. This is also relevant in limiting the time and energy spent on experimental
investigations. It is worth noting that using a combined AI and ML approach does not
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mean avoiding experimental testing activities but rather being able to exploit this new
strategy to save time and maximize the optimization of research outcomes.

Comparing the potential of AI/ML tools with DoE, it is worth noticing that the two
strategies are completely different and rely on a very distinctive approach. DoE is applied to
the system under investigation only, trying to minimize the experimental testing necessary
to get an acceptable description of the system itself and using a “learning by doing”
approach carried out by the investigator. Further, DoE often exploits a linear correlation
among the identified variables that are characteristics of the investigated systems.

Conversely, AI/ML tools show the advantage of (i) using also non-linear correlations
among the selected variables, (ii) exploiting datasets of material systems (similar to the
investigated one) through, e.g., a data augmentation approach or generative models, and
(iii) predicting the final properties of a material system by training algorithms on a based
input dataset. This is surely a different strategy based on a “learning by doing” approach
performed by an AI algorithm properly selected and managed by the operator.

Despite its high potential, this approach still has some limitations that currently
prevent its widespread and effective use. From a general point of view, the combined
exploitation of AI and ML requires access to a large dataset of properties of similar materials:
indeed, the accuracy of predictions about the properties of the material under study
depends heavily on the availability of reliable materials data. However, the availability of
large datasets is not always guaranteed, which limits the use of this new strategy to a certain
extent, even for sol-gel-derived systems. Furthermore, despite the significant research
activity that has taken place in recent years, there is currently widespread skepticism
surrounding the use of AI in applied sciences, particularly materials science. This is
certainly slowing down the development and implementation of AI and ML tools in
materials science. Using this new approach also requires cross-cutting skills related not
only to sol-gel process chemistry and hybrid organic-inorganic systems but also to neural
networks and decision trees. This requires complementary figures to be involved in the
research groups.

In conclusion, despite the above limitations, these new approaches will likely see
strong further development in the coming years, paving the way for their increasingly
“intelligent”, reliable, and extensive use.
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Adaptive boosting AdBoost
Artificial Intelligence AI
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Artificial neural network ANN
Bayesian optimized boosted regression trees BoA-BRT
Bayesian optimized support vector machine BoASVM
Bayesian optimized wide neural network BoWNN
Boosted regression tree BRT
Decision tree DT
Deep convolutional neural network DCNN
Diffusion-limited cluster–cluster aggregation DLCA
Gaussian process regression GPR
Gradient boost GB
Graphene oxide GO
Graphitic carbon nitride g-C3N4

Heat release capacity HRC
K-nearest neighbor KNN
Long short-term memory LSTM
Machine learning ML
Mean absolute error MAE
Mean absolute percentage error MAPE
Mean square error MSE
Multiwall carbon nanotubes MWCNTs
One-dimensional convolutional neural network 1DCNN
Oxidized multi-walled carbon nanotubes O-MWCNTs
Peak of heat release rate pkHRR
Principal component analysis PCA
Random forest RF
Root main square error RMSE
Support vector machine SVM
Tetraethylorthosilicate TEOS
Time to ignition TTI
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