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Preface to “Advances in Xerogels: From Design
to Applications”

The field of material science and engineering has witnessed a surge of interest in the

development of novel xerogels, solid materials derived from gels, for a wide range of applications.

Despite potential shrinkage, xerogels possess remarkable properties, including high porosity

and a large surface area, owing to the interconnected network of pores formed during drying.

Consequently, xerogels find valuable applications as catalysts, adsorbents, sensors, membranes, and

drug delivery systems.

The ability to conveniently control the structures and morphologies of xerogels during synthesis

has garnered significant attention within the scientific community. In light of these considerations,

this Special Issue of Gels compiles high-quality papers that showcase the latest advancements

and breakthroughs in xerogel science, covering various aspects from design to application. Both

theoretical and experimental cutting-edge studies exploring the structural, chemical, rheological, and

dynamical properties of xerogels and their derivatives are included in this collection.

Francesco Caridi, Giuseppe Paladini, and Andrea Fiorati

Editors
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Editorial

Editorial on the Special Issue: “Advances in Xerogels: From
Design to Applications”
Andrea Fiorati 1,*, Francesco Caridi 2 and Giuseppe Paladini 3

1 Department of Chemistry, Materials, and Chemical Engineering “G. Natta” INSTM Local Unit,
Politecnico di Milano, 20131 Milan, Italy

2 Department of Mathematical and Computer Sciences, Physical Sciences and Earth Sciences,
University of Messina, 98166 Messina, Italy; fcaridi@unime.it

3 Department of Physics and Astronomy “Ettore Majorana”, University of Catania, 95123 Catania, Italy;
giuseppe.paladini@dfa.unict.it

* Correspondence: andrea.fiorati@polimi.it; Tel.: +39-2399-3173

Xerogels are solid materials derived from gels which consist of interconnected particles
or polymers dispersed in a liquid. This gel structure is subjected to a drying process (e.g.,
slow evaporation or freeze-drying), resulting in the removal of the liquid phase, leaving
behind a solid material. During this drying process, the liquid is extracted from the gel
while attempting to preserve its original shape and structure as much as possible. Although
some shrinkage may occur, xerogels exhibit unique properties such as high porosity and a
large surface area due to the interconnected network of pores formed during drying. These
characteristics make xerogels valuable in a wide range of applications, including catalysts,
adsorbents, sensors, membranes, and drug delivery systems. The field of materials science
and engineering has seen a surge of interest in the development of innovative xerogels,
leading to a focus on their design for various applications. With the ability to conveniently
control their structures and morphologies during synthesis, xerogels have become a subject
of great significance within the scientific community.

Taking these factors into account, the objective of this Gels Special Issue is to assemble
high-quality papers that showcase recent progress and discoveries in xerogel science,
encompassing design and practical utilization. We sought original contributions exploring
traditional and non-traditional approaches to synthesizing and characterizing xerogels.
The aim is to deepen our understanding of the fundamental and applied aspects of various
organic and inorganic xerogel-like materials.

The recent advancements concerning the role of biopolymer-based xerogels in biomed-
ical applications were thoroughly discussed by Khalil and colleagues. Through their
systematic literature review, the authors provide insights into the biological properties of
xerogels that make them suitable materials for various biomedical applications, including
drug delivery, wound healing and dressing, tissue scaffolding, and biosensing [1].

Furthermore, xerogels are widely utilized for the adsorption of ions and metals. Putz
et al. [2] reported the synthesis of ordered mesoporous silica materials capable of acting as
sorbents for environmental remediation, specifically targeting Cu(II) and Pb(II). Xerogels’
metal adsorption properties can be effectively harnessed to create efficient heterogeneous
catalysts. For instance, Riva et al. [3] successfully catalyzed the Suzuki–Miyaura coupling
reaction using Pd-loaded cellulose nanosponge as a heterogeneous catalyst. Additionally,
Mahy et al. [4] described the preparation of mono- and bimetallic catalysts based on Fe,
Ni, and Pd supported on silica through a sol–gel co-gelation process, resulting in porous
materials with surface areas ranging from 100 to 400 m2/g.

Although silica xerogels are widely recognized as the most commonly used type, it
is known that metal oxides such as Al2O3, SiO2, TiO2, and CeO2, which possess large
specific surfaces and thermal stability, can serve as catalyst supports. Within our special
issue, we feature the research of Romanczuk-Ruszuk and colleagues, who synthesized

Gels 2023, 9, 446. https://doi.org/10.3390/gels9060446 https://www.mdpi.com/journal/gels
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binary xerogel systems of Sr/Al using the sol–gel technique. These systems incorporated a
metallic strontium precursor and were evaluated as supports for platinum catalysts. The
researchers successfully achieved highly dispersed and stable strontium carbonate phases,
leading to a remarkable dispersion (42–50%) of platinum nanoparticles [5].

The versatility of sol–gel approaches can be exploited to trap ions (as reported before)
or molecules and macromolecules such as proteins to confer the final materials’ specific
properties. For the sake of an example, Morosanova and colleagues reported the synthesis
of a promising biosensor development by incorporating enzymes (horseradish peroxidase
and mushroom tyrosinase) and crude banana extract in a silane-based structure to create
optical biosensors for hydrogen peroxide in the range of 0.2–3.5 mM [6].

The classic sol–gel process which involves hydrolysis reactions of (semi)metal alkoxides
is a well-established method for creating organic–inorganic hybrid materials. However,
alternative approaches utilizing non-aqueous or non-hydrolytic systems have also been
investigated. In this context, Krupinski and colleagues presented a novel approach utilizing
element chlorides and silylated precursors to produce “bridged” or “linearly expanded” silicas
and silsesquioxanes through a non-hydrolytic sol–gel method. This study demonstrates that
the non-hydrolytic approach to hybrid materials can be extended to other silylated precursors,
as long as the reactivity of the corresponding chlorine compound is adequate [7].

The responsibility of porous materials toward external stimuli is crucial for the ob-
tainment of smart innovative materials, and the chemistry of N-oxide moieties offers a
wide range of possibilities. In this context, Trofimov and co-workers report the synthesis of
4-dialkylamino-2,5-dihydroimidazol-1-oxyls with moieties at position 2 and at the exocyclic
nitrogen able to act as pH-Sensitive spin labels [8], while Jayabhavan and colleagues study
the stimuli-responsivity supramolecular gels based on pyridyl-N-oxide amides [9].

Due to their versatility, xerogels and porous materials are becoming of great interest
to scientists who focus their attention on food science and food packaging. Dried porous
materials based on plant proteins have gained significant attention as potential sustainable
food ingredients. However, plant proteins exhibit weaker gelling properties compared
to animal proteins. To enhance plant protein gelling, optimization of gelation conditions
involving protein concentration, pH, and ionic strength is necessary. De Berardinis and
colleagues conducted a systematic study to investigate the impact of these factors on the
gelation behavior of soy and pea protein isolates. The findings were used to create a map
that identifies the gelation conditions for modulating the rheological properties of soy and
pea protein hydrogels, with potential applications in the production of xerogels, cryogels,
and aerogels [10]. Innovation in intelligent food packaging materials holds promise for
enhancing food safety, quality, and control. Researchers are exploring the combination of
biodegradable semi-synthetic polymers with natural polymers and additives to improve
material functionality. In line with this, Vlad-Bubulac and colleagues developed composite
films by casting a solution containing specific mass ratios of poly(vinyl alcohol) and chitosan
as the polymeric matrix, supplemented with TiO2 nanoparticles and a polyphosphonate
as reinforcing additives. The favorable outcomes regarding precursor homogeneity, film
quality, antimicrobial activity, and cytocompatibility demonstrate the potential suitability
of these films for food packaging applications [11].

Xerogels offer unique properties for diverse applications, including catalysts, adsor-
bents, sensors, and drug delivery systems. Biopolymer-based xerogels show promise
in biomedical applications, while metal oxides expand catalyst support options. Non-
hydrolytic sol–gel approaches and additives enable hybrid materials. Intelligent food
packaging and improved plant protein gelling are active areas of research. Composite films
combining biodegradable polymers, natural polymers, and additives hold potential for
food packaging. Exciting advancements in xerogel science drive innovation stimulating
the interest of the scientific community.

Conflicts of Interest: The authors declare no conflict of interest.
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Article

A Non-Hydrolytic Sol–Gel Route to Organic-Inorganic Hybrid
Polymers: Linearly Expanded Silica and Silsesquioxanes
Katrin Krupinski 1, Jörg Wagler 1,2, Erica Brendler 3 and Edwin Kroke 1,2,*

1 Institute of Inorganic Chemistry, Department of Chemistry and Physics, Technische Universität Bergakademie
Freiberg (TUBAF), Leipziger Strasse 29, 09596 Freiberg, Saxony, Germany; katrinlippe@gmx.net (K.K.);
joerg.wagler@chemie.tu-freiberg.de (J.W.)

2 Center of Efficient High Temperature Processes and Material Conversion (ZeHS), Technische Universität
Bergakademie Freiberg (TUBAF), Winklerstr. 5, 09599 Freiberg, Saxony, Germany

3 Institute of Analytical Chemistry, Department of Chemistry and Physics, Technische Universität Bergakademie
Freiberg (TUBAF), Leipziger Strasse 29, 09596 Freiberg, Saxony, Germany; erica.brendler@chemie.tu-freiberg.de

* Correspondence: edwin.kroke@chemie.tu-freiberg.de; Tel.: +49-3731-39-3174; Fax: +49-3731-39-4058

Abstract: Condensation reactions of chlorosilanes (SiCl4 and CH3SiCl3) and bis(trimethylsilyl)ethers
of rigid, quasi-linear diols (CH3)3SiO–AR–OSi(CH3)3 (AR = 4,4′-biphenylene (1) and 2,6-naphthylene
(2)), with release of (CH3)3SiCl as a volatile byproduct, afforded novel hybrid materials that feature
Si–O–C bridges. The precursors 1 and 2 were characterized using FTIR and multinuclear (1H, 13C,
29Si) NMR spectroscopy as well as single-crystal X-ray diffraction analysis in case of 2. Pyridine-
catalyzed and non-catalyzed transformations were performed in THF at room temperature and at
60 ◦C. In most cases, soluble oligomers were obtained. The progress of these transsilylations was
monitored in solution with 29Si NMR spectroscopy. Pyridine-catalyzed reactions with CH3SiCl3
proceeded until complete substitution of all chlorine atoms; however, no gelation or precipitation was
found. In case of pyridine-catalyzed reactions of 1 and 2 with SiCl4, a Sol–Gel transition was observed.
Ageing and syneresis yielded xerogels 1A and 2A, which exhibited large linear shrinkage of 57–59%
and consequently low BET surface area of 10 m2·g−1. The xerogels were analyzed using powder-XRD,
solid state 29Si NMR and FTIR spectroscopy, SEM/EDX, elemental analysis, and thermal gravimetric
analysis. The SiCl4-derived amorphous xerogels consist of hydrolytically sensitive three-dimensional
networks of SiO4-units linked by the arylene groups. The non-hydrolytic approach to hybrid materials
may be applied to other silylated precursors, if the reactivity of the corresponding chlorine compound
is sufficient.

Keywords: inorganic/organic networks; non-aqueous gels; arylene bridged; chlorosilanes; pyridine;
29Si solid state NMR

1. Introduction

Organic-inorganic hybrid materials usually have properties intermediate between
organic polymers and inorganic substances, such as oxide glasses or ceramics [1–3]. A
well-known approach to organic-inorganic hybrid materials uses the classic Sol–Gel pro-
cess based on hydrolysis reactions of (semi)metal alkoxides [4–7]. Non-aqueous or non-
hydrolytic [8–11] and non-oxide [12,13] Sol–Gel systems have also been reported. The
so-called non-hydrolytic routes frequently refer to oxidic products, which may be used
for similar applications as oxide products derived from hydrolytic routes; these include
catalyst supports [14], optical materials [15], or aerogels [16–18], among many others [4–9].

Non-hydrolytic Sol–Gel systems are frequently based on metal halides and their re-
actions with oxygen containing organic or organometallic compounds such as alkoxides
or acetoxides. They yield polymeric networks that are comprised of M–O–M’ backbone
units. Thus, these non-aqueous systems are basically alternatives to the classic aqueous

Gels 2023, 9, 291. https://doi.org/10.3390/gels9040291 https://www.mdpi.com/journal/gels
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Sol–Gel routes as they afford oxides or metal oxide based organic-inorganic hybrid materi-
als. The M–O–M’ bridges are generated via a nucleophilic attack of the oxygen atoms at the
metal atom of the halide. Therefore, the common principle of most non-hydrolytic Sol–Gel
processes relies on a scission of carbon-oxygen-bonds instead of hydrolysis involving a
nucleophilic attack of OH-groups (Scheme 1a). The (semi)metals M and M’ may be identical.
For example, the reaction of SiCl4 with tetra-n-butoxysilane (Scheme 1b) has been used to
generate silica gels upon formation of the liquid side product n-butylchloride [19]. The
underlying reaction may be considered as an ether cleavage. This route can also be applied
for other alkyl groups and may be simplified by using alcohols like methanol, ethanol, or
isopropanol in order to form the alkoxide in situ via reactions with an element halide. In
analogy to silica gels [20], other single component oxide gels (M = M’), such as alumina [21],
titania [22] gels, or tungsten oxide [23], were prepared. Different mixed oxide ceramics such
as TiO2/SiO2 [24], TiO2/Al2O3 [25], SiO2/Al2O3, or SiO2/ZrO2 [24,26] were synthesized
using the same approach. This route has also been applied to prepare multinary solids
such as YAG (yttrium aluminum garnet) powders [27], cordierites [28], or β-SiAlON:Eu
powders [29]. In many cases, precipitation of the products, rather than Sol–Gel transi-
tion and monolith formation, has been reported. A number of related approaches, such
as nonhydrolytic solvothermal synthesis of oxide nanoparticles under anhydrous condi-
tions, e.g., [30], have been reported in recent years. In addition, numerous reports on
the controlled aggregation and gelation of (non-hydrolytically) formed oxide colloids, i.e.,
nano-particle dispersions or sols, have been published [31].
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Pronounced Lewis acidic metal halides, such as TiCl4, react with organic ethers, e.g., diiso-
propyl ether or THF (tetrahydrofuran), to give mesoporous TiO2-carbon nanocomposites [32].
In this process, which involves no additional solvent, the ether acts as both an oxygen
donor and source of oxide and as the sole carbon source.

Acetoxysilanes and metal alkoxides (the latter in analogy to metal halides) react with
formations of carboxylic acid esters and of non-aqueous oxide gels (Scheme 1c). The alkox-
ide may be a compound of the main group elements (silicon [33] and aluminum [21,33]) or
of a transition metal (zirconium [26,33] or titanium [33,34]).

Further non-hydrolytic Sol–Gel systems are based on reactive organometallic com-
pounds or alkoxides and further organic oxygen-containing compounds, e.g., acetone
and zinc alkoxides react with formation of gels under enolization of the ketone and elim-
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ination of the corresponding alcohol [35]. This reaction behavior is observed only for
non-acidic alkoxides.

Only few non-oxide Sol–Gel systems are known, i.e., Sol–Gel routes to sulfides, car-
bides, or nitrides, which lead to monolithic xerogels [12,13]. Some are related to the
synthesis described here. In analogy to the hydrolysis and condensation reactions of the
classic oxide Sol–Gel systems, compounds of the heavier chalcogenides may be considered
as precursors [12,36].

Many papers on Sol–Gel synthesis routes to sulfides were published, but only a few
Sol–Gel transitions were reported. For ZnS it was described that treatment of Et2Zn or
[Zn(SR)2]x with H2S generates precipitates, while reactions of dibenzyl trisulfide (BnS)2S
and Et2Zn in pentane (Scheme 2a) yielded transparent sols, gels, and xerogels after removal
of the solvent [37]. The successful preparation of colloidal CdS and CdSe [38] gels, as well
as CdSe sols obtained from Cd(ethoxyacetate)2 and Se(Si(CH3)3)2 [39], represents another
non-oxide Sol–Gel strategy. CdS/CdSe aerogels can also be obtained from nanocrstyalline
starting materials [40]. In another example, Ge(OEt)4 was treated with H2S to form sulfide
gels [41]. Interesting nanostructured sulfide materials have been obtained from molybde-
num chloride and S(Si(CH3)3)2 in chloroform [42]. A similar approach, that is also based
on the formation of trimethylchlorosilane, has been used to generate polydimethylsiloxane
(PDMS) analogous silicon-sulfur polymers [43].
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trisulfide and diethylzinc; (b) Reaction of a dimethylamino substituted cyclotrisilazane and ammonia.

Even more work has been published on the synthesis of nitride materials via Sol–Gel
routes. It may be assumed that simple replacement of water by ammonia or amines leads
to nitride gels. However, it turns out that, in most cases, this approach is not successful,
probably due to the much higher basicity of NH3 and RNH2 when compared to H2O. The
first example of a Sol–Gel process based on an ammonolysis reaction yielding Si/(C)/N gels
starts from a dialkylamino substituted cyclic trisilazane (Scheme 2b); it can be described as
a transamination reaction [44]. These so-called silicon diimide gels have subsequently been
used for stationary phases in thin layer chromatography for organic acids [45].

Hexagonal boron nitride (h-BN) and ternary B/C/N ceramics have been synthesized
using “silazanolysis” reactions of B-trichloroborazene and its alkyl substituted derivatives
with hexa- and heptamethyl disilazane [46]. A three-dimensional network infiltrated with
liquid (CH3)3SiCl is formed that is analogous to the oxide polymer networks infiltrated by
solvents and liquid reaction products. The dried xerogels showed low specific surface areas
(<35 m2·g−1) when compared to oxide xerogels. Pyrolysis at 1200 ◦C produced hexagonal
boron nitride.

Another approach to synthesize gel precursors for carbide and nitride materials is based
on the pseudo-chalcogen concept [47]. In principle, the oxygen atoms of polysiloxanes are
replaced by carbodiimide (–N=C=N–) groups in order to obtain (poly)silylcarbodiimide
compounds [48]. Reactions of bis(trimethylsilyl)carbodiimide (CH3)3Si–NCN–Si(CH3)3
and dichlorosilanes (such as (CH3)2SiCl2) give linear and cyclic oligomers [49], while reac-
tions of this carbodiimide with trichlorosilanes (RSiCl3 with R = alkyl, aryl or H) or with
tetrachlorosilane may result in the formation of transparent gels (Scheme 3a) [50,51]. Several
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attempts to extend this Sol–Gel system through replacing the chlorosilanes with other ele-
ment halides were not successful. For example, analogous reactions with titanium chlorides,
such as TiCl4 or CpTiCl3, led to the formation of precipitates; the use of RAlCl2 and gallium
chlorides as starting materials gave soluble oligomers [52]. However, B-trichloroborazene
(B3N3H3Cl3) reacts similarly to the chlorosilanes with bis(trimethylsilyl)carbodiimide and
forms B/C/N gels (Scheme 3b) that can be transformed into B/C/N and B4C ceramics [53].
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We modified the above-described Sol–Gel approach based on (CH3)3SiCl formation
by replacing bis(trimethylsilyl)carbodiimide with trimethylsilyl esters of cyanuric and
cyameluric acid (Scheme 3c). Their reactions with SiCl4 and CH3SiCl3 yielded networks
consisting of three-fold bridged SiO4 and CH3SiO3 units [54]. Similar three-fold bridged net-
works were formed upon acid catalyzed reactions of trihydroxybenzene and tetraethoxysi-
lane (TEOS) [55]. The same approach was used with TEOS and dihydroxybenzenes as
bifunctional precursors [56].

Here we present the extension of the concept of reaction of element chlorides and
silylated precursors to obtain “bridged” or “linearly expanded” silicas and silsesquioxanes.
Reactions of rigid, quasi-linear bis(trimethylsilyl)ethers of diols of the type (CH3)3SiO–
AR–OSi(CH3)3 (AR = quasi-linear arylene spacer) and chlorosilanes (SiCl4 and CH3SiCl3)
afforded novel hybrid oligomers, polymers, and xerogels; the latter were investigated with
X-ray diffraction (XRD), 29Si nuclear magnetic resonance (NMR), and Fourier-transform
infrared(FTIR) spectroscopy, as well as with scanning electron microcopy coupled with
energy-dispersive X-ray spectroscopy (SEM/EDX), elemental analysis, thermal gravimetry
with differential thermal analysis (TG/DTA), and TG-FTIR.

2. Results and Discussion
2.1. Selection, Synthesis and Characterisation of the Starting Materials

As mentioned in the introduction, the goal of the present work was to synthesize
“linearly expanded silica and silsesquioxanes”. The latter term defines hybrid materials
that differ from the well-known “organically bridged” silsesquioxanes O1.5Si–[linker]–
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SiO1.5 [57–60] (Figure 1a), which feature various organic groups as linkers, and related
systems such as polysilsesquioxanes [R–SiO1.5]n, with R being a terminal group (such as
hydrocarbyl) [61,62]. These materials are based on the replacement of Si–O bonds by Si–C
bonds. The present approach retains original Si–O motifs but alters the –O– bridge into
an extended –O–[linker]–O– quasi-linear bidentate connector. Thus, these systems may be
compared to metal organic frameworks (MOFs) [63], which may be considered “expanded”
coordination centers (such as metal oxide centers) bridged by rigid bidentate ligands (such
as terephthalate [O2C–C6H4–CO2]2−) symbolized as LyM–L”–[linker]–L”–MLy (Figure 1b).
This route to usually crystalline network structures has been extended to covalent organic
frameworks (COFs) [64].
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Figure 1. Approaches to “expanded oxides”: (a) The most frequently prepared hybrid materials
which may be described as organically bridged silsesquioxanes; (b) MOFs (metal organic frameworks)
can be considered as “organically expanded” coordination centers; (c) Replacing the oxygen atoms in
Si–O compounds by carbodiimide units results in non-oxides, which are “expanded” compared to
the oxide analogues; (d) “Trigonally expanded silicas” as prepared earlier; (e) “Linearly expanded
silicas” as presented here.

Silylcarbodiimides may also by viewed as “linearly expanded Si–O” compounds, since
the oxygen atoms are replaced by NCN-units as alternative difunctional linkers of similar
electronegativity [48–53]. This approach differs from the above oxides since Si–O bonds are
replaced by Si–N bonds (Figure 1c). In the present work, we aimed to “expand” SiOx-units
with rigid spacers without changing the Si–O bonds, i.e., incorporating Si–O–C linkages. In
a former study, we used three-fold functional units as organic bridges (Figure 1d) [54]. The
obtained hybrid materials are highly cross-linked gels. In order to synthesize polymeric
gels with a lower degree of cross-linking, we decided to use two-fold functionalized rigid
bridges (Figure 1e).

All attempts to generate the target materials using reactions of commercially available
diols, including 4,4′-dihydroxybiphenyl with alkoxysilanes such as TEOS or tetramethoxysi-
lane (TMOS), were not successful. The poor solubility of these diols in polar and non-polar
organic solvents may be one of the reasons. In order to start from homogeneous solutions,
we decided to react silylated diols with chlorosilanes.

4,4′-Bis(trimethylsiloxy)biphenyl 1 was synthesized according to a previously reported
protocol [65]; the silylated product was additionally purified by crystallization from n-
hexane. 2,6-Bis(trimethylsiloxy)naphthalene 2 was prepared analogously by silylation of
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the diol with hexamethyldisilazane (HMDS) using KOtBu as a catalyst. Upon vacuum
distillation, compound 2 solidified to afford a colorless crystalline solid. Both starting mate-
rials (1 and 2) showed sharp melting points and delivered satisfying elemental analyses.
In the FTIR spectra, the expected absorption bands for Calkyl–H, Caryl–H, C=C, Si–O, and
Si(CH3)3 groups were present. For both compounds, the 1H, 13C, and 29Si NMR spectra
exclusively exhibited the respective set of signals to be expected for the symmetric two-fold
silylated products. No indications for monosilylated diols or for any other impurities
were found.

In case of compound 2, a single-crystal X-ray diffraction analysis was performed,
providing complete structural information for this molecule (Figure 2). Selected bond
lengths and angles are summarized in Table 1. All remaining structural data can be found
in Table S1 (bond lengths), Table S2 (bond angles), and Table S3 (torsion angles).
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The bonds between C4 and C5 (1.364 Å) and between C3 and C2 (1.364 Å) are signif-
icantly shorter than the remaining C-C bonds of the naphthalene group. Thus, four of the 
eleven bonds have an enhanced double bonding character. Nevertheless, all bond angles 

Figure 2. Molecular structure of 2 in the crystal (thermal displacement ellipsoids plotted at the
50% probability level). The bond C1–C1* of the molecule is located on a crystallographic center
of inversion, the non-hydrogen atoms of the asymmetric unit are labeled, the asterisk * indicates a
symmetry equivalent position. For clarity reasons hydrogen atoms (white balls) are not labeled.

Table 1. Selected bond lengths and angles for compound 2. Symmetry equivalent atoms are marked
with an asterisk *.

Bond Lengths [Å] Bond Angles [◦]

C1–C2 1.424(2) C1*–C1–C2 119.2(2)
C2–C3 1.364(2) C1–C2–C3 120.5(1)
C3–C4 1.415(2) C2–C3–C4 120.0(1)
C4–C5 1.364(2) C3–C4–C5 120.6(1)
C5–C1* 1.413(2) C4–C5–C1* 120.7(1)
C1–C1* 1.413(2) C5*–C1–C1* 119.0(2)

C5*–C1–C2 121.9(1)

The bonds between C4 and C5 (1.364 Å) and between C3 and C2 (1.364 Å) are signifi-
cantly shorter than the remaining C–C bonds of the naphthalene group. Thus, four of the
eleven bonds have an enhanced double bonding character. Nevertheless, all bond angles
of the naphthalene unit are very close to 120◦ in accordance with a planar six-membered
arene motif.

2.2. Oligomer and Polymer Formation in Solution

Solutions of the precursors (i.e., silylated diol 1 or 2, chlorosilane CH3SiCl3, or SiCl4—
with and without addition of pyridine, in THF as the solvent) were allowed to react at
room temperature and at 60 ◦C. Only the reactions with SiCl4 and pyridine (1aPy and
2aPy) afforded gels. All other reaction mixtures (1a = 1/SiCl4/THF; 2a = 2/SiCl4/THF;
1b = 1/CH3SiCl3/THF; 2b = 2/CH3SiCl3/THF; 1bPy = 1/CH3SiCl3/pyridine/THF;
2bPy= 2/CH3SiCl3/pyridine/THF) were sealed in NMR tubes and investigated with 29Si
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NMR spectroscopy (using external D2O). The 29Si NMR spectrum of reaction mixture
1b after one day at room temperature indicates a rather slow reaction; the spectrum is
dominated by the signals of the starting materials, but the emergence of new signals at
31 ppm ((CH3)3SiCl) and −11 ppm (CH3SiCl2(O-aryl) confirm the transsilylation reac-
tion even at room temperature and in absence of pyridine catalyst (cf. Figure S1 in the
supporting information).

Upon further storage of reaction mixture 1b (biphenyl precursor 1 and CH3SiCl3 in
THF without pyridine) at room temperature, a new signal at −33 ppm (MeSiCl(O-aryl)2
moieties) emerges in the 29Si NMR spectrum; this is the sole product signal after 30 days
(cf. Figure S2 in the supporting information). An analogous reaction mixture 2b (using the
naphthalene precursor 2 and CH3SiCl3 in THF without pyridine) exhibits similar behavior,
but the emergence of the signal of CH3SiCl(O-aryl)2 groups (at −32 ppm) within one day
and the disappearance of the signal of CH3SiCl2(O-aryl) groups (at −11 ppm) within
8 days indicates more rapid reaction of precursor 2 vs. 1 (cf. Figure S3 in the supporting
information). Both systems have in common that transsilylation essentially stopped at the
CH3SiCl(O-aryl)2 stage.

However, supplementing a reaction mixture such as 2b with pyridine as a nucleophilic
catalyst (2bPy = 2 plus CH3SiCl3 and pyridine in THF) enhances the already known
transsilylation steps and gives rise to the emergence of a new 29Si NMR signal at −52 ppm
(CH3Si(O-aryl)3 moieties) within 9 hours; this is the exclusive high field signal after 6 days
(cf. Figure S4 in the supporting information). Thus, with pyridine, a complete substitution
of all three Cl atoms of CH3SiCl3 by O-atoms occurs, while the reaction seems to cease at
the stage of a two-fold substitution without addition of pyridine. This rate-increasing effect
of pyridine is observed in a similar way for the biphenyl derivative (1bPy).

For tetrachlorosilane, the reaction progress of non-gel-forming reaction mixtures can
also be followed in solution by 29Si NMR spectroscopy. The corresponding spectra are
depicted in the supplementary material (Figures S5 and S6). They also indicate that the
naphthalene derivative 2 reacts faster than the biphenyl compound 1.

In the reaction mixtures of SiCl4 with 1 and 2 plus pyridine (1aPy and 2aPy), a complete
chlorine substitution is observed as in the reactions of CH3SiCl3 with 1 and 2 plus pyridine
(1bPy und 2bPy), i.e., formation of “SiO4“ and “CH3SiO3” and acceleration of the reactions.
In addition, gelation also occurred. This indicates that the degree of cross-linking in the case
of starting material CH3SiCl3 is not sufficient to form a rigid network. The silsesquioxane
units obviously lead to fewer cross-linked and THF soluble oligomeric structures.

2.3. Gel Synthesis and Characterisation

The reaction mixtures of both silylated precursors 1 and 2 with SiCl4 and pyridine
(1aPy and 2aPy) formed gels within 24 hours. Over several days, strong syneresis was
observed. After three weeks, the gels were dried in vacuum. The obtained xerogels 1A and
2A were brittle and glass-like; 1A was white and 2A was slightly brownish. Both xerogels
were analyzed by elemental analysis, powder X-ray diffraction, and IR and solid state 29Si
NMR spectroscopy. The latter spectroscopic investigations were also used to characterize
the hydrolytic sensitivity of xerogels 1A and 2A.

EDX studies (performed during SEM analyses, vide infra) of both xerogels showed
the presence of the elements Si, O, and C, as expected. A determination of the chlorine
content indicated minor contents of 1.15 wt% in case of 1A and 0.89 wt% in case of 2A. This
corresponds well with the 29Si NMR studies in solution (see Section 2.2), where a complete
substitution of all three (in case of CH3SiCl3) and all four (in case of SiCl4) chlorine atoms
was observed for the pyridine catalyzed reactions.

The powder X-ray diffraction data indicated completely amorphous structures for
xerogels 1A and 2A. In the vibrational spectra, all typical absorption bands for the charac-
teristic C–H, C–C, C–O, Si–O, and Si–C valence and deformation vibrations were present
(see materials and methods section).

11
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In Figures 3 and 4, the solid state 29Si NMR spectra of both xerogels 1A and 2A are
shown. Despite the fact that stoichiometric amounts of the starting materials SiCl4 and 1 or
2 were used, i.e., a molar ratio of 1:2, relatively strong signals for unreacted or partly reacted
O–Si(CH3)3-groups in 1 (around 20 ppm), and some signals for potential side products
with OSi(CH3)3-groups (signals in the range 10–16 ppm)), were found. The signals for the
expected SiO4-moieties in the xerogels are clearly detectable (around −100 ppm). As the
spectrum essentially consists of these two groups of signals, we conclude that moieties of
partial substitution (ClSi(O-aryl)3, expected in the 29Si NMR shift range (−80 to −85 ppm)
are almost absent. In Figure 3, it can be seen that after storing the powdered xerogel
1A for two days in ambient air, new upfield shifted signals emerge for both groups of
signals; we attribute them to (aryl-O)3Si–O–Si-groups. The spectrum of xerogel 1A (in
contrast to xerogel 2A) already shows a sharp signal at 16.1 ppm before contact with air,
which is attributed to adsorbed (CH3)3SiOH. After the contact with humidity from air,
the unreacted Si(CH3)3)-groups in both xerogels were partially hydrolysed and bonded to
the Si–O network of the xerogel. The backbone of xerogel 1A is obviously more prone to
hydrolysis when compared to that of xerogel 2A, because after two days of storage with
air contact, an upfield signal around −110 ppm is present in the spectrum of sample 1A
(Figure 3), but an analogous signal is less pronounced in the spectrum of 2A upon the same
treatment (Figure 4, bottom).

Gels 2023, 9, x FOR PEER REVIEW 8 of 18 
 

 

state 29Si NMR spectroscopy. The latter spectroscopic investigations were also used to 
characterize the hydrolytic sensitivity of xerogels 1A and 2A. 

EDX studies (performed during SEM analyses, vide infra) of both xerogels showed 
the presence of the elements Si, O, and C, as expected. A determination of the chlorine 
content indicated minor contents of 1.15 wt % in case of 1A and 0.89 wt % in case of 2A. 
This corresponds well with the 29Si NMR studies in solution (see Section 2.2), where a 
complete substitution of all three (in case of CH3SiCl3) and all four (in case of SiCl4) chlo-
rine atoms was observed for the pyridine catalyzed reactions. 

The powder X-ray diffraction data indicated completely amorphous structures for 
xerogels 1A and 2A. In the vibrational spectra, all typical absorption bands for the char-
acteristic C-H, C-C, C-O, Si-O, and Si-C valence and deformation vibrations were present 
(see materials and methods section). 

In Figures 3 and 4, the solid state 29Si NMR spectra of both xerogels 1A and 2A are 
shown. Despite the fact that stoichiometric amounts of the starting materials SiCl4 and 1 
or 2 were used, i.e., a molar ratio of 1:2, relatively strong signals for unreacted or partly 
reacted O–Si(CH3)3-groups in 1 (around 20 ppm), and some signals for potential side prod-
ucts with OSi(CH3)3-groups (signals in the range 10–16 ppm)), were found. The signals for 
the expected SiO4-moieties in the xerogels are clearly detectable (around −100 ppm). As 
the spectrum essentially consists of these two groups of signals, we conclude that moieties 
of partial substitution (ClSi(O-aryl)3, expected in the 29Si NMR shift range (−80 to −85 ppm) 
are almost absent. In Figure 3, it can be seen that after storing the powdered xerogel 1A 
for two days in ambient air, new upfield shifted signals emerge for both groups of signals; 
we attribute them to (aryl-O)3Si–O–Si-groups. The spectrum of xerogel 1A (in contrast to 
xerogel 2A) already shows a sharp signal at 16.1 ppm before contact with air, which is 
attributed to adsorbed (CH3)3SiOH. After the contact with humidity from air, the unre-
acted Si(CH3)3)-groups in both xerogels were partially hydrolysed and bonded to the Si-
O network of the xerogel. The backbone of xerogel 1A is obviously more prone to hydrol-
ysis when compared to that of xerogel 2A, because after two days of storage with air con-
tact, an upfield signal around −110 ppm is present in the spectrum of sample 1A (Figure 
3), but an analogous signal is less pronounced in the spectrum of 2A upon the same treat-
ment (Figure 4, bottom). 

 
Figure 3. 29Si cross-polarization magic angle spinning (CP MAS) NMR spectra of xerogel 1A (ob-
tained from 1/SiCl4/pyridine/THF), top (red trace): xerogel prepared under argon; bottom (blue 
trace): same sample of xerogel after two days in contact with ambient air. (The vertical lines at δ = 
+20 ppm and −100 ppm aid enhanced visualization of the chemical shift differences). 

Figure 3. 29Si cross-polarization magic angle spinning (CP MAS) NMR spectra of xerogel 1A (obtained
from 1/SiCl4/pyridine/THF), top (red trace): xerogel prepared under argon; bottom (blue trace):
same sample of xerogel after two days in contact with ambient air. (The vertical lines at δ = +20 ppm
and −100 ppm aid enhanced visualization of the chemical shift differences).

This higher sensitivity toward hydrolysis of 1A may be caused by the fact that the
biphenyl units provide more flexibility and more accessibility for water molecules due to
the torsional freedom between both phenylene groups, while the naphthalene fragment is
essentially rigid.

2.4. Morphological and Thermal Characterization of the Xerogels

The phenomenology of the Sol–Gel transition observed for the hybrid Sol–Gel system
presented here is very similar to typical oxide Sol–Gel processes: a homogenous and
transparent liquid reaction mixture solidifies—after a certain reaction time of typically
hours to days—with formation of a shape retaining monolithic gel body that is usually
translucent for visible light. In Figure 5, the appearance of gels of the system 1aPy is
depicted.
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contact with ambient air. (The vertical lines at δ = +20 ppm and−100 ppm aid enhanced visualization
of the chemical shift differences).

Gels 2023, 9, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 4. 29Si CP MAS NMR spectra of xerogel 2A (obtained from 2/SiCl4/pyridine/THF), top (red 
trace): xerogel prepared under argon; bottom (blue trace): same sample of xerogel after two days in 
contact with ambient air. (The vertical lines at δ = +20 ppm and −100 ppm aid enhanced visualization 
of the chemical shift differences.). 

This higher sensitivity toward hydrolysis of 1A may be caused by the fact that the 
biphenyl units provide more flexibility and more accessibility for water molecules due to 
the torsional freedom between both phenylene groups, while the naphthalene fragment 
is essentially rigid. 

2.4. Morphological and Thermal Characterization of the Xerogels 
The phenomenology of the sol-gel transition observed for the hybrid sol-gel system 

presented here is very similar to typical oxide sol-gel processes: a homogenous and trans-
parent liquid reaction mixture solidifies—after a certain reaction time of typically hours 
to days—with formation of a shape retaining monolithic gel body that is usually translu-
cent for visible light. In Figure 5, the appearance of gels of the system 1aPy is depicted. 

 
Figure 5. Reaction mixture 1aPy and formation of gel 1A: (a) at t = 0 h, (b) after one day gelation and 
partial syneresis already occurred, (c) aged for 21 days. 

The morphology of the xerogels was investigated using scanning electron micros-
copy (SEM). The image in Figure 6 shows that xerogel 1A is constituted of nanostructured 
primary particles with diameters of less than 50 nm. These primary particles are very 
strongly agglomerated, fused, or even coalesced. 

Figure 5. Reaction mixture 1aPy and formation of gel 1A: (a) at t = 0 h, (b) after one day gelation and
partial syneresis already occurred, (c) aged for 21 days.

The morphology of the xerogels was investigated using scanning electron microscopy
(SEM). The image in Figure 6 shows that xerogel 1A is constituted of nanostructured
primary particles with diameters of less than 50 nm. These primary particles are very
strongly agglomerated, fused, or even coalesced.

Xerogel 2A is characterized by a very similar microstructure, with primary particle
sizes in the range below 50 nm, as can be seen in Figure 7. The degree of agglomeration
is very similar to that of xerogel 1A. The particles are almost fully coalesced to a dense
homogeneous body, with only very little inter-particle spaces and corresponding porosity.

Nitrogen adsorption measurements, analyzed according to the Brunauer–Emmett–
Teller (BET) model, indicated that xerogel 2A has a surface area of approximately 10 m2·g−1.
This relatively low value corresponds very well with the SEM images, which show that
most of the porosity and surface area (which was most likely present in the wet gels)
strongly decreases during ageing and drying of the gels. This is also supported by the large
linear shrinkage of 57% for xerogel 1A and 59% for xerogel 2A.

The thermal behavior of the xerogels was investigated under argon atmosphere apply-
ing a heating rate of 5 K·min−1 up to 800 ◦C. Further TG-FTIR studies were performed in
the temperature range up to 750 ◦C, again with a heating rate of 5 K·min−1 under argon.
The results of the measurements are shown in Figures 8 and 9.
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Figure 7. SEM image of xerogel 2A (obtained from 2/SiCl4/pyridine/THF). The composition and
identity of the larger crystalline-appearing particle in the upper right corner of the image could not
be resolved.

The TG/DTG curves of xerogels 1A and 2A are similar, showing three peaks in the
comparable temperature ranges (1A: ca. 220 ◦C, 520 ◦C, and 600 ◦C; 2A: ca. 150 ◦C, 520 ◦C,
and 600 ◦C). For both xerogels, the mass loss below 250 ◦C can be attributed at least in part
to the desorption of residual THF and pyridine. This was supported by FTIR spectra of
the evolved gases. Desorption of volatile species containing –O–Si(CH3)3 groups and also
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condensation reactions of –O–Si(CH3)3 terminal groups also occurs. Hexamethyldisiloxane
and trimethylsilanol were clearly detectable in the FTIR spectra. At temperatures around
500 ◦C and 600 ◦C, decomposition reactions of aromatic C–H and remaining trimethylsilyl
units led to the formation of methane for both xerogels.
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Figure 8. TG/DTG measurement of xerogel 1A (obtained from 1/SiCl4/pyridine/THF; TG trace
dark blue, DTG trace light blue).
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Figure 9. TG/DTG measurement of xerogel 2A (obtained from 2/SiCl4/pyridine/THF; TG trace
dark blue, DTG trace light blue).

In the case of xerogel 1A, the total mass loss in the temperature range from 20 ◦C to
800 ◦C is 68.2%; xerogel 2A displays a lower mass loss of 57.3% in the same temperature
range. Although the pyrolytic residues were not analyzed, it is expected that Si/C/O/(H)
materials are formed at 800 ◦C. Thus, a slightly higher thermal stability and a higher ceramic
yield is found for xerogel 2A; this may be attributed to a higher degree of “graphitization”

15



Gels 2023, 9, 291

and, in turn, a higher thermal stability of the naphthalene moieties when compared to the
biphenylene units.

3. Conclusions

Here we reported on a non-hydrolytic Sol–Gel system for “organically bridged” or
“linearly expanded” silica and silsesquisiloxane hybrid materials. The synthesis is based on
reactions of SiCl4 and CH3SiCl3 with rigid aromatic diols, which are two-fold trimethysily-
lated, namely compounds 1 and 2. The driving force for these reactions is the formation
of (CH3)3SiCl.

The reactions proceed smoothly at room temperature and are accelerated by the
addition of catalytic amounts of pyridine. Most importantly, pyridine addition also causes
a complete substitution of all three or four chlorine atoms in the stoichiometric reaction
mixtures with CH3SiCl3 and SiCl4, respectively, even at room temperature.

A Sol–Gel transition is observed only in case of reactions of SiCl4 in the presence of
pyridine. The gels exhibit strong shrinkage, which leads to rather dense, nearly non-porous
xerogels 1A and 2A, both of which are hydrolytically sensitive.

The route to organic-inorganic hybrid polymers and gels presented here may be
applied to many related systems. We expect that other chlorosilanes with at least three
chlorine atoms as well as other element halides with similar reactivity may be combined
in suitable inert solvents with trimethylsilylated di-, tri-, or polyols to form (CH3)3SiCl or
(CH3)3SiX and more-or-less branched and cross-linked network structures. The products
may be calcined to form amorphous organic-inorganic hybrids with tailorable elemental
composition and properties.

The hydrolytic sensitivity of as prepared xerogels may not necessarily be a disad-
vantage. This property might be exploitable for the development of environmentally
degradable materials or for a targeted release of incorporated components triggered by
contact with water.

4. Materials and Methods

General Techniques and Chemicals. All manipulations were performed under an
inert (Ar or N2) atmosphere using standard Schlenk techniques or in a glovebox. The
solvents, tetrahydrofuran (THF), and n-hexane were dried by distillation from a sodium/
benzophenone mixture. The remaining starting materials, i.e., 4,4′-dihydroxybiphenyl,
2,6-dihydroxynaphthalene, hexamethyldisilazane (HMDS), potassium tert-butanolate
(KOtBu), as well as the chlorosilanes SiCl4 and CH3SiCl3, were used as received with-
out further purification.

Synthesis of the starting materials. 4,4′-Bis(trimethylsiloxy)biphenyl (1): The com-
pound was synthesized according to a procedure reported in the literature [65]. However,
the brownish product was impure and had to be purified. This was performed by extracting
45.0 g (136 mmol) of the raw product with 50 mL boiling n-hexane. In the extract solution,
white crystals of the product formed at room temperature. After filtration and drying
under vacuum, 40.9 g (124 mmol) analytically pure 1 were obtained. Mp 64 ◦C. NMR: 1H
(400 MHz, CDCl3) δ [ppm]: 7.42 (m, 4H, 3JHH = 8.4 Hz, H2,2′), 6.88 (m, 4H, 3JHH = 8.4 Hz,
H3,3′), 0.31 (s, 18H, CH3); 13C (100 MHz, CDCl3) δ [ppm]: 154.3 (C4, 4′), 134.2 (C1,1′), 127.7
(C2, 2′), 120.2 C3,3′), 0.2 (CH3); 29Si (79.5 MHz, CDCl3) δ [ppm]: 19.7 (s). IR (KBr pellet), ν
[cm−1]: 3035–2960 (w) [aromatic C–H valence vibration]; 2900 (w) [C–H valence vibration
of CH3-groups]; 1500 (m), 1600 (m) [aromatic C=C valence vibration]; 1263–1248 (s) [C–O
valence vibration]; 1260–1250 (s), 843–817 (s), 760–752 (m) [Si(CH3)3 valence vibration];
1174 (w), 1102 (w), 936–919 (s) [Si–O–C(aryl) valence vibration]. Elemental analysis calcd
(%) for C18H26O2Si2 (M = 330.56 g/mol): C 65.40, H 7.93, found: C 65.35, H 8.09.

2,6-Bis(trimethylsiloxy)naphthalene (2): In a round bottomed flask, 5.0 g (31 mmol) 2,6-
dihydroxynaphthalene was mixed with 18 mL (86 mmol) of hexamethyldisilazane (HMDS)
and a catalytic amount (~50 mg) of potassium tert-butanolate. The reaction mixture was
heated under reflux with vigorous stirring for 1 h. The end of the reaction was indicated
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when the ammonia formation has ceased. Isolation of the product was accomplished
using fractioned distillation. After removal of excessive HMDS, pure 2 was collected at
130–134 ◦C/1.3–2.6 × 10−2 Pa as a colorless liquid. Upon cooling to room temperature, the
distillate formed a white crystalline solid. Yield: 9.2 g (30 mmol, 97%). Mp 109 ◦C. NMR:
1H (400 MHz, CDCl3) δ [ppm]: 7.58 (d, 2H, 3JHH = 8.8 Hz, H4,8), 7.15 (d, 2H, 4JHH = 1.8 Hz,
H1,5), 7.03 (dd, 2H, 3JHH = 8.8 Hz, 4JHH = 1.8 Hz, H3,7), 0.3 (s, 18H, CH3); 13C (100 MHz,
CDCl3) δ [ppm]: 151.5 (C2), 130.3 (Cq), 128.0 (C4), 122.3 (C3), 114.9 (C1), 0.3 (CH3); 29Si
(79.5 MHz, CDCl3) δ [ppm]: 19.9 (s). IR (KBr pellet), ν [cm−1]: 3050 (w), 2955 (w) [aro-
matic C–H valence vibration]; 2900 (w) [C–H valence vibration of CH3-groups]; 1600 (m),
1500 (m) [aromatic C=C valence vibration]; 1390–1375 (m) [CH3-deformation vibration];
1270–1250 (s), 1121 (m), 1160 (m) [C–O valence vibration]; 1261–1244 (s), 874–847 (vs),
811 (w), 761 (m) [Si(CH3)3 valence vibration]; 966–958 (m) [Si–O–C(aryl) valence vibration].
Elemental analysis calcd (%) for C16H24O2Si2 (M = 304.53 g/mol): C 63.11, H 7.94, found:
C 62.85, H 8.18. A single-crystal X-ray structure analysis of 2 was reported earlier [66] and
provided further detailed information on this compound.

Polymer and Gel Synthesis. The polymer synthesis was performed analogous to the
preparation of s-triazine- and s-heptazine-based hybrid materials, as described in [54]. In a
typical experiment, 1 mmol of 1 was dissolved in 5 mL of dry THF and 0.5 mmol of SiCl4
was added at room temperature in a Schlenk tube. For comparison, the same experiment
was conducted with 0.1 mmol of pyridine added as a catalyst. The liquid homogeneous
reaction mixtures were stored at room temperature or heated to 60 ◦C. For the synthesis
of less cross-linked polymers, 0.33 mmol of methyltrichlorosilane and 0.5 mmol of 1 were
dissolved in 4 ml of dry THF, in absence and presence of 0.05 mmol of pyridine, and
stored at room temperature or heated to 60 ◦C. Syntheses of polymers derived from the
naphthalene derivative 2 were conducted analogously. Further details are summarized in
Tables 2 and 3.

Table 2. Overview about the reactions of precursor 1 with SiCl4 and CH3SiCl3 in THF.

Reaction
Mixture

n(1)
[mmol]

THF
[mL]

n(SiCl4)
[mmol]

n(CH3SiCl3)
[mmol]

nPyridine
[mmol] Observation

1a 1 5 0.5 - - no gelation after three weeks at 60 ◦C

1aPy 1 5 0.5 - 0.1 gelation after 1 day; strong syneresis in following
weeks, linear shrinkage of about 57% for xerogel 1A

1b 0.5 4 - 0.33 -
no gelation after three weeks at 60 ◦C

1bPy 0.5 4 - 0.33 0.05

Table 3. Overview about the reactions of precursor 2 with SiCl4 and CH3SiCl3 in THF.

Reaction
Mixture

n(2)
[mmol]

THF
[mL]

n(SiCl4)
[mmol]

n(CH3SiCl3)
[mmol]

nPyridine
[mmol] Observations

2a 1 5 0.5 - - no gelation after three weeks at 60 ◦C

2aPy 1 5 0.5 - 0.1 gelation after 1 day; strong syneresis in following
weeks, linear shrinkage of 59% for xerogel 2A

2b 0.5 4 - 0.33 -
no gelation after three weeks at 60 ◦C

2bPy 0.5 4 - 0.33 0.05

Gelation was observed only in the cases of the pyridine catalyzed experiments with
SiCl4. After an aging period of 21 days at 60 ◦C, the gels were carefully dried in vacuum.
The obtained xerogels 1A and 2A consisted of glass-like bulk xerogel bodies. Yield and
linear shrinkage were determined followed by characterization with powder XRD, gas
adsorption (BET), elemental analysis, simultaneous thermal analysis (TG/DTA), and IR
and 29Si CP/MAS NMR spectroscopy:
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1A: Yield = 173 mg of a white, solid xerogel. NMR (CP/MAS at 5 kHz) δ [ppm]:
29Si (79.5 MHz): −100.2 (broad, SiO4-units), further sharp signals at 19.4, 17.4 and 16.1
(O–Si(CH3)3 groups). IR (KBr-pellet), ν [cm−1]: 2960(vw) [aromatic C–H valence vibra-
tion]; 1600 (w), 1500 (w) [aromatic C=C valence vibration]; 1250 (m) [C–O valence vibra-
tion]; 1251 (m), 845 (w), 821 (w) [Si(CH3)3 valence vibration]; 1169 (w), 1107 (w), 936 (w),
913 (w) [Si–O–Ar valence vibration]. Elemental analysis calcd (%) for [C24H16O4Si]n
(M = 396.45 g/mol): Cl 0.0., Si 7.08, found: Cl 1.15, Si 8.79.

2A: Yield = 153 mg of a white and very rigid xerogel. NMR (CP/MAS at 5 kHz) δ
[ppm]: 29Si (79.5 MHz): −100.1 (broad, SiO4-units), 19.0 (sharp, O- Si(CH3)3 groups). IR
(KBr-pellet), ν [cm−1]: 3065 (vw), 2958 (vw) [aromatic C–H valence vibration]; 1600 (m),
1505 (w) [aromatic C=C valence vibration]; 1375 (m) [CH3-deformation vibration]; 1230 (m),
1119 (w), 1150 (w) [C–O valence vibration]; 870 (w), 802 (w), 750 (vw) [Si(CH3)3 va-
lence vibration]; 983 (m) [Si–O–Ar valence vibration]. Elemental analysis calcd (%) for
[C20H12O4Si]n (M = 344.38 g/mol): Cl 0.0., Si 8.2, found: Cl 0.89, Si 10.8.

Methods of Characterization. All manipulations of gels, xerogels, and pyrolysis
products were performed under inert gas using glove box and/or Schlenk techniques.

IR Spectra were recorded using the standard KBr pellet method. For the starting
materials, a Nicolet 510 FTIR spectrometer was used. The IR investigation of the xerogels
was performed on a Varian FTIR spectrometer.

Solution 1H, 13C and 29Si NMR spectra were recorded on a BRUKER DPX 400 in-
strument at room temperature (TMS as internal standard). The 29Si NMR spectra were
measured using inverse gated decoupling (IGATED).

Solid State 29Si NMR data of the dried gels 1A and 2A were acquired on a BRUKER
AvanceTM WB 400 MHz spectrometer with a resonance frequency of 79.51 MHz
using magic-angle spinning (MAS) at 5 kHz in 7 mm ZrO2 rotors and cross polar-
ization (CP) with 5 ms contact time. The chemical shift is referenced externally to
octakis(trimethylsiloxy)octasilsesquioxane Q8M8 (the most upfield signal of its Q4 groups
at δiso = −109 ppm) and reported relative to tetramethylsilane (TMS).

Powder X-ray Diffraction (XRD): The patterns of the xerogels were obtained with a
Siemens D-5000 diffractometer with Cu Kα radiation (λ = 1.5418 Å).

Single-crystal X-ray diffraction analysis of 2: When the freshly vacuum-distilled
2,6-bis(trimethylsiloxy)naphthalene had solidified, a tiny piece of the solid was found
to be suitable for X-ray structure analysis. X-ray diffraction data were collected on a
BRUKER-NONIUS X8 APEXII-CCD diffractometer with Mo-Kα-radiation (λ = 0.71073 Å).
The structure was solved with direct methods and refined with full-matrix least-squares
methods. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed in idealized positions and refined isotropically (riding model). Structure solution
and refinement of F2 against all reflections were performed with SHELXS-97 and SHELXL-
97 (G.M. Sheldrick, Universität Göttingen, Göttingen, Germany, 1986–1997).

2,6-bis(trimethylsiloxy)naphthalene: C16H24O2Si2, Mr = 304.53, colourless piece,
0.45 × 0.40 × 0.06 mm3, trigonal space group R-3, a = b = 21.0302(4), c = 10.5261(4) Å,
α = β = 90◦, γ = 120◦, V = 4031.67(19) Å3, Z = 9, ρcalcd. = 1.129 g·cm−3, 2θmax = 60◦,
F(000) = 1476, µ = 0.197 mm−1, no absorption correction, T = 203(2) K, 24,421 recorded
reflections (−29 ≤ h ≤ 29, −29 ≤ k ≤ 27, −14 ≤ l ≤ 14), 2608 unique and 2026 ob-
served reflections with Fo > 2 σ(Fo), 91 parameters, R1 = 0.0401, wR2 = 0.1083 [I > 2σ(I)],
R1 = 0.0578, wR2 = 0.1179 (all data), residual electron density (highest peak and deepest
hole) 0.410 and −0.341 eÅ−3.

Crystallographic data (excluding structure factors) for the structure reported in this
paper have been deposited earlier with the Cambridge Crystallographic Centre as pri-
vate communication CCDC 622212. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures/
(accessed on 27 February 2023).

High Resolution Scanning Electron Microscopy (HR-SEM) was performed with an
LEO1530 microscope equipped with an energy dispersive X-ray (EDX) system.
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Nitrogen Adsorption Measurements (Micromeritics ASAP 2000) were carried out after
desorption at 150 ◦C/~0.5 mbar for 12 h of samples (~0.5 g) which were ground in a mortar
under inert conditions.

Thermal Analysis was first performed using a Seiko Instruments TG/DTA 22 under
argon atmosphere applying a heating rate of 5K·min−1. Further TG-FTIR studies were
performed on a Setaram Sensys TG-DSC coupled with a Varian FTIR instrument in the
temperature range up to 750 ◦C with a heating rate of 5 K·min−1 under argon. Alumina
crucibles were used.

Elemental Analyses of the starting materials 1 and 2 were carried out on a “Foss
Heraeus CHN-O-Rapid” analyzer while the determination of chlorine and silicon
contents in 1A and 2A was performed by the “Mikroanalytisches Labor Pascher”
(Remagen-Bandorf, Germany).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels9040291/s1, Figure S1: 29Si solution NMR spectrum of 1b (1
with CH3SiCl3) after 1 day at room temperature; Figure S2: 29Si solution NMR spectra of reaction
mixture 1b (1/CH3SiCl3/THF), top: after 1 day; center: after 8 days; bottom: after 30 days at room
temperature; Figure S3: 29Si solution NMR spectra of reaction mixture 2b (2/CH3SiCl3/THF), top:
after 1 day; center: after 8 days; bottom: after 30 days at room temperature; Figure S4: 29Si solution
NMR spectra of reaction mixture 2bPy (2/CH3SiCl3/pyridine/THF), top: after 9 h; center: after
6 days; bottom: after 27 days at room temperature; Figure S5: 29Si solution NMR spectra of reaction
mixtures 1a (1/SiCl4/pyridine/THF) [top: after 9 h (with broad absorption band for the glas of
the NMR tube); bottom: after 7 days]; Figure S6: 29Si solution NMR spectra of reaction mixtures
2a (2/SiCl4/pyridine/THF) [top: after 18 h (with broad absorption band for the glas of the NMR
tube); bottom: after 7 days]; Figure S7: Molecular structure of 2 in the crystal (thermal displacement
ellipsoids plotted at the 50% probability level, H-atoms are omitted for clarity). The bond C1–C1* of
the molecule is located on a crystallographic center of inversion, the atoms of the asymmetric unit are
labeled, the asterisk * indicates a symmetry equivalent position. Figure S8: Xerogel 1A after drying at
60 ◦C in vacuum for several hours. Table S1: Bond lengths [Å] of compound 2 (in its crystal structure);
Table S2: Bond angles [deg.] of compound 2 (in its crystal structure); Table S3: Torsion angles [deg.]
of compound 2 (in its crystal structure).
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Abstract: Monometallic catalysts based on Fe, Ni and Pd, as well as bimetallic catalysts based on
Fe-Pd and based on Ni-Pd supported on silica, were synthesized using a sol–gel cogelation process.
These catalysts were tested in chlorobenzene hydrodechlorination at low conversion to consider a
differential reactor. In all samples, the cogelation method allowed very small metallic nanoparticles
of 2–3 nm to be dispersed inside the silica matrix. Nevertheless, the presence of some large particles
of pure Pd was noted. The catalysts had specific surface areas between 100 and 400 m2/g. In view of
the catalytic results obtained, the Pd-Ni catalysts are less active than the monometallic Pd catalyst
(<6% of conversion) except for catalysts with a low proportion of Ni (9% of conversion) and for
reaction temperatures above 240 ◦C. In this series of catalysts, increasing the Ni content increases
the activity but leads to an amplification of the catalyst deactivation phenomenon compared to Pd
alone. On the other hand, Pd-Fe catalysts are more active with a double conversion value compared
to a Pd monometallic catalyst (13% vs. 6%). The difference in the results obtained for each of the
catalysts in the Pd-Fe series could be explained by the greater presence of the Fe-Pd alloy in the
catalyst. Fe would have a cooperative effect when associated with Pd. Although Fe is inactive alone
for chlorobenzene hydrodechlorination, when Fe is coupled to another metal from the group VIIIb,
such as Pd, it allows the phenomenon of Pd poisoning by HCl to be reduced.

Keywords: noble metal; environmental catalysis; sol–gel process; porous materials; green chemistry

1. Introduction

Over time, the presence of chlorinated organic compounds in industry increased,
both in the chemical and petrochemical sectors and in the agricultural and electronic
sectors. However, the discovery of the carcinogenic, mutagenic and toxic effects of these
compounds led to their production being reduced and then banned. These products are
nevertheless present in residual stocks and in certain chemical industry process fumes [1,2].
It is therefore necessary to develop treatment methods which allow their emissions, as well
as the quantities of these compounds which have already been produced, to be eliminated.

Thermal or catalytic incineration [2,3] is the most widespread process for the treatment
of these compounds because it is already in place for other wastes and is therefore well-
known and simple to implement. However, the incineration of organochlorine compounds
leads to the formation of other harmful compounds such as dioxins. The development of
other methods is therefore necessary.

Hydrodechlorination (HDC) seems to be an interesting alternative. This process, the
principle of which can be summarized by Equation (1) [4], has the advantages of producing
recoverable hydrocarbons, of recovering chlorine in the form of hydrochloric acid and of
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not producing dioxins. This process could therefore prove to be attractive from an economic
and environmental point of view [2,5].

CxHyClz + z H2 → CxHy+z + z HCl (1)

There are a wide variety of chlorinated organic compounds [6–8]. This work focuses
on the study of the hydrodechlorination of chlorinated aromatic compounds because these
are the most widespread and the most persistent. The study of the HDC reaction for
this family of compounds is made through the use of a model molecule, monochloroben-
zene [9–11], C6H5Cl, which is the simplest molecule in this family of compounds. The
equation corresponding to the reaction carried out is:

C6H5Cl + H2 → C6H6 + HCl. (2)

This reaction must be controlled well to avoid the formation of cyclohexane. Otherwise,
the need for a complex separation would arise. In addition, benzene is of much greater
economic interest. High selectivity of the monochlorobenzene hydrodechlorination reaction
is therefore a very important criterion in this study.

The use of a catalyst is necessary for this reaction to happen. Palladium has been
identified as the most active metal for the HDC reaction of chlorobenzene [8,11–13]. How-
ever, palladium presents a major problem: the palladium-based catalyst is deactivated by
adsorption of the HCl produced during the HDC reaction [14]. Nickel is the metal most
often cited after palladium for the HDC of chlorinated compounds [2,11,15,16]. Nickel
is less active than palladium but has the advantage of being less sensitive than the latter
to deactivation [17]. Some authors have observed an increase in activity and/or stability,
i.e., resistance to deactivation, when nickel and palladium are alloyed with other metals
such as iron [5]. It is known that certain bimetallic catalysts exhibit superior performance
to monometallic catalysts [18–20]. Many authors [12,21,22] demonstrated that the selec-
tivity of non-destructive catalytic reactions is often higher for a bimetallic catalyst than a
monometallic catalyst. Additionally, bimetallic catalysts are often more resistant to poi-
soning than monometallic catalysts [11,14]. Among the supports used, carbon [23,24],
alumina [11,14] and silica [10,17] are frequently encountered. Only the latter two allow
oxidative regeneration of spent catalysts.

There are several existing methods of synthesizing bimetallic catalysts [12]. Among
those, the sol–gel method of cogelation allows the synthesis of the support and the dis-
persion of the precursors of the active metal sites in the porosity of this support to be
combined in a single step to produce Ni-Cu/SiO2 [22], Cu/SiO2 [25], Pd/SiO2 [26–28] and
Fe/SiO2 [28–30]. The sol–gel method is a synthetic process carried out at a low temperature
and at a low pressure which leads to the formation of engineered and controlled ceramic
nanopowders. This approach could be successfully employed to fabricate oxide, non-oxide
and composite nanopowders with high purity [31]. Previous studies which characterized
catalysts prepared using this method have demonstrated the method’s remarkable proper-
ties [25,26,28,32]: very high dispersion of the active metallic phase, formation of nanoalloys,
localization of metallic nanoparticles in silica cages allowing sintering of the metal to be
avoided while keeping it perfectly accessible, hierarchical porous structure allowing easy
distribution of reactants and products and the possible regeneration of the catalyst.

The objective of this work is to evaluate the extent to which the sol–gel method of
cogelation for the synthesis of catalysts for the HDC of monochlorobenzene is of interest.
The novelty resides in the production of Pd-Ni/SiO2 and Pd-Fe/SiO2 catalysts in one step
by the cogelation process, something that is not reported in the literature. Different Pd-Ni
and Pd-Fe bimetallic catalysts, supported on silica and synthesized by cogelation, were
studied and their performances were evaluated. Then, the performances of the catalysts
were related to their physico-chemical properties. A series of characterizations were carried
out, including X-ray diffraction, transmission electron microscopy, measurement of nitrogen
adsorption–desorption isotherms and ICP. Bimetallic catalysts Pd-Ni/SiO2 and Pd-Fe/SiO2
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and monometallic catalysts Fe/SiO2, Ni/SiO2 and Pd/SiO2 were be synthesized. For
each bimetallic catalyst formulation, a series of catalysts with different metal contents was
studied, the Pd content remained constant and the value of the second metal varied. Thus,
the influence of the presence of the second metal can be studied.

2. Results and Discussion

The amounts of all reagents used for material synthesis are detailed in Table 1.

Table 1. Operating synthesis variables for the catalysts Pd-Fe/SiO2 et Pd-Ni/SiO2.

Pd
Amount
(wt.%) a

Fe Amount
(wt.%) a

nPd(NO3)2
(mmol)

nFe(acac)3
(mmol)

nTEOS
(mmol)

nEDAS
(mmol)

nwater+NH3
(mmol)

nC2H5OH
(mmol)

Pd100 1.50 - 0.96014 - 109.71 1.92 555.76 1116.31
Pd33-Fe67 1.50 1.57 0.97731 1.95463 103.99 7.82 549.28 1118.11
Pd50-Fe50 1.50 0.79 0.96865 0.96865 106.88 4.84 552.55 1117.21
Pd67-Fe33 1.50 0.39 0.96438 0.48219 108.30 3.37 554.16 1116.76

Fe100 - 0.79 - 0.95349 108.80 2.86 554.16 1116.76

Pd
Amount
(wt.%) a

Ni
Amount
(wt.%) a

nPd(NO3)2
(mmol)

nNi(acac)3
(mmol)

nTEOS
(mmol)

nEDAS
(mmol)

nwater+NH3
(mmol)

nC2H5OH
(mmol)

Pd33-Ni67 1.50 1.66 2.44925 4.89851 245.69 34.29 357.03 2799.78
Pd50-Ni50 1.50 0.83 0.96982 0.96982 104.05 7.76 549.35 1118.10
Pd67-Ni33 1.50 0.41 2.41239 1.2062 267.24 12.06 381.42 2793.00

Ni100 1.50 0.83 - 0.995462 106.02 5.73 551.58 1117.48
a = measured by ICP-AES.

2.1. Synthesis

For all catalysts, no weight loss could be observed during the different steps of
synthesis, calcination and reduction, and the wt.% of metal was as expected in each
material (Table 1). Therefore, all the reagents reacted as was previously observed with this
kind of sol–gel synthesis [26,28].

The gel time for all samples is given in Table 2. The gel time is the time which elapsed
between the introduction of the last reagent into the solution and gelation in the oven at
80 ◦C. Gelling is defined as the moment when the liquid no longer flows when the bottle is
tilted at an angle of 45◦.

Table 2. Physico-chemical properties of samples Pd-Fe/SiO2 and Pd-Ni/SiO2.

Gel Time
(min)

dXRD
(nm) a

dTEM
(nm)

SBET
(m2/g) [EDAS]/[TEOS]

Pd100 55 - 2.1 220 0.018
Pd33Fe67 22 25 1.5 395 0.075
Pd50Fe50 25 22 2.1 360 0.045
Pd67Fe33 30 19 2.6 300 0.031

Fe100 35 - - 110 0.026

Gel Time
(min)

dXRD
(nm) a

dTEM
(nm)

SBET
(m2/g) [EDAS]/[TEOS]

Ni100 30 6 - 230 0.054
Pd33Ni67 18 13 2.6 320 0.140
Pd50Ni50 25 11 2.5 290 0.075
Pd67Ni33 35 4 2.5 250 0.045

a = measured with Scherrer equation [33].

As described in [28,34], EDAS reacts faster than TEOS for the hydrolysis and con-
densation reactions. The evolution of the gel time observed in Table 2 follows this trend.
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Indeed, for example, in the Pd-Fe series the gel time increases from 22 min to 30 min
when the EDAS/TEOS ratio decreases from 0.075 to 0.031. The impact of the EDAS on the
catalyst texture will be discussed later when analyzing the specific surface area results (see
Section 2.4).

2.2. Composition of the Catalysts

The ICP results (Table 1) showed that the catalysts were well doped with Pd, Ni and
Fe but it does not give information about the nature of these species. XRD measurements
were performed to determine the phases of the metallic species. Figures 1 and 2 represent
all the XRD patterns of the samples.
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Figure 1. XRD patterns of (a) Ni100, (b) Pd33Ni67, (c) Pd50Ni50, (d) Pd67Ni33 and (e) Pd100 samples.
Reference peaks corresponding to Pd (JCPD No. 46-1043 [24]), Ni (JCPD No. 04-0850 [16]) and Pd-Ni
alloy (JCPD No. 65-9444 [35]) are denoted on the figures.

In Figure 1, the Pd-Ni/SiO2 series is represented. In Figure 1a, which represents the
Ni100 catalyst, two weak crystallographic reflections are observed coinciding with two of
the characteristic lines of Ni at 44.41◦ and 51.90◦. The low intensities of these peaks and
their spreading could be explained by two factors: (i) the very small size of the metallic
particles; (ii) the presence of amorphous Ni oxide or hydroxide which cannot be detected.
In Figure 1b–d which illustrates the Pd-Ni/SiO2 catalysts, two crystallographic reflections
characteristic of Pd are observed, but none of Ni. The presence of a Pd-Ni alloy would be
marked by the presence of a crystallographic reflection between the characteristic lines of
Pd and Ni. Their absence at the location of the characteristic peaks of the Pd-Ni alloy and
Ni does not mean these two compounds are absent. Indeed, seeing the crystallographic
reflection obtained in Figure 1a for the Ni100 sample, one can easily conceive that, with
such a weak signal, it is very difficult to detect this compound. Moreover, assuming that a
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Pd-Ni alloy has been formed, the signal would be even weaker and would more than likely
be confused with the background noise.
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As regards the Pd-Fe/SiO2 series of catalysts, the results obtained are almost identical
to the Pd-Ni/SiO2 series (Figure 2), except that no compound is detected in the case of the
Fe100 sample. As a reminder, the diffractograms in this series extend from 2θ = 0◦ to 80◦.
The crystallographic reflections present for angles of less than approximately 40◦ are due
to the support, namely, the silica. The diffractogram corresponding to Fe100 is shown in
Figure 2a.

Although a signal can be detected in the case of the Ni100 sample (Figure 1a), no signal
is detected in the case of the Fe100 sample (Figure 2a). Two possibilities could explain this
phenomenon: (i) the size of the iron particles is very small; (ii) the presence of amorphous
iron oxide or hydroxide which cannot be detected. If, with Ni it could already be conceived
that the presence of an alloy was possible, with Fe it can be conceived even more easily that
a Pd-Fe alloy could be present. Indeed, since Fe was not even detected on the diffractogram
for the Fe100 sample (Figure 2a), it is more than likely that if a Pd-Fe alloy existed in the
catalysts synthesized for this study, it would not be detected either. Moreover, it seems
obvious that if the Fe is not detected in the Fe100 catalyst, it will also not be detected on the
other catalysts in the Pd-Fe series, as can be seen on the diffractograms (Figure 2b–d).

The size of the metallic particles (dXRD) can be estimated directly from the diffrac-
tograms of the catalysts by applying Scherrer’s formula based on the width of the peaks
(Equation (3)). The particle sizes of the different catalysts are listed in Table 2 for all the
samples. The size is in the range of 5–15 nm for the Pd-Ni/SiO2 series and around 20–25 nm
for the Pd-Fe/SiO2 series.
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2.3. Morphology

Micrographs of some Pd-Ni/SiO2 and Pd-Fe/SiO2 catalysts are presented in Figure 3.
For most of the samples, similar morphology is obtained with bigger particles (corre-
sponding to silica particles around 20–30 nm) with smaller darker particles inside (metallic
particles around 1–3 nm). With the TEM micrographs, one can measure the distribution of
the metal particles within the silica matrix and obtain their average metallic size (dTEM), as
denoted in Table 2. In these images, the metallic particles are generally fairly well distin-
guishable (zoom on Figure 3b). By measuring the different particles, a mean particle size
can be calculated, dTEM. For Ni100 (Figure 3a) and Fe100 samples, no metallic nanoparticle
is observed inside the silica particle. The presence of oxide in these catalysts, despite the
reduction, cannot be ruled out in view of the results obtained using X-ray diffraction. As
the contrast is much worse on the TEM images for the oxides, it can be deduced that it
would not be possible to distinguish the oxides, which could be one of the explanations for
the lack of visible particles for these catalysts. For the other samples, the metallic particle
sizes are between 1.5 and 2.6 nm.
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Figure 3. TEM micrographs of (a) Ni100, (b) Pd33Ni67 and (c) Pd50Fe50 samples.

It is observed that the average sizes obtained by this method are very different from
the sizes determined by X-ray diffraction (Table 2). This can be explained by the presence
of very large particles which are relatively rare on the images as can be seen in Figure 3c
(red square).

2.4. Texture

The specific surface area for each sample has been calculated and is denoted in Table 2.
Two nitrogen adsorption–desorption isotherms are represented in Figure 4 for the Fe100
and Pd50Ni50 samples, illustrating the two shapes observed for all samples. Indeed, for
all samples except for the Fe100 catalyst, the isotherms look like Figure 4b with a sudden
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increase in adsorbed volume at low relative pressures followed by a plateau, characteristic
of microporous adsorbents (type I [36]). In the case of the Fe100 sample (Figure 4a), at low
relative pressures no sudden increase in absorbed volume is observed, which testifies to
the absence of micropores. At relative pressures close to 1, the isotherms correspond in all
cases to a type IV isotherm (macroporous adsorbents [36]).
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Figure 4. Nitrogen adsorption–desorption isotherms for (a) Fe100 and (b) Pd50Ni50 samples.

All the isotherms present a hysteresis characteristic of the phenomenon of capillary
condensation in the mesopores.

For the SBET values, it can be observed that in each series the specific surface area
increases with the EDAS/TEOS ratio as previously explained in [26,28,29,34]. This is due
to the role of the nucleating agent EDAS which reacts faster than TEOS (see gel time in
Table 2 and Section 2.1) and is therefore the nucleating agent of the silica particles. As
was previously described in [26,28,29,34], when the amount of EDAS increases it leads to
a higher specific surface area. For example, in the Pd-Fe/SiO2 series (Table 2), when the
EDAS/TEOS ratio is equal to 0.031 for the Pd67Fe33 sample, the SBET value is 300 m2/g,
while when the EDAS/TEOS ratio increases to 0.075 for the Pd33Fe67 sample, the SBET is
395 m2/g.
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2.5. Catalytic Activity

It should be noted that the benzene selectivity is equal to 100% for each catalyst
evaluated in this study.

2.5.1. Pd-Ni/SiO2 Series

Figure 5 shows the conversion of chlorobenzene to benzene as a function of time for
the different catalysts in the Pd-Ni/SiO2 series. The mean conversion values on the plateau
at 220 ◦C are denoted in Table 3 for all samples.
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Figure 5. Comparison of the conversions of chlorobenzene to benzene as a function of time for the
Pd-Ni/SiO2 series.

Table 3. Mean chlorobenzene conversion at 220 ◦C.

Chlorobenzene Conversion (%) Standard Deviation (%)

Pd100 6.0 0.7
Pd33Fe67 5.3 1.1
Pd50Fe50 8.3 1.1
Pd67Fe33 12.5 1.0

Fe100 0.0 0.0

Chlorobenzene Conversion (%) Standard Deviation (%)

Ni100 0.0 0.0
Pd33Ni67 6.0 0.7
Pd50Ni50 3.7 0.6
Pd67Ni33 8.7 0.9

It must be remembered that the mass of the catalyst for the Pd-Ni/SiO2 series is 0.2 g
compared to the Pd-Fe series and the Pd monometallic sample where it is 0.1 g. This
difference in mass is necessary for the Pd-Ni/SiO2 series as otherwise the initial conversion
is too high and leads to a rapid deactivation.

There are two different types of behavior in this same series: (i) a relatively constant
activity on each level, that is to say a fairly low deactivation. This behavior is characteristic
for Pd100 and Pd67Ni33 catalysts; (ii) a strong deactivation. The increase in temperature
increases the activity of the catalyst. The deactivation is such that this increase does not
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make it possible to obtain a better conversion than the maximum conversion at the previous
level. This behavior is characteristic of the Pd33Ni67 and Pd50Ni50 catalysts.

Note that the Ni100 catalyst is not shown in Figure 5. In fact, the catalytic experiment
carried out on this catalyst revealed virtually zero activity throughout the test, despite the
temperature variations (less than 1%).

Taking into account the mass difference introduced into the reactor between the Pd-
Ni/SiO2 series and the monometallic Pd catalyst, it is observed that the presence of Ni in
the catalyst does not improve the conversion of chlorobenzene into benzene. Indeed, given
that in the case of the Pd100 sample a mass of catalyst twice as small as the mass introduced
into the reactor for the Pd-Ni/SiO2 series samples was introduced into the reactor, one
should obtain a significantly lower conversion of chlorobenzene to benzene than in the
case of bimetallic catalysts. However, in Figure 5, it is observed that the conversion values
of chlorobenzene into benzene for the Pd100 sample are similar to those obtained for the
Pd50Ni50 sample, whereas the mass present in the reactor for the Pd100 catalyst is double
that for the Pd50Ni50 sample.

When the nickel content increases in the bimetallic catalysts, the deactivation of the
bimetallic catalyst takes place more and more rapidly. Therefore, the Pd67Ni33 catalyst is
the most attractive of the Pd-Ni/SiO2 catalysts tested. Seeing the increase in conversion
with temperature, it could be thought that this catalyst would only become more interesting
than the monometallic Pd catalyst at higher temperatures.

The differences in activity and behavior between the different Pd-Ni/SiO2 catalysts
could be the consequence of the formation of different alloys, the nature of which differs
according to the quantity of Ni present in the bimetallic catalyst.

According to the phase diagram of the Pd-Ni alloy (Figure 6), at the temperatures of
the hydrodechlorination reaction of chlorobenzene to benzene (between 453 K and 513 K),
Pd and Ni form a solid solution, and this is the case in the entire range of concentration
between pure Pd and pure Ni. According to this phase diagram, the Pd-Ni/SiO2 catalysts
studied in this work therefore form an alloy with an FCC structure (face centered cubic).
However, since the metal particles present in the Pd-Ni/SiO2 catalysts are very small
in size (dTEM, Table 2), the metals may not follow exactly the same phase diagram [37].
Nevertheless, in Figure 1, the main palladium lines appear. According to Scherrer’s formula
as applied to these peaks (Equation (3)), particle sizes between 4 and 13 nm are obtained
(dXRD, Table 2). It could therefore be that the large particles observed using TEM (Figure 3c)
are particles of pure palladium. It is also hypothesized that the small particles which are
not detectable by using X-ray diffraction consist of a mixture of the two metals, Pd and Ni.
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The Pd-Ni alloy is an alloy that has been studied very little in the literature on the
hydrodechlorination reaction of chlorinated compounds. These catalysts are reported, as is
the case with this study, to provide good activity, which, however, is lower than in the case
of Pd-Fe catalysts. However, Pd-Ni catalysts have a selectivity close to or equal to 100% for
the hydrodechlorination of chlorinated compounds [12,39].

An explanation for the better activity of catalysts containing a large amount of Ni
has been given by Simagina et al. [39]. The cause may be a Pd segregation phenomenon
on the surface of the bimetallic particles. At a high Ni concentration, the Pd is essentially
found isolated in small aggregates on the surface of the Ni-rich particles and is therefore
more active than in a case where it is found in larger aggregates. Indeed, according to
Śrębowata et al. [40], there would be a segregation of Pd at the surface of the Pd-Ni particles.

The deactivation of catalysts containing Ni has already been observed in previous
works [2,41]. The cause of this deactivation seems to be the adsorption of HCl. The
adsorbed HCl modifies the cubic crystalline structure of Ni to form a hexagonal structure of
the NiCl2 type which induces an irreversible deactivation of the catalyst. The deactivation
of Pd-based catalysts supported on alumina is usually caused by coking, which leads to a
rapid decrease in catalytic activity [12,42]. Nevertheless, in this work it can be assumed that
coking is a minor phenomenon on the silica support [12,19] and that catalyst deactivation
is mainly due to Ni deactivation by chlorine atoms. This would explain the increased
deactivation of the catalysts when the Ni content increases.

2.5.2. Pd-Fe/SiO2 Series

Figure 7 shows the conversion of chlorobenzene to benzene for the different catalysts
tested in the Pd-Fe/SiO2 series. The mean conversion values on the plateau at 220 ◦C are
denoted in Table 3 for all samples.

Gels 2023, 9, x FOR PEER REVIEW 11 of 20 
 

 

The Pd-Ni alloy is an alloy that has been studied very little in the literature on the 
hydrodechlorination reaction of chlorinated compounds. These catalysts are reported, as 
is the case with this study, to provide good activity, which, however, is lower than in the 
case of Pd-Fe catalysts. However, Pd-Ni catalysts have a selectivity close to or equal to 
100% for the hydrodechlorination of chlorinated compounds [12,39]. 

An explanation for the better activity of catalysts containing a large amount of Ni has 
been given by Simagina et al. [39]. The cause may be a Pd segregation phenomenon on the 
surface of the bimetallic particles. At a high Ni concentration, the Pd is essentially found 
isolated in small aggregates on the surface of the Ni-rich particles and is therefore more 
active than in a case where it is found in larger aggregates. Indeed, according to Śrębowata 
et al. [40], there would be a segregation of Pd at the surface of the Pd-Ni particles. 

The deactivation of catalysts containing Ni has already been observed in previous 
works [2,41]. The cause of this deactivation seems to be the adsorption of HCl. The ad-
sorbed HCl modifies the cubic crystalline structure of Ni to form a hexagonal structure of 
the NiCl2 type which induces an irreversible deactivation of the catalyst. The deactivation 
of Pd-based catalysts supported on alumina is usually caused by coking, which leads to a 
rapid decrease in catalytic activity [12,42]. Nevertheless, in this work it can be assumed 
that coking is a minor phenomenon on the silica support [12,19] and that catalyst deacti-
vation is mainly due to Ni deactivation by chlorine atoms. This would explain the in-
creased deactivation of the catalysts when the Ni content increases. 

2.5.2. Pd-Fe/SiO2 Series 
Figure 7 shows the conversion of chlorobenzene to benzene for the different catalysts 

tested in the Pd-Fe/SiO2 series. The mean conversion values on the plateau at 220 °C are 
denoted in Table 3 for all samples. 

 
Figure 7. Comparison of the conversions of chlorobenzene to benzene as a function of time for the 
Pd-Fe/SiO2 series. 

Again, the same two types of behavior observed for the Pd-Ni/SiO2 series are present, 
namely: (i) a relatively constant activity on each level, i.e., a fairly low deactivation. This 
behavior is characteristic of Pd100, Pd67Fe33 and Pd50Fe50 catalysts; (ii) a strong deacti-
vation. The increase in temperature increases the activity of the catalyst. The deactivation 
is such that this increase does not make it possible to obtain a better conversion than the 
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Pd-Fe/SiO2 series.

Again, the same two types of behavior observed for the Pd-Ni/SiO2 series are present,
namely: (i) a relatively constant activity on each level, i.e., a fairly low deactivation. This
behavior is characteristic of Pd100, Pd67Fe33 and Pd50Fe50 catalysts; (ii) a strong deactiva-
tion. The increase in temperature increases the activity of the catalyst. The deactivation
is such that this increase does not make it possible to obtain a better conversion than the
maximum conversion at the previous level. This behavior is characteristic of the Pd33Fe67
catalyst, other than between the first two levels at 180 ◦C and 200 ◦C.
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It can be noted that the Fe100 catalyst is not shown in Figure 7. Indeed, the catalytic
experiment carried out on this catalyst revealed zero activity throughout the test despite
the temperature variations.

In Figure 7, it is observed that the presence of Fe in the presence of Pd leads to different
results depending on the quantity of Fe present in the bimetallic catalyst: (i) When com-
pared to the Pd100 catalyst, the presence of a small amount of iron (Pd67Fe33) improves
the performance of the catalyst without affecting its deactivation; (ii) the presence of a
quantity of Fe equivalent to the quantity of Pd in the catalyst Pd50-Fe50 reduces catalytic
performance at a low temperature (180 ◦C and 200 ◦C). The conversion values of chloroben-
zene into benzene are only higher than those of the Pd100 sample from the third stage,
namely 220 ◦C. Deactivation remains low; (iii) the presence of a greater quantity of Fe than
of Pd (Pd33Fe67) improves catalytic performance, compared to the Pd100 and Pd67Fe33
catalysts. On the other hand, the deactivation of the catalyst is much stronger than in the
other Pd-Fe/SiO2 catalysts.

According to the literature [43], the difference in the behavior of a catalyst with the
presence of a second metal can be explained by the formation of alloys. The change in
the electronic state of the catalyst would then be responsible for the modification of the
catalytic properties [44].

On the Fe-Pd phase diagram [38] (Figure 8), by tracing a horizontal line at 400 ◦C
(673 K), there are several possible alloys depending on the atomic percentage of Pd: a
mixture of Fe + FePd, the FePd alloy or the FePd3 alloy. It is hypothesized that the nature
of the particles detected on micrographs (Figure 3) follows this phase diagram, although
the metallic particles are very small in size [37].
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Pure palladium particles were detected by using XRD (Figure 2). According to Scher-
rer’s formula (Equation (3)), the dimensions of these pure palladium particles are between
22 and 25 nm (Table 2). These particles would thus correspond to the large particles
observed by TEM. As these are quite rare (Figure 3c), it is considered that the hydrodechlo-
rination activity of Pd-Fe/SiO2 catalysts mainly result from the small metal particles
(Table 2).

For a percentage close to 33 atomic % in Pd, which would correspond to the catalyst
Pd33Fe67, the palladium and the iron are organized in a Fe + FePd mixture. The same
analysis can be carried out for the two other catalysts, Pd50Fe50 and Pd67Fe33, therefore
corresponding, respectively, to 50% and 67% atomic Pd. In these two cases, the alloys
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present are in different proportions or in different natures. For the Pd50-Fe50 sample, the
FePd alloy would be almost alone with a small proportion of monometallic Fe, while for
the Pd67Fe33 sample a mixture of alloys with FePd and FePd3 structure is present.

In view of these results (Figure 7), it seems that the FePd-type alloy only allows a
better conversion of chlorobenzene into benzene at higher temperatures than for the Pd100
sample. The presence of iron in the unalloyed state, although not active if used alone in a
catalyst, could greatly favor the conversion of chlorobenzene into benzene but nevertheless
leads to accelerated deactivation of the catalyst. Finally, the FePd3 structural alloy shows
better activity than the FePd structural alloy while keeping a reasonable deactivation rate.

Zhang et al. [45] suggest an explanation for the roles played by the two metals. The Pd
would act as a catalyst while the Fe would act as an electron donor (reducer). According to
Kim et al. [46], the presence of Fe improves the activity of Pd-based catalysts. Tests revealed
an alloy with an FePd structure. This alloy would be responsible for the improvement of the
catalytic activity because of the cooperative effect of Fe during the hydrogen transfer step.

According to some authors [9,47,48], the particles of Pd-Fe catalysts would be enriched
at the surface with Fe atoms and therefore the formation of FeCl3 on the surface of the
catalysts would be thermodynamically favored compared to the formation of PdCl2. In
this case, the poisoning of Pd sites by HCl is reduced by the elimination of chlorine in
the form of FeCl3. In this way, the stability of the bimetallic catalysts is higher than that
of the monometallic catalyst based on Pd, as is the case here for the catalysts Pd67Fe33
and Pd50Fe50. Too high a quantity of Fe can nevertheless lead to a phenomenon of
encapsulation of the Pd active sites by FeCl3. This would lead to lower stability than in the
case of Pd alone, as is the case with Pd33Fe67 [43].

Lingaiah et al. [47] also highlight the importance of particle sizes in the context of the
HDC of chlorobenzene. Low dispersion would improve the activity of the catalysts tested,
thus demonstrating that the hydrodechlorination reaction of chlorobenzene is sensitive
to the surface structure of the catalysts. In addition, interest in low dispersion would be
based on an improvement in catalytic stability. Large Pd particles would be less prone to
quenching by HCl. These results show that the process of drying using microwaves (MW)
is of particular interest. This technique would favor the increase of particle sizes compared
to traditional thermal drying methods. In the case of this present study, the metal particles
remain small in size, and the activity remains high.

Lingaiah et al. [47] have also shown that even catalysts with high dispersion can
exhibit activity and stability comparable to catalysts with low dispersion. Their findings
also show a higher activity of monometallic Pd catalysts compared to those of bimetallic
catalysts. However, Babu et al. [5] highlight the possibility of forming particular Pd species
which are more active than others. It could therefore be thought that the species formed in
this work are much more active in the case of bimetallic alloys than for monometallic Pd.

2.6. Comparison with the Literature

In Table 4, the present study is compared to the literature by summarizing the most
important parameters and results of each study. First, it can be observed that it is quite
difficult to make a comparison because many conditions such as the temperature, the
amount of the catalyst, or the H2 fraction differ greatly from one study to another. From
Table 4, it can be also seen that some studies do not give all the information needed for a
proper comparison.

Second, it is observed that the catalysts developed in this paper allow a 100% selectivity
at a reasonably low temperature (220 ◦C) with a dilute amount of H2 (2.6 vol%). Conversion
is lower, but the idea of this study was to stay at lower conversion in order to consider a
differential reactor. The benzene selectivity is often missing in the other studies and, as
expected, conversion increases when the temperature is higher.
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Table 4. Comparison of the chlorobenzene (CB) catalytic activity with the literature.

References Catalyst (Optimal Active
Phase Content) Catalytic Experiment Conditions Optimal Catalytic Results

Present study

• Pd-Ni/SiO2 (1.5 wt% of Pd
and 0.41 wt% of Ni)

• Pd-Fe/SiO2 (1.5 wt% of Pd
and 0.39 wt% of Fe)

• Temperature 220 ◦C
• Catalytic mass of 0.1 g (for Fe

series) or 0.2 g (for the
Ni series)

• vol% of H2 with H2:CB molar
ratio of 1000:1

• 12.5% conversion at 220 ◦C
with a benzene selectivity of
100% for the best of Ni series

• 9% conversion at 220 ◦C with
a benzene selectivity of 100%
for the best of Fe series

[2] • Ni/Al2O3 (6 wt% of Ni)
• Temperature range 150–350 ◦C
• Catalytic mass of 0.1 g
• H2:CB molar ratio of 50:1

• 100% conversion at 300 ◦C
with a benzene selectivity
of 20%

[16] • Ni/Al2O3 (90 wt% of Ni)
• Temperature range 350–650 ◦C
• Catalytic mass of 0.1 g
• 97 vol% of H2

• 100% conversion at 350 ◦C
with a benzene selectivity of
100% under pure H2 flow

[5]
• Pd-Fe/Al2O3 (0.5 wt% of

both Pd and Fe)

• Temperature 140 ◦C
• Catalytic mass of 1 g
• H2:CB molar ratio of 10:1

• Conversion not specified
• Selectivity of benzene of 98%

[9]
• Pd-Fe/Carbon (2 wt% of

both Pd and Fe)

• Temperature range 150–200 ◦C
• Catalytic mass not specified
• H2:CB molar ratio of 3:1

• 100% conversion at 200 ◦C
• Selectivity not specified

[10]
• Ni/MCM-41 (10 wt%

of Ni)

• Temperature 100 ◦C
• Catalytic mass not specified
• H2 partial pressure of 1.5 MPa

• 100% conversion at 200 ◦C
• Selectivity not specified

[11]
• Pd-Ni/Al2O3 (0.005 wt%

of both Pd and Ni)

• Temperature range 150–350 ◦C
• Catalytic mass of 50 mg
• H2:CB molar ratio of 50:1

• 87% conversion at 200 ◦C
• Selectivity not specified

[14]
• Pd-Ni/Al2O3 (0.5 wt% of

both Pd and Ni)

• Temperature 140 ◦C
• Catalytic mass of 0.8 g
• H2:CB molar ratio of 3:1

• 100% conversion at 140 ◦C
• Selectivity not specified

[17] • Ni2P/SiO2 (5 wt% of Ni)
• Temperature range 250–400 ◦C
• Catalytic mass of 0.5 g
• H2 flow of 60 mL/min

• 100% conversion at 325 ◦C
• Selectivity not specified

[23]
• Pd/Carbon (0.9 wt%

of Pd)

• Temperature range 100–300 ◦C
• Catalytic mass of 8 mg
• H2:CB molar ratio of 30:1

• 85% conversion at 300 ◦C
• Selectivity not specified

3. Conclusions

Two series of bimetallic catalysts, Pd-Ni/SiO2 and Pd-Fe/SiO2, were synthesized
by the sol–gel process for the catalysis of the hydrodechlorination of chlorobenzene into
benzene. This synthesis process uses two silicon alkoxides, TEOS and EDAS. EDAS is a
modified alkoxide with a diamine function allowing the metal to be highly dispersed in the
silica matrix. In all cases, the sol–gel process allows very small metallic nanoparticles in
the order of 2–3 nm to be dispersed inside the silica matrix. Nevertheless, the presence of
some large particles of pure Pd in the analyzed catalysts can be noted. The catalysts have a
specific surface between 100 and 400 m2/g.

All bimetallic catalysts can catalyze the hydrodechlorination of chlorobenzene. In
order to consider a differential reactor, the work was carried out at low conversion con-
ditions. The Pd-Ni combination is nevertheless less active than the Pd-Fe combination.
Monometallic catalysts Ni/SiO2 and Fe/SiO2 are inactive for the hydrodechlorination
reaction of chlorobenzene, with no conversion.
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Pd-Ni/SiO2 catalysts are less active than monometallic Pd catalyst (mean conversion
of 6%). For catalysts with a low proportion of Ni such as Pd67Ni33 (mean conversion
of 9%), one can only foresee a possible improvement in activity compared to that of the
monometallic Pd catalyst for reaction temperatures above 240 ◦C. In this series of catalysts,
increasing the Ni content increases the activity but leads to an amplification of the catalyst
deactivation phenomenon compared to Pd alone (mean conversion drops to 4% with the
Pd50Ni50 sample). The increase in activity could be due to an overall effect, i.e., the Ni
would dilute the Pd into small aggregates, and thus increase the surface area of active Pd.
The deactivation would be due to the formation of NiCl2.

The Pd-Fe catalysts are overall more active than the monometallic Pd catalyst. The
difference in the results obtained for each of the catalysts in the series could be explained
by the significant presence of FePd alloy in the catalyst. The combined action of Fe and
Pd would be responsible for this increase in activity. Fe would have a cooperative effect
when associated with Pd, although it is inactive alone. The presence of Fe could also reduce
the phenomenon of Pd poisoning by HCl. The best Pd-Fe catalyst (Pd67Fe33) doubled
the mean conversion to 13% compared to the Pd monometallic catalyst (mean conversion
of 6%).

4. Materials and Methods
4.1. Catalyst Synthesis

Reagents: Fe(III) acetylacetonate (Fe(acac)3, (CH3COCH=C(O)CH3)3Fe, Sigma-Aldrich,
97%, St. Louis, MO, USA); Pd (II) acetylacetonate (Pd(acac)2, CH3COCH=C(O)CH3)2Pd, Sigma-
Aldrich, 99%); Ni(II) acetylacetonate (Ni(acac)2, CH3COCH=C(O)CH3)2Ni, Sigma-Aldrich,
97%); Ammonia solution (NH4OH, Sigma-Aldrich, 25%); distilled water; tetraethoxysilane
(TEOS, Si(OC2H5)4, Sigma-Aldrich, 98%); N-[3-(triméthoxysilyl)propyl]ethylenediamine
(EDAS, (OCH3)3-Si-(CH2)3-NH-(CH2)2-NH, Sigma-Aldrich, 97%). The amounts of all
reagents used for material synthesis are detailed in Table 1.

Pd(acac)2 and the salt of the second metal, (Ni(acac)2 or Fe(acac)3), were mixed with
EDAS and half the volume of ethanol (or only one metallic salt if a monometallic catalyst
was prepared). The mixture was then stirred at room temperature until the solution became
clear. After the addition of TEOS, a 0.54 M aqueous ammoniacal solution diluted in the
remaining half of the ethanol was added with vigorous stirring. The synthesis bottle was
then hermetically sealed and placed in the oven at 80 ◦C for 3 days in order to undergo
gelling and aging of the gel.

The wet gels were then dried under vacuum at 80 ◦C for 3 days, during which the
pressure was slowly reduced to 1200 Pa in order to avoid the gel exploding. The gels
were then dried at 150 ◦C at 1200 Pa for 12 h. The dried gels were then calcined in air
(0.1 mmol/s) for 12 h at 400 ◦C with a ramp of 120 ◦C/h (air flow rate 0.02 mmol/s).
The calcined gels used for the catalytic tests were finally reduced in situ under hydrogen
(0.05 mmol/s) for 6 h at 400 ◦C and 1.25 bar. The catalysts used for the characterization
were reduced under hydrogen (0.25 mmol/s) for 6 h at 400 ◦C and at atmospheric pressure.
The synthesis process is represented in Figure 9.
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4.2. Characterizations

Nitrogen adsorption–desorption isotherms were obtained thanks to an ASAP 2420
multi-sampler adsorption–desorption volumetric device from Micromeritics.

The crystallographic properties were observed through the X-ray diffraction (XRD)
patterns recorded with a Siemens D5000 powder diffractometer using Cu-Kα radiation for
the Ni series and using Fe-Kα radiation for the Fe series. The Scherrer formula (Equation (3))
was used to determine the size of the metal crystallites (i.e., dXRD) [33]:

dXRD = 0.9
λ

(Bcos(θ))
(3)
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where dXRD is the crystallite size of metals (nm), B the peak full width at half maximum
after correction of the instrumental broadening (rad), λ the wavelength (nm) and θ the
Bragg angle (rad).

The sizes of the metallic nanoparticles were estimated by transmission electron mi-
croscopy (TEM) with a Philips CM100 device, with measurements being taken on approx-
imately one hundred particles. Each sample was prepared before being analyzed using
TEM. This preparation was necessary to disperse the samples and thus allow their analysis
under the electron microscope. The preparation procedure was as follows:

(i) the catalysts to be observed were embedded in the EPON 812 resin;
(ii) embedded catalysts were placed under vacuum for a few hours to allow the resin to

penetrate the pores of the catalyst;
(iii) the catalysts then remained for 3 days at 60 ◦C for the resin to polymerize;
(iv) very thin slices of polymerized resin containing the catalyst were cut using a crys-

tal knife;
(v) this thin slice was then placed on a copper grid.

The grids had a diameter of 3.05 mm and included 400 mesh (37 µm thick).
The sections were then placed directly on the sample holder of the transmission

electron microscope.
Real palladium, nickel and iron contents in the catalysts were measured using induc-

tively coupled plasma atomic emission spectroscopy (ICP-AES) on a Spectroflam from
Spectro Analytical Instruments. Samples were dissolved in concentrated acids (18 M H2SO4,
22 M HF, 14 M HNO3). Palladium, nickel and iron contents were obtained by comparison
with standard solutions in the same medium.

4.3. Catalytic Experiments

The installation used for the hydrodechlorination of chlorobenzene is represented in
Figure 10. The reactor was removed and charged with 0.2 g of Pd-Ni/SiO2 catalyst or 0.1 g
of Pd-Fe/SiO2 catalyst. It was then moved back to its original location. The system was
purged with helium. After a purge time of 5 to 10 min, the reduction procedure could
be started: a temperature ramp of 5 ◦C/min up to a plateau of 400 ◦C was maintained
for 6 h, the 2 stages being carried out under a flow rate of 4 NL/h of hydrogen. The
reduction temperature was determined by temperature programmed reduction (TPR) (see
Supplementary Materials). The temperature of the oven was then brought back to 180 ◦C,
the starting temperature of the actual test cycle. The hydrogen flow was reduced to 1 NL/h
and a flow of 37 NL/h of helium was added.

The temperature program was made up of different levels of 180 ◦C, 200 ◦C, 220 ◦C,
240 ◦C and finally a return to 220 ◦C. Each level was maintained for a period of 2 h except
for the last which was maintained for a minimum of 6 h. The temperature ramps were set
at a rate of 5 ◦C/min. An illustration of this temperature program can be seen in Figure 11.
The start of the program coincided with the pivoting of the valve, allowing continuous
injection of chlorobenzene.

Throughout the experiment, the chromatograph analyzed the reactor effluents at
regular intervals, i.e., approximately every 12 min. Each experiment was carried out
three times to assess reproducibility. The effluent was analyzed by gas chromatography
(ThermoFinnigan with FID) using a Porapak Q5 packed column.
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Abstract: Chromogenic enzymatic reactions are very convenient for the determination of various
biochemically active compounds. Sol-gel films are a promising platform for biosensor development.
The creation of sol-gel films with immobilized enzymes deserves attention as an effective way to
create optical biosensors. In the present work, the conditions are selected to obtain sol-gel films
doped with horseradish peroxidase (HRP), mushroom tyrosinase (MT) and crude banana extract
(BE), inside the polystyrene spectrophotometric cuvettes. Two procedures are proposed: the use
of tetraethoxysilane-phenyltriethoxysilane (TEOS-PhTEOS) mixture as precursor, as well as the
use of silicon polyethylene glycol (SPG).In both types of films, the enzymatic activity of HRP, MT,
and BE is preserved. Based on the kinetics study of enzymatic reactions catalyzed by sol-gel films
doped with HRP, MT, and BE, we found that encapsulation in the TEOS-PhTEOS films affects the
enzymatic activity to a lesser extent compared to encapsulation in SPG films. Immobilization affects
BE significantly less than MT and HRP. The Michaelis constant for BE encapsulated in TEOS-PhTEOS
films almost does not differ from the Michaelis constant for a non-immobilized BE. The proposed
sol-gel films allow determining hydrogen peroxide in the range of 0.2–3.5 mM (HRP containing film
in the presence of TMB), and caffeic acid in the ranges of 0.5–10.0 mM and 2.0–10.0 mM (MT- and BE-
containing films, respectively). BE-containing films have been used to determine the total polyphenol
content of coffee in caffeic acid equivalents; the results of the analysis are in good agreement with the
results obtained using an independent method of determination. These films are highly stable and
can be stored without the loss of activity for 2 months at +4 ◦C and 2 weeks at +25 ◦C.

Keywords: sol-gel films; optical sensors; tetraethoxysilane; phenyltriethoxysilane; silicon polyethy-
lene glycol; peroxidase; tyrosinase; crude banana extract; determination of total polyphenol content

1. Introduction

Sol-gel materials are widely used in analytical practice. The immobilization of proteins
in sol-gel matrices has been attempted in a number of works, given the good properties
of the resulting materials: preservation of the biocatalytic properties of the encapsulated
proteins and excellent optical properties. Since the first reported case of a successful
immobilization of active alkaline phosphatase via the sol-gel method [1], sol-gel silicate has
become a desired immobilization matrix for the design of active biocomposite materials.
Sol-gel materials as a matrix for immobilized proteins or biomolecules can have many
applications, such as stationary phase [2], drug delivery materials [3], and coatings [4,5].
Often sol-gel materials with immobilized enzymes are created for analytical enzymatic
applications [1,6–15].

Silica sol-gel films present a major advantage comparing to other sol-gel materials for
enzyme immobilization: the closeness of the immobilized enzymes to the solid-solution
interface. This increases the accessibility of the enzymes to substrates from the aqueous
phase, making silica sol-gel film a promising platform for biosensor development. Sol-
gel films are particularly often employed for both optical [6–12], and electrochemical
biosensors [6,13–15].
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Chromogenic enzymatic reactions are very convenient for the determination of var-
ious biochemically active compounds. In our opinion, the use of sol-gel films to create
optical biosensors deserves attention as an effective way to simplify analysis for its further
implementation in field conditions.

To obtain sol-gel materials doped with biomolecules, the latter are often encapsulated
in matrices of Ormosils—materials obtained by the hydrolysis of tetraethoxysilane in
the presence of organic silicon alkoxides, primarily 3-aminopropyltriethoxysilane [16,17].
However, the alcohol formed during the hydrolysis and condensation of the alkoxide
precursors could negatively affect the entrapped enzymes’ activity [17]. This is an important
problem that must be solved before employing the sol-gel process as a universal method of
protein or other biomolecules encapsulation. In the literature, special schemes are described
for the synthesis of sol-gel materials doped with enzymes to preserve the enzymatic activity
of immobilized enzymes [18–23]. The approaches described can be divided into two groups:
the use of tetraethoxysilane and its derivatives as precursors while using various ways to
minimize the contact of the enzyme with ethanol released upon hydrolysis of the precursors
and the use of silicate and glycerates as precursors, the hydrolysis of which does not release
ethanol.

The approaches in the first group include the modification of the procedure while
using standard alkoxide precursors [9,10,18]. To minimize the contact of the enzyme
with ethanol, a two-stage synthesis scheme is proposed: the first stage is the hydrolysis
of tetraethoxysilane or its mixtures with organic silicon alkoxides and the preparation
of the sol; the second stage is the addition of the enzyme to the sol-gel solution and the
formation of gels. Sometimes even the removal of the alcohol by rotavaporization method is
performed before the second stage [18]. The technology of “kinetic doping” is also proposed
where the nascent sol-gel film is submerged into enzyme-containing buffer solution which
provides alcohol dilution [9,10].

The second group implies the use of different precursors: sodium silicate [19,20] or
glycerol-derived silicates [21–23], which provide an alcohol-free sol. Both these routes
possess some limitations in their application: the glycerol-derived silicate precursors need
to be synthesized and sodium silicate precursors produce high sodium concentration levels
in the sol.

Using crude extracts as enzyme sources in biocomposite sol-gel materials seems a
promising approach. It was shown for crude extracts with polyphenol oxidase activity that,
other conditions being equal, the enzymatic activity of sol-gel materials doped with the
extracts is significantly higher than the activity of sol-gel materials doped with commercial
tyrosinase [11,12]. Based on our experience of studying crude extracts, we also noted that
the use of plant and mushroom extracts as enzyme sources presents a number of advantages
compared to purified enzymes: higher interference thresholds, better stability, and lower
cost [24–26]. In our opinion, the study of the crude extracts’ properties and the study of
the possibilities of their inclusion in sol-gel films will contribute to the development of
methods for the field determination of biochemically important analytes.

Historically, sol-gel films for optical applications were prepared on glass slides, which
then could be put inside the cuvettes. However, a more efficient and practical way to create
an optical biocomposite sensor is also described [27,28]: the sol-enzyme mixture is put
directly into the dispensable polystyrene cuvettes and the film is formed on the cuvette
inner side. This approach provides an easy way to fixate the film position in relation to the
optical path and also to precisely measure the amount of the enzyme and sol.

The goal of this work was to develop methods for the synthesis of transparent sol-gel
films doped with the most well-studied enzymes (horseradish peroxidase and mushroom
tyrosinase), as well as with crude banana extract as a source of polyphenol oxidase, on the
inner surface of plastic cuvettes with the use of tetraethoxysilane and organic alkoxides
or silicon glycerate as precursors, studying the effect of immobilization on the activity of
these enzymes, and evaluating the analytical performance of synthesized sol-gel films.
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2. Results
2.1. Synthesis of Sol-Gel Films with Immobilized Enzymes and Banana Extract

The validity of the sol-gel route presented in this work to preserve the enzyme activity
during the immobilization process has been studied on two of the enzymes that are most
widely used in analytical methods: horseradish peroxidase (HRP) and mushroom tyrosi-
nase (MT), and also the widely used crude plant extract—banana extract (BE) as a source of
polyphenol oxidase [23]. Most sol-gel immobilization studies use HRP [9,10,15,18,19,21];
polyphenol oxidase (tyrosinase) is studied less frequently [11–14,29]. We have optimized
the sol-gel matrix using HRP, and then studied the performance of HRP, MT, and BE in
the selected conditions. We have developed two approaches: using sol-gel films based
on mixtures of TEOS with derivatives (i.e., Ormosils) and using glycerol precursors; then
we studied the effect of immobilization on the activity of enzymes and the possibility of
analytical use of the synthesized films.

2.1.1. Sol-Gel Films Based on Alkoxide Precursors (TEOS Films)

Sol-gel synthesis consists of successively carrying out the following stages: hydrolysis
of precursors, polymerization (transformation of a sol into a gel) and, if necessary, drying
of the gels under different conditions. Typically, hydrolysis is carried out in the presence
of a related alcohol; when using TEOS, in the presence of ethanol. The properties of
sol-gel materials depend on the nature of the precursors, the ratio of components in the
hydrolyzing mixture, the nature of the gelation catalyst, and special additives to control
the porosity of the materials. To obtain sol-gel materials doped with analytical reagents, we
have developed a synthesis scheme [30,31], based on the hydrolysis of tetraethoxysilane
in an aqueous-ethanol medium in the presence of hydrochloric acid as a catalyst and
cetylpyridinium chloride as a pore former [32]. This scheme was used as the basis for the
development of a method for the synthesis of sol-gel films doped with enzymes.

Studies show that when enzymes are included in Ormosils, i.e., sol-gel materials
obtained from modified alkoxide precursors, their activity decreases to a lesser extent
than in the case of standard TEOS materials. Most often, methyl- and amino-derivatives
of tetraethoxysilane are used as precursors for the immobilization of enzymes in sol–gel
materials [16], while phenyl derivatives are used much less frequently.

According to the literature, adding the enzyme solution to the already formed sol
and not to the hydrolyzing mixture seems like a promising approach. This method was
proposed using sodium silicate as a precursor [19]. We decided to take this approach when
we used tetraethoxysylane (TEOS) and its mixtures with phenyltriethoxysilane (PhTEOS)
and 3-aminopropyltriethoxysilane (AmTEOS) as sol-gel precursors. These TEOS-based
sol-gel matrices were studied using horseradish peroxidase (HRP) as a model enzyme.
HRP is widely used in enzyme immobilization studies and comparing the results of the
present study using HRP was likely to be easier.

In order to select the conditions for the synthesis of transparent HRP-containing sol-
gel films on the inner surface of plastic cuvettes, the influence of the nature and ratio of
precursors, concentrations of hydrochloric acid and cetylpyridinium chloride was studied.
TEOS, AmTEOS, and PhTEOS were used as precursors. The mixtures of precursors with
water were prepared with 3:1 ratio of precursors:water and were mixed under the influence
of ultrasound with a sound energy density of 0.24–0.38 W/mL at the hydrolyzing stage.
The transparent homogeneous sols were formed in 45–90 min. The resulting sols are stable
and can be stored at +4 ◦C for a week. To obtain gels, the sols were mixed with HRP
solution in a buffer (pH 6.0) in a ratio of 1:0.8. The loss of fluidity of this mixture (i.e., gel
formation) occurs after 2–10 min, depending on the composition of the sol. To prepare
the sol-gel films, 0.5–0.9 mL of the mixture was placed in cuvettes, distributed on one of
the inner sides, and after 2–10 min, films with an approximate thickness of 1.5–2.5 mm
were formed. The stability of the sol-gel films, the enzymatic activity of the immobilized
enzymes, and their storage stability were evaluated to choose the synthesis conditions.

45



Gels 2023, 9, 240

When 1.0–4.5% w/w AmTEOS was added to TEOS, the films lost transparency com-
pared to films prepared with only TEOS. For TEOS-AmTEOS films, the 10–100 fold increase
in the concentration of hydrochloric acid led to the increase in transparency, but it was
accompanied by significant reduction in the gelation time (less than 1 min), which made it
difficult to obtain films by our method.

The use of TEOS-PhTEOS mixtures with a PhTEOS content of 1–10% w/w made it
possible to obtain films that are transparent in the visible light range. Films produced
at PhTEOS contents greater than 2% cracked on the next day after the preparation, but
at 1–2% w/w they remained stable and did not crack. When using mixtures of TEOS-
AmTEOS-PhTEOS with 1% w/w of PhTEOS and 0.4% w/w of AmTEOS, a lack of film
transparency was observed, which led us to stop using AmTEOS and to concentrate on
studying TEOS-PhTEOS mixtures.

In the literature, enzyme-doped sol-gel materials obtained by various methods are
usually characterized by the retention of the immobilized enzyme in the matrix and its
activity [9,19,21]. We investigated the effect of PhTEOS content on enzyme retention using
HRP as a model enzyme. Under the described above conditions, HRP-doped films were
synthesized with different PhTEOS content in the mixture of precursors (0, 1, and 2%)—
HRP-PhTEOS0, HRP-PhTEOS1, and HRP-PhTEOS2 films. Enzyme retention was studied
by determining the enzyme activity in buffer solutions obtained by washing the sol-gel films.
The results are shown in Figure 1. The introduction of PhTEOS into the precursor mixture
increased the retention of peroxidase by the sol-gel matrix. Thus, it can be concluded
that peroxidase retention is significantly improved when PhTEOS is introduced into the
matrix, and the enzyme is washed out slightly less from films containing 1% PhTEOS
than from the films containing 2% PhTEOS. The obtained HRP retention values in the
films after three washes are shown in Table 1. Comparison with literature data shows that
the enzyme washing out values in our experiments are somewhat greater than for the
previously proposed methods [19,21]. However, our film preparation method is simple,
involves the use of commercially available precursors, and preserves significant activity of
the immobilized enzyme.
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Table 1. Retention of HRP in various sol-gel films after washing.

Precursor(s), Biocomposite Sol-Gel Material Preparation Procedure Retention, % Reference

TMOS, enzyme is added to the hydrolyzing mixture 76–90
[21]

PGS, enzyme is added to the hydrolyzing mixture 83–95

Sodium silicate, ion-exchange elimination of sodium at the sol formation
stage, enzyme is added to the sol 100 [19]

TEOS, enzyme is added to the sol 41

Present workTEOS and 1% PhTEOS, enzyme is added to the sol 81

TEOS and 2% PhTEOS, enzyme is added to the sol 79

It is widely known that the activity of an entrapped enzyme is usually only a fraction
of its activity in free solution [9]. The relative activity of the immobilized enzyme was
calculated as a percentage of the activity of a similar amount of the enzyme in solution.
The initial rates comparison allowed calculating the film loaded enzymes’ relative activity
(Table 2). The relative activities were in the range of 6.6–7.4%, which is similar to the results
observed for other sol-gel matrices described in the literature [9,19]. The highest relative
activity was observed for 1% PhTEOS sol-gel film. For further experiments, we chose a film
obtained by adding 1% PhTEOS to a mixture of precursors—HRP-PhTEOS1.

Table 2. Relative activity of the immobilized enzymes (% of the activity of the same amount of native
enzyme) for the different sol-gel films.

Enzyme Precursor(s), Biocomposite Sol-Gel Material
Preparation Procedure

Enzyme Relative Activity, %
(n = 3, P = 0.95) Reference

HRP

Sodium silicate, ion-exchange elimination of sodium at the sol
formation stage, enzyme is added to the sol 7.2 [19]

TEOS, enzyme sorption on the nascent sol-gel film on the glass slide 11.7 ± 0.5 [9]

TEOS and PhTEOS, enzyme is added to the sol,
1. 0% PhTEOS
2. 1% PhTEOS
3. 2% PhTEOS

6.6 ± 0.5
7.4 ± 0.6
6.9 ± 0.5

Present workSPG, enzyme is added to the hydrolyzing mixture 3.4 ± 0.4

MT
TEOS and PhTEOS, enzyme is added to the sol, 1% PhTEOS 11.2 ± 1.0

SPG, enzyme is added to the hydrolyzing mixture 15.2 ± 2.2

BE
TEOS and PhTEOS, enzyme is added to the sol,1% PhTEOS 10.8 ± 0.9

SPG, enzyme is added to the hydrolyzing mixture 8.5 ± 0.5

HRP—horseradish peroxidase, MT—mushroom tyrosinase, BE—crude banana extract.

Three types of films were prepared for the following studies using this sol-gel matrix:
HRP-PhTEOS1 with immobilized HRP, MT-PhTEOS1 with immobilized MT, BE-PhTEOS1
with immobilized BE. The relative activities were also calculated for MT and BE (Table 2)
and they were similar to the HRP activities obtained in our study and other works [9,19].
No available data on the relative activity of immobilized tyrosinase or crude extracts were
found in the literature.

HRP-PhTEOS1, MT-PhTEOS1, and BE-PhTEOS1 films were used to study the kinetics
of enzymatic reactions.

2.1.2. Sol-Gel Films Based on Silicon Polyethylene Glycol (SPG Films)

Another approach for creating biocomposite sol-gel films is the employment of silicon
polyethylene glycol (SPG). SPG rapidly hydrolyzes and forms gels in aqueous media

47



Gels 2023, 9, 240

without the need for any catalyst, such as hydrochloric acid, to form silica hydrogels,
which are transparent, and physically stable [21–23]. This approach was tested with many
biological molecules, such as peroxidase, catalase, various oxidases, etc. [21]. We decided
to synthesize glycerol-containing-precursors based sol-gel films and compare them to our
TEOS-PhTEOS films.

Unlike alkoxide-based films, no ethanol is generated when using SPG, so SPG films
are easier to prepare. In order to obtain SPG films, the precursor was mixed with a solution
of the enzyme/extract in a pH 6.0 buffer solution in a ratio of 1:2. To form sol-gel films,
0.6 mL of the mixture was placed in cuvettes, distributed on one of its inner sides, and
after 90 min, films with an approximate thickness of 1.5–2.5 mm were formed. Gelation
occurred in the absence of a catalyst, and film formation took longer than in the case of
TEOS-PhTEOS films.

Three types of films were prepared for the following studies using this sol-gel matrix:
HRP-SPG with immobilized HRP, MT-SPG with immobilized MT, BE-SPG with immo-
bilized BE. The relative activity of enzymes in these films is given in Table 2, and it is
comparable to TEOS-PhTEOS based films. HRP-SPG, MT-SPG, and BE-SPG films were also
used to study the kinetics of enzymatic reactions.

2.2. Study of the Kinetics of Enzymatic Reactions in the Presence of Sol-Gel Films Doped with HRP,
MT, and BE

The effect of the sol-gel process on the enzyme activity was investigated by comparing
the kinetic parameters (Michaelis constants) of the reactions catalyzed by native and
immobilized enzyme. The initial rates of the HRP, MT, and BE catalyzed reactions were
measured as the absorbance increase over time. The Michaelis constants were obtained
through the fitting of the data to Michaelis–Menten kinetic analysis using Lineweaver–Burk
plots. The Michaelis constants were calculated for hydrogen peroxide in the presence of
constant TMB concentration (0.009%) in the case of HRP and for caffeic acid in the cases of
MT and BE.

The enzymes included in the sol-gel films obtained in this work retain their activity,
and the kinetics of the reactions catalyzed can be fitted to the Michaelis–Menten equation.
Figure 2 shows, for example, kinetic curves for different concentrations of hydrogen
peroxide in the presence of HRP-PhTEOS1 and HRP-SPG films.

For the evaluation of the immobilized enzymes’ properties, we studied their interaction
with substrates (hydrogen peroxide in the case of HRP and caffeic acid in the case of MT and
BE) and calculated the kinetic parameters of the enzymatic reaction (Michaelis constants).
Figure 3 shows the dependence of the reaction rate on the concentration of hydrogen
peroxide in the presence of HRP-PhTEOS1 and HRP-SPG films. When Lineweaver–Burk
coordinates are used, these dependencies become linear and allow the calculation of the
Michaelis constants (Table 3). Both in our experiments and in the literature data [11,18,19]
the Michaelis constant values (KM) of the immobilized enzymes were higher than those
of the native enzymes, indicating the presence of partitioning and diffusional effects in
the pores of the sol-gel matrix. Table 3 shows that, when using SPG-based films, an even
greater increase in KM values is observed, meaning that such films are better fit for the
determination of high concentrations of substrates. This can be explained by the greater
steric hindrance because of bulkier sol-gel precursor molecules. The obtained data indicate
that for all the studied sol-gel films, the inclusion of HRP, MT, and BE does not hinder their
enzymatic activity and allows their use for enzymatic reactions. TEOS-PhTEOS-based films
seem to be more promising for the development of methods for determining low contents
of analytes-substrates.
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We have studied crude banana extract in the present immobilization study, because
earlier we have established that crude plant extracts have higher interference thresholds
than purified enzymes [24]. There are data indicating that crude extracts are more robust
and endure sol-gel immobilization better: in some cases, the extract can withstand the
immobilization procedure that inhibits the corresponding purified enzyme activity [11].
In the present study, we observed that for crude banana extract the Michaelis constant
remained almost the same after the immobilization in PhTEOS1 film (2.4 mM in solution
vs. 2.8 mM in film). A similar effect was described earlier for desert truffle tyrosinase
extract [11]: the Michaelis constant even slightly decreased upon immobilization (0.5 mM
in solution vs.0.2 mM in film). This can be possibly explained by the presence of other plant
cell fragments in the crude extracts which create a better environment for the enzymes
inside the sol-gel matrices.

49



Gels 2023, 9, 240

Gels 2023, 9, 240 8 of 15 
 

 

tions. TEOS-PhTEOS-based films seem to be more promising for the development of 
methods for determining low contents of analytes-substrates. 

Table 3.The influence of immobilization in sol-gel film on the Michaelis constants (KM). 

Enzyme Source Film Precursor(s) 
KM, mM 

KM Ratio Reference 
Solution Film 

Horseradish peroxidase 

Na silicate 0.163 0.985 6 [19] 
TEOS 0.55 2.38 4.3 [18] 

TEOS+ 1% PhTEOS 0.4 1.4  3.5 
Present work 

SPG 0.4 9.9 24.8 

Mushroom tyrosinase 
TEOS + colloidal silica 0.9 no activity - [11] 

TEOS+ 1% PhTEOS 1.1 4.1 3.7 
Present work 

SPG 1.1 10.1 9.2 
Desert truffle extract TEOS + colloidal silica 0.5 0.2 0.4 [11] 

Banana extract 
TEOS+ 1% PhTEOS 2.4 2.8 1.2 

Present work 
SPG 2.4 8.0 3.3 

 
Figure 3. The dependence of the reaction speed (min−1) in the presence of HRP-PhTEOS1 film (blue) 
and HRP-PGS film (red) on the concentration of hydrogen peroxide (n = 3). 

We have studied crude banana extract in the present immobilization study, because 
earlier we have established that crude plant extracts have higher interference thresholds 
than purified enzymes [24]. There are data indicating that crude extracts are more robust 
and endure sol-gel immobilization better: in some cases, the extract can withstand the 
immobilization procedure that inhibits the corresponding purified enzyme activity [11]. 
In the present study, we observed that for crude banana extract the Michaelis constant 
remained almost the same after the immobilization in PhTEOS1 film (2.4 mM in solution 
vs. 2.8 mM in film). A similar effect was described earlier for desert truffle tyrosinase ex-
tract [11]: the Michaelis constant even slightly decreased upon immobilization (0.5 mM in 
solution vs.0.2 mM in film). This can be possibly explained by the presence of other plant 
cell fragments in the crude extracts which create a better environment for the enzymes 
inside the sol-gel matrices. 

Based on the enzyme kinetics study of the immobilized enzymes we have chosen 
HRP-PhTEOS1, MT-PhTEOS1, and BE-PhTEOS1 films for the analytical application. 

Figure 3. The dependence of the reaction speed (min−1) in the presence of HRP-PhTEOS1 film (blue)
and HRP-PGS film (red) on the concentration of hydrogen peroxide (n = 3).

Table 3. The influence of immobilization in sol-gel film on the Michaelis constants (KM).

Enzyme Source Film Precursor(s)
KM, mM

KM Ratio Reference
Solution Film

Horseradish peroxidase

Na silicate 0.163 0.985 6 [19]

TEOS 0.55 2.38 4.3 [18]

TEOS+ 1% PhTEOS 0.4 1.4 3.5
Present work

SPG 0.4 9.9 24.8

Mushroom tyrosinase

TEOS + colloidal silica 0.9 no activity - [11]

TEOS+ 1% PhTEOS 1.1 4.1 3.7
Present work

SPG 1.1 10.1 9.2

Desert truffle extract TEOS + colloidal silica 0.5 0.2 0.4 [11]

Banana extract
TEOS+ 1% PhTEOS 2.4 2.8 1.2

Present work
SPG 2.4 8.0 3.3

Based on the enzyme kinetics study of the immobilized enzymes we have chosen
HRP-PhTEOS1, MT-PhTEOS1, and BE-PhTEOS1 films for the analytical application.

2.3. Analytical Application HRP-PhTEOS1, MT-PhTEOS1, and BE-PhTEOS1 Films

We studied the possibility of the analytical use of the proposed sol-gel films doped with
enzymes and banana extract. Hydrogen peroxide was used as analyte for HRP-PhTEOS1
film in the presence of TMB, and caffeic acid was used for MT-PhTEOS1 and BE-PhTEOS1
films. Immobilized enzymes catalyze the corresponding chromogenic reactions: hydrogen
peroxide reduction with TMB oxidation and caffeic acid oxidation by air oxygen. The reac-
tion rates were used as an analytical signal; the dependence of the absorbance on time was
studied for different concentrations of analytes. Analytical ranges—analyte concentration
ranges with a linear dependence of the reaction rate on analyte concentrations—are given
in Table 4. Comparison of detection limits (LOD) for the sol-gel film encapsulated enzymes
and banana extract, with LODs for non-immobilized enzymes and extract, demonstrate
only 2–3 fold loss of sensitivity (Table 4). Such effect is likely attributed to steric hindrances
arising during immobilization. The simplicity of determinations using sol-gel films doped
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with enzymes and banana extract should be noted: it is simply needed to place 3.0 mL of a
sample in a cuvette containing a sol-gel film (in the case of determining hydrogen peroxide,
0.4 mL of 0.08% TMB solution should also be added), and monitor the change in absorbance
at 650 nm for the determination of hydrogen peroxide and 400 nm for the determination of
caffeic acid. Such measurements can be carried out using various portable photometers,
which opens the prospect of mass analyses for the determination of biochemically active
analytes in the field.

Table 4. Analytical parameters of the procedures using HRP-PhTEOS1, MT-PhTEOS1, and BE-
PhTEOS1 sol-gel films.

Enzyme Source Analytical Range, mM LOD, mM (n = 3)

Hydrogen peroxide
HRP 0.05–0.5 0.02

HRP-PhTEOS1 0.2–3.5 0.06

Caffeic acid

MT 0.25–10.0 0.08

MT-PhTEOS1 0.5–10 0.15

BE 0.5–10.0 0.2

BE-PhTEOS1 2.0–10.0 0.6

In this paper, to demonstrate the analytical capabilities of sol-gel films, we present
the results of the total polyphenol content determination in coffee (in caffeic acid equiva-
lents) using an immobilized banana extract (BE-PhTEOS1 film). Total polyphenol content
determination is often used in food quality control [24].

The recovery study of the caffeic acid determination using BE-PhTEOS1 film shows
that the RSD values are comparable to those for banana extract in solution and equal 7–10%
(n = 3).

The results of TPC determination in coffee compared with the results of independent
methods are given in Table 5.

Table 5. Results of TPC determination in coffee using BE-PhTEOS1 film and by independent methods
(n = 3, P = 0.95).

Found, mg/g

BE—PhTEOS 1
BE Folin’s Reagent

Method of Standard Addition Using the Calibration Curve

114 ± 18 118 ± 36 110 ± 30 120 ± 10

The good agreement between the different procedures indicates the good accuracy
of the TPC determination with BE-PhTEOS1 film. No significant difference was found
between the four values using Student test (p > 0.28 for all the pairs).

The stability and lifetime of the immobilized BE was investigated by measuring the
sol-gel film activity using 2.0 mM caffeic acid solution. 95% activity of immobilized BE
was retained after 2 months storage at +4 ◦C (BE solution lost its activity after 4 days). 90%
activity of immobilized BE was retained after 2 weeks storage at +25 ◦C.

These novel enzyme-doped silica matrixes provide promising platforms for develop-
ment of various on-site analytical procedures. In the present work we proposed a procedure
using crude plant extract immobilized in TEOS-PhTEOS sol-gel film (BE-PhTEOS1 film) for
spectrophotometric determination of total polyphenol content using a standard curve of
caffeic acid. The detection limit for caffeic acid equals 0.7 mM, while LOD values of other
enzymatic methods of TPC determination lie in the 0.01–0.5 mM range [24]. However, the
sol-gel films are ready-to-use and offer the possibility of storage at a room temperature.
Using crude extract as the enzyme source in these sol-gel materials allows low-cost analysis
which makes the process suitable for wide screening tests.
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3. Conclusions

We have chosen the conditions for the synthesis of sol-gel films doped with HRP, MT,
and BE using TEOS-PhTEOS mixture or SPG as precursors, on the inner side surface of
polystyrene cuvettes. When using TEOS and PhTEOS precursors, the film preparation
consists of two stages: the preparation of the sol under the influence of ultrasound for
90 min, which leads to the evaporation of a significant part of the formed alcohol, and
the subsequent mixing of the sol with an enzyme solution. In the case of SPG films, the
enzyme solution is mixed directly with the precursor. Basing on the study of the activity
of the immobilized enzymes and the immobilized extract, we have concluded that for
both types of films, the enzymatic activity is preserved, and the kinetics of the catalyzed
reactions can be described by the Michaelis–Menten equation. The relative activity of the
immobilized enzymes is comparable for both types of films and is about 10% of the activity
of the non-immobilized enzyme. Thus, the preservation of enzyme activity in the proposed
procedures is comparable to those described in the literature, which can also sometimes be
significantly more complicated in execution.

When HRP and MT are included in alkoxide-based films, the Michaelis constants
increase 3–4 fold, and in SPG-based films—10–20 fold. Compared to these purified en-
zymes, the crude banana extract demonstrates that it can better withstand the effect of
immobilization: for BE the Michaelis constant almost does not change in the alkoxide-based
films, and it increases only 3 fold in SPG-based films.

The analytical capabilities of sol-gel films doped with enzymes and banana extract are
demonstrated: the analytical range for the hydrogen peroxide determination is 0.2–3.5 mM
using HRP-PhTEOS1 film in the presence of TMB, and the analytical ranges for caffeic acid
determination are 0.5–10.0 mM and 2.0–10.0 mM using MT-PhTEOS1 and BE-PhTEOS1
films, respectively. The sensitivity of the determination is decreased only 2–3 fold compared
to non-immobilized enzymes, while the use of disposable cuvettes with a sol-gel film on
the inner side surface greatly simplifies the determination procedure and makes it possible
to carry out the determination in field conditions.

BE-PhTEOS1 films have been used to determine the total polyphenol content of coffee
in caffeic acid equivalents. The lifetime of BE-PhTEOS1 is 2 months at +4 ◦C storage and
2 weeks at +25 ◦C storage, which is a significant improvement of the shelf life compared to
the non-immobilized enzymes and extracts.

4. Materials and Methods
4.1. Materials

Tetraethoxysilane (TEOS), phenyltriethoxysilane (PhTEOS), 3-aminopropyltriethoxy-
silane (AmTEOS), and hydrogen peroxide were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Silicon polyethylene glycol (SPG) was synthesized under the supervision of
Dr. T.G. Khonina according to the method described earlier [22].

Caffeic acid, cetylpyridinium chloride, and 3,3′,5,5′-tetramethylbenzidine (TMB) were
purchased from Acros Organics (Carlsbad, CA, USA). Phosphate buffer (pH 6.0) was
prepared using sodium monophosphate and potassium diphosphate.

Horseradish peroxidase (HRP) (250 U/mg) was purchased from Biozyme laboratories
(UK). Mushroom tyrosinase (MT) from A. niger (3900 U/mg) was purchased from Sigma
(St. Louis, MO, USA).

Banana extract (BE) was prepared similarly to [24]: 100.0 g of homogenized banana
pulp tissue was stirred in 200.0 mL of phosphate buffer (pH 6.0) at 0 ◦C for 30 min, and
then filtered twice through a paper filter. The protein content of the banana extract was
determined by the Biuret method. Total protein content equaled 3.8 mg/mL for banana
pulp crude extract. The activity of the crude banana extract used in this work has been
determined by comparing the reaction speed of catechol oxidation in the presence of the
crude extract and the commercial mushroom tyrosinase. Crude banana extract activity was
found to be 292 ± 6 U/mL (n = 3, P = 0.95).
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Polystyrene cuvettes (10 × 10 × 45 mm) with caps were purchased from Sarstedt
(Numbrecht, Germany).

4.2. Synthesis of Sol-Gel Films Doped with Mushroom Tyrosinase, Horseradish Peroxidase and
Banana Extract
4.2.1. Sol-Gel Films Based on TEOS and Its Mixtures with PhTEOS and AmTEOS (TEOS film)

In vials, a certain volume of AmTEOS or PhTEOS was added to a certain volume
of TEOS. An aqueous solution of cetylpyridinium chloride and hydrochloric acid as a
catalyst was added to the resulting mixture. The silane mixture: water ratio was 3:1. The
mixture was stirred under the influence of ultrasound with the sound energy density of
0.28–0.34 W/mL for 90 min. In a plastic cuvette, 0.3 mL of the sol was mixed with 0.3 mL
of the enzyme/crude extract solution in buffer. The cuvettes were capped, shaken, and
then placed on their side. After 2–10 min, a transparent sol–gel film formed on the inner
wall surface of the cuvette. The cuvettes with films were stored at +4 ◦C.

4.2.2. Synthesis of HRP-PhTEOS1, MT-PhTEOS1, BE-PhTEOS1 Films

1.5 mL of aqueous solution containing 0.5 mMcetylpyridinium chloride and 1.6 mM
hydrochloric acid was added to 4.5 mL of TEOS and 0.05 mL of PhTEOS. The mixture was
stirred under the influence of ultrasound with a sound energy density of 0.3 W/mL for
90 min. In a plastic cuvette, 0.3 mL of the sol was mixed with 0.3 mL of HRP solution in
buffer (pH 6.0) to obtain HRP-PhTEOS1 film, with 0.3 mL MT solution in buffer (pH 6)
to obtain MT-PhTEOS1 film, 0.3 mL of BE to obtain BE-PhTEOS1 film. The cuvettes were
capped, shaken, and then placed on their side. After 2–10 min, a transparent sol–gel film
formed on the inner wall surface of the cuvette. The cuvettes with films were stored at
+4 ◦C.

4.2.3. Sol-Gel Films Based on SPG

In a cuvette 0.2 mL of SPG was mixed with 0.4 mL of HRP solution in buffer (pH
6.0) to obtain an HRP-SPG film, with 0.4 mL of MT solution in buffer (pH 6.0) to obtain
a MT-SPG film, with 0.4 mL of BE to obtain a BE-SPG film. The cuvettes were capped,
shaken, and then placed on their side. After 60–90 min, a transparent sol–gel film formed
on the inner wall surface of the cuvette. The cuvettes with films were stored at +4 ◦C.

4.3. Study of the Immobilized HRP, MT, and BE Activity and Properties in Sol-Gel Films
4.3.1. Relative Activity of Immobilized Enzymes

To study the activity of HRP immobilized in sol-gel films, 3.0 mL of a hydrogen
peroxide solution of various concentrations and 0.4 mL of a 0.08% TMB solution were
added to the cuvette with film. Absorbance was measured at 650 nm for 10 min every
10 s. Enzyme activity was determined as the initial reaction rate. The relative activity was
determined from the dependence of the HRP activity in solution on the HRP amount. This
dependence was obtained by the following procedure: 3.0 mL of 8.0 mM hydrogen peroxide
solution was mixed with 0.4 mL of 0.08% TMB solution and 0.4 mL of HRP solution with
different amounts of enzyme, and absorbance was measured at 650 nm.

To study activity of MT and BE immobilized in sol-gel films, 3.0 mL of caffeic acid
solution of various concentrations was added to the cuvette with film and the absorbance
was measured at 400 nm for 10–15 min every 10 s. Enzyme activity was determined as
the initial reaction rate. The relative activity was determined from the dependence of the
MT/BE activity in the solution on the MT/BE amount. This dependence was obtained by
the following procedure: 1.0 mL of MT/BE solution with different amounts of enzyme
was added to 2.0 mL of 5.0 mM caffeic acid solution, and the absorbance was measured at
400 nm.
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4.3.2. HRP Retention on PhTEOS0, PhTEOS1, PhTEOS2 Films

To study the retention of peroxidase in films of various compositions—TEOS (Ph-
TEOS0), TEOS + 1%PhTEOS (PhTEOS1), TEOS + 2%PhTEOS (PhTEOS2)—2.0 mL of a
buffer solution (pH 6.0) was added to the cuvettes with films and left for 30 min. After that,
the buffer solution was decanted and its enzyme activity was determined according to the
described above procedure.

4.3.3. Sol-Gel Films Stability Studies

The films doped with enzymes and banana extract were stored in closed cuvettes at
+25 ◦C and at +4 ◦C; their stability was checked by measuring the activity according to the
described above procedure.

4.3.4. Study of the Kinetics of Enzymatic Reactions in the Presence of Immobilized HRP,
MT, and BE

To study the activity of HRP immobilized in sol-gel films, 3.0 mL of a hydrogen
peroxide solution of various concentrations and 0.4 mL of a 0.08% TMB solution were added
to the cuvette. Absorbance was measured at 650 nm for 10 min every 10 s. To calculate the
Michaelis constant, the dependence of the reaction rate (min−1) on the concentration of
hydrogen peroxide was plotted in Lineweaver–Burk coordinates.

To study the activity of MT and BE immobilized in sol-gel films, 3.0 mL of caffeic
acid solution of various concentrations was added to the cuvette and the absorbance was
measured at 400 nm for 10–15 min every 10 s. To calculate the Michaelis constant, the
dependence of the reaction rate (min−1) on the concentration of caffeic acid was plotted in
Lineweaver–Burk coordinates.

4.4. Calibration Curves Using HRP-PhTEOS1, MT-PhTEOS1, BE-PhTEOS1 Films

To obtain a calibration curve for hydrogen peroxide, 3.0 mL of a hydrogen peroxide
solution of various concentrations and 0.4 mL of a 0.08% TMB solution were added to a
cuvette with HRP-PhTEOS1 film. The difference in absorbance at 650 nm, measured after 1
and 2 min from the reaction start, was used as analytical signal.

To obtain a calibration curve for caffeic acid, 3.0 mL of caffeic acid solution of various
concentrations was added to a cuvette with MT-PhTEOS1 or BE-PhTEOS1 films. The
reaction rate, i.e., the rate of increase in absorbance at 400 nm, was used as analytical signal.

The limit of detection (LOD) was calculated as 3 standard deviation of the blank
absorbance (n = 3) divided by the slope value. The limit of quantitation (LOQ) was
calculated as 3·LOD.

4.5. Total Polyphenol Content Determination

1.0 g of coffee sample was mixed with 100.0 mL of boiling water, and filtered after
15 min. After cooling to the room temperature, 3.0 mL of the sample solution was added
to the cuvette with the BE-PhTEOS1 film, and the reaction rate was used as the analytical
signal. The total polyphenol content (TPC) in caffeic acid equivalents was determined in
the treated sample using the standard addition method and using the calibration curve for
caffeic acid in the range of 2.0–10.0 mM.

The procedure for TPC determination with Folin reagent was carried out similarly
to [24].

4.6. Instrumentation

Sols were prepared under the ultrasound radiation using the ultrasound equipment
UZH-02 (SonoTech, Russia). The sound energy density (W/mL) was defined as the ratio
of the power absorbed in the reactor to the volume of liquid in the reactor. To determine
the power, the time was measured until a certain mass of water was heated to a certain
temperature.
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Spectra of colored products of enzymatic oxidation of phenolic compounds were
recorded with SPECTROstar Nano spectrophotometer (BMG Labtech, Ortenberg, Ger-
many). Spectra were analyzed with MARS software (BMG Labtech, Ortenberg, Germany)
and statistical analysis was carried out using MS Excel.
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Abstract: The nature of functional groups and their relative position and orientation play an impor-
tant role in tuning the gelation properties of stimuli-responsive supramolecular gels. In this work, we
synthesized and characterized mono-/bis-pyridyl-N-oxide compounds of N-(4-pyridyl)nicotinamide
(L1–L3). The gelation properties of these N-oxide compounds were compared with the reported
isomeric counterpart mono-/bis-pyridyl-N-oxide compounds of N-(4-pyridyl)isonicotinamide. Hy-
drogels obtained with L1 and L3 were thermally and mechanically more stable than the corresponding
isomeric counterparts. The surface morphology of the xerogels of di-N-oxides (L3 and diNO) ob-
tained from the water was studied using scanning electron microscopy (SEM), which revealed that
the relative position of N-oxide moieties did not have a prominent effect on the gel morphology. The
solid-state structural analysis was performed using single-crystal X-ray diffraction to understand the
key mechanism in gel formation. The versatile nature of N-oxide moieties makes these gels highly
responsive toward an external stimulus, and the stimuli-responsive behavior of the gels in water
and aqueous mixtures was studied in the presence of various salts. We studied the effect of various
salts on the gelation behavior of the hydrogels, and the results indicated that the salts could induce
gelation in L1 and L3 below the minimum gelator concentration of the gelators. The mechanical prop-
erties were evaluated by rheological experiments, indicating that the modified compounds displayed
enhanced gel strength in most cases. Interestingly, cadmium chloride formed supergelator at a very
low concentration (0.7 wt% of L3), and robust hydrogels were obtained at higher concentrations of L3.
These results show that the relative position of N-oxide moieties is crucial for the effective interaction
of the gelator with salts/ions resulting in LMWGs with tunable properties.

Keywords: supramolecular gels; isomeric LMWGs; pyridyl N-oxide; stimuli-responsive systems;
anion/cation-responsive gels; metallogels; cadmium sensor

1. Introduction

Soft materials based on stimuli-responsive systems [1–4] have gained widespread in-
terest because of their tunable properties with respect to external stimuli such as electricity,
light, heat, voltage, magnetic field, mechanical stress, pH, and salts/ions. Supramolecu-
lar gels based on low-molecular-weight gelators (LMWGs) [5–14] are an excellent class
of stimuli-responsive materials with intriguing potential applications, such as sensors,
dynamic gels, tissue engineering, and as media for crystal growth and catalysis [14–26].
The self-assembly of gelator molecules in a solvent medium leads to the formation of
LMWGs with a three-dimensional fibrous network stabilized by various non-covalent
interactions. The self-assembly process depends on various parameters [27–33], such as
temperature, pressure, sound, solvent, functional groups, and gelator structure, which can
significantly affect the gel network. The nature of the non-bonding interaction and the
molecular structure of the gelator play a crucial role in gel network formation. However,
predicting the mechanism of the self-assembly process and the gel structure is challenging,
because the non-covalent interactions are dynamic in nature. The self-assembly process
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also depends on the spatial orientation of the functional groups. Understanding the role
of building blocks/functional groups and the nature of the non-bonding interactions will
help researchers to design smart materials based on LMWGs with intriguing properties.
The formation of a one-dimensional (1D) hydrogen-bonded chain can be considered as
one of the key primary interactions for the gel network formation in LMWGs [6,8,34]. The
incorporation of supramolecular synthons [35] or functional groups with hydrogen-bond
functionalities such as urea and amide that can assemble into a 1D array have extensively
been used to generate LMWGs, which indicates the importance of the 1D hydrogen-bonded
chain [6,8].

LMWGs based on amide groups as supramolecular synthons are an important class of
supramolecular gels with tunable properties [36–39]. Amide-based LMWGs display com-
plementary N–H ··O=C interactions arising from the N−H donor and C=O acceptor of the
amide moieties to form a one-dimensional chain, which self-assembles to a three-dimensional
network (3D) via cooperative and unidirectional hydrogen bonding [40]. These 3D networks
can immobilize solvent molecules to form organo/hydrogels [41–47]. The adjacent functional
groups strongly influence the hydrogen-bonding synthons, and the gelation properties can
be altered by introducing moieties that interact with the amide/urea groups. For example,
attaching the pyridyl group to the amide moiety can change the intermolecular interaction
involving urea/amide groups, which leads to a N···H–N hydrogen-bonding synthon due to
the interaction between urea/amide groups and the pyridyl moiety [45,48]. The addition of
pyridyl functionality has resulted in highly robust pyridyl amide LMWGs [45,48–50], at typi-
cal low gelator concentrations, which can be utilized as stimuli-responsive supramolecular
systems [11,51–54]. Incorporating pyridyl amide moieties offers the possibility of synthe-
sizing several isomers, depending on the relative position of the pyridyl nitrogen atom.
Furthermore, they provide several advantages, such as ease of obtaining crystalline materials
and modification of the pyridyl groups by simple organic reactions. For example, the gelation
properties of bis-pyridyl LMWGs can be tuned by replacing the pyridyl group with the
corresponding pyridyl-N-oxide [55], resulting in pyridyl-N-oxide LMWGs.

Compounds based on pyridyl-N-oxide moieties have gained widespread interest in
synthetic chemistry, biochemistry, and pharmacology due to their intriguing potential
applications in medicinal science [56–59]. This is presumably due to the characteristic
of the N–O bond [60], which can be considered as a NO donating bond with an impor-
tant contribution from the oxygen atom (ON back-donation). The substituents play an
important role in the stability of the N–O bond; for example, additional stability can be
achieved by adding electron-withdrawing substituents, but a reverse trend is observed
for electron-donating groups [60]. Incorporating pyridyl-N-oxide moieties will lead to
enhanced hydrogen bonding and increased solubility in water [55,61] because of the
hydrogen-bonding capabilities of the pyridyl-N-oxide moiety. Thus, pyridyl-N-oxides have
a great prospect as hydrogelators, but, surprisingly, the utilization of this functionality
in LMWGs is unexplored [55,62,63]. The relative position of the functional groups plays
a crucial role in gel network formation in pyridyl-amide/urea gelators, and compounds
derived from the N-(4-pyridyl) moiety were proved to be superior gelators over the other
positional isomers [45,49]. The N-oxide moieties could also play an important role in the
self-assembly process and the gelation properties of LMWGs [64], and, to the best of our
knowledge, the role of the relative position in the gelation properties has not been reported
for pyridyl amide N-oxides. We have reported the gelation ability of mono-/bis-pyridyl-
N-oxide compounds of N-(4-pyridyl)isonicotinamide (4PINA) [55] and have shown that
bis-pyridyl-N-oxide (diNO, Scheme 1) displayed better gelation properties compared to
mono-pyridyl-N-oxides. In this work, we are analyzing the role of the relative position of
N-oxide moieties in gel network formation by comparing the gelation ability of isomeric
pyridyl-N-oxide amides in water. The application of the isomeric mono-/bis-pyridyl-N-
oxide amide LMWGs as sensors will be evaluated by analyzing the stimuli-responsive
properties of these LMWGs towards various cations and anions.
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2. Results and Discussion

We analyzed the role of positional isomers of N-oxide moieties in gelation proper-
ties by replacing the isonicotinic acid N-oxide with nicotinic acid N-oxide to form N-(4-
pyridyl)nicotinamide N-oxide compounds (4PNANO, Scheme 1). The mono-pyridyl-N-oxide
compounds of 4PNANO (L1 and L2) were synthesized by reacting the corresponding N-oxide
amine/acid (Schemes S1 and S2), but the bis-pyridyl-N-oxide compound was synthesized by
oxidizing N-(4-pyridyl) nicotinamide with 3-chloroperoxybenzic acid (Scheme S3).

2.1. Gelation Experiments

The ability of L1–L3 to form hydrogels was evaluated in water (1.0 wt%) or aqueous
mixtures (1.0 wt/v%). In a typical experiment, 10.0 mg of the compound in 1.0 mL
water/aqueous mixtures was heated in a sealed vial to obtain a clear solution, and the
mixture was cooled to room temperature. The solution was left undisturbed until gelation
was observed, which was confirmed by the vial inversion test. The results indicated that
L1–L3 did not form a gel in water at 1.0 wt%, and the experiments were performed at higher
concentrations of the gelators. L1 and L3 formed gels in water at 2.0 wt%, but L2 did not
form a gel. The minimum gelator concentration (MGC) required to form the gel network
was evaluated by adding different amounts of the gelator (10.0–30.0 mg) to 1.0 mL water.
The gelation experiments at various concentrations indicated that the MGC of L1 and L3
was 1.8 wt% in water. We also tested the gelation properties of L1-L3 in aqueous mixtures
(1:1, v/v) of high polar solvents such as MeOH, EtOH, DMF, and DMSO, and the results
were similar to the experiments performed in water (Table 1). Gels were obtained in all
cases for L1 and L3 at 2.0 wt/v%, indicating that the presence of cosolvents did not affect
the N-oxide gel’s self-assembly process.

Table 1. Minimum gelator concentration and Tgel values of L1 and L3 (2.0 wt/v%) in water and
aqueous mixtures.

L1 L3

Solvents MGC (wt/v%) Tgel (◦C) MGC (wt/v%) Tgel (◦C)

Water 1.8 128.0 1.8 76.9
MeOH/water 2.0 77.1 2.0 69.7
EtOH/water 2.0 73.2 2.0 63.3
DMF/water 2.0 76.5 2.0 74.3

DMSO/water 2.0 87.9 2.0 94.2

2.2. Thermal Stability

The thermal stabilities of the gels were evaluated by measuring the temperature at
which the gel network collapsed, and gels underwent phase transformation to a solution,
which is known as gel-to-solution transition temperature (Tgel). A small spherical glass ball
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was placed on top of the preformed gels at various concentrations of the gelators in the
standard vials, and the temperature was increased at a constant rate. As the temperature
increased, the ball touched the bottom of the vial, and this temperature was recorded as the
Tgel. We performed the Tgel experiments at the MGC of the gelators in water, and the Tgel
values for L1 and L3 were 128.0 ◦C and 76.9 ◦C, respectively. The experiments performed
at higher concentrations of L3 showed an increase in Tgel value (92.9 ◦C), and the results
indicated that increasing the concentration of the gelators enhanced the thermal stability
of the gel network. The thermal stabilities of L1 and L3 were analyzed in various aqueous
solvents (Table 1), and the Tgel values were lower compared to the corresponding hydrogels.
This was presumably due to the favorable interaction between the gelator molecules and
the polar solvents, leading to enhanced solubility of the gelators in these mixed solvents,
except for L3 in DMSO/water (1:1, v/v). We compared the MGC value and the thermal
stability of L3 with the isomeric N-oxides (diNO) [55] to see whether the relative position
of the N-oxide moieties affected the self-assembly process and the gel state properties.
The MGC for L3 in water was 1.8 wt%, whereas a higher MGC was observed for isomeric
diNO (4.0 wt%). The thermal stability of the L3 network in water was also higher than
the isomeric diNO, and these results indicate that changing the isonicotinic N-oxide to
nicotinic N-oxide leads to better gel network formation.

2.3. Rheology

Rheology is an important tool in studying the deformation and flow characteristics
of supramolecular gels [65,66]. The mechanical strength of the gelators was analyzed by
performing the amplitude- and frequency-sweep experiments on the hydrogels of L1 and L3
at 2.0 wt%. Initially, an oscillatory strain-sweep experiment was performed to evaluate the
linear viscoelastic region (LVR), because the gel network undergoes reversible deformation
inside LVR. The results demonstrated that L1 and L3 hydrogels had a narrow LVR, as the
storage modulus G’ declined after 0.02% of the shear strain (Figure S1). An abrupt decrease
in the G’ is observed at the crossover point [65,66], where the gel breaks into a viscous fluid.
The crossover points for L1 and L3 hydrogels were within the range of 1.0–5.0% of the shear
strain. The frequency-sweep experiments showed constant elastic (G′) and viscous (G′ ′)
moduli with a frequency range of 0.1–10.0 Hz at a constant strain of 0.02% (within LVR).

Frequency-sweep experiments were performed with L1 and L3 hydrogels (2.0 wt%)
at a constant strain of 0.02% (within LVR) in a range of 0.1–10.0 Hz, which displayed
constant elastic (G′) and viscous (G′ ′) moduli under varying frequency. The hydrogel of
L1 displayed a higher elastic modulus (~10 times, Figure 1a) compared to the L3 hydrogel.
The enhanced mechanical stability can be correlated to the molecular structure of L1, which
indicates that the 4-pyridyl functionality in L1 plays a crucial role in the thermal and
mechanical strength of the gel. The role of the relative position of the N-oxide moieties in
the mechanical strength was analyzed by performing the frequency-sweep experiments on
L3 and isomeric diNO hydrogels at 4.0 wt%. The comparison of the elastic (G′) and viscous
(G′ ′) moduli of L3 and isomeric diNO gels revealed that L3 hydrogels displayed enhanced
mechanical strength (~1.8-fold stronger) than the diNO hydrogels, which indicated that the
mechanical strength of the gel network depended on the position of the pyridyl N-oxide
moiety (Figure 1b).

We also performed the frequency-sweep experiments with L1 and L3 gels in DMSO/water
and DMF/water (1:1, v/v) at 2.0 wt/v%, and the aqueous mixture gels of L1 were stronger
(2–3-fold) than the hydrogel of L1 at 2.0 wt%. A similar trend was found for the aqueous
mixture gels of L3 in the DMSO/water gel (~2-fold stronger than L3 hydrogels), but the
DMF/water gel displayed similar mechanical strength as that of the hydrogel of L3 at 2.0 wt%
(Figure S2).
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Figure 1. Frequency-sweep experiments performed on (a) L1 and L3 gels at 2.0 wt% and (b) L3 and
diNO gels at 4.0 wt% in water at a constant strain of 0.02% at 20.0 ◦C, respectively.

2.4. Scanning Electron Microscopy (SEM)

SEM is an important technique to visualize the morphology of gel fibers [12,67] and
can be used to distinguish the self-assembly modes in supramolecular gels by analyzing
the morphology of the gel fibers [68,69]. The morphologies of the fibrous network of L1 and
L3 xerogels were analyzed by performing SEM on the dried gels in water at the minimum
gelator concentration (1.8 wt%). L1 displayed rod-like morphology with thickness ranging
from 0.3–3.0 µm, but twisted rod-like morphologies were observed from L3 xerogels, and
the thickness of the fibers was within the range of 1.0–3.0 µm (Figure S3). SEM performed
at 2.0 wt% (above MGC) on L1 xerogels showed rod-like morphologies with thickness
ranging from 0.5–4.0 µm (Figure 2a), but flake-like morphologies were observed for L3, with
dimensions ranging from 4.0–16.0 µm (Figure 2b). The comparison of the SEM images of L3
and isomeric diNO xerogels [55] from water at 4.0 wt% revealed that the morphologies of
the gels did not depend on the relative position of the pyridyl N-oxide moiety (Figure S4).
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Figure 2. SEM images of xerogels in water with (a) L1 and (b) L3 at 2.0 wt%.

We also analyzed the morphologies of L1 and L3 in the aqueous mixtures of DMSO and
methanol (1:1, v/v) to evaluate the effect of solvents on the morphologies of gel fibers. The
xerogel of L1 prepared from DMSO/water and methanol/water (1:1, v/v, respectively) at
2.0 wt/v% displayed needle-shaped morphology with dimensions ranging from 0.5–6.0 µm
(Figure S5). However, long rod-shaped morphology with fiber width ranging from 2.0 to
20.0 µm (Figure S6) was observed for L3 xerogels in DMSO/water and methanol/water
(1:1, v/v, respectively) at 2.0 wt/v%. These results indicate that morphologies of the fibrous
network depend on the solvent system.
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2.5. Structural Analysis
2.5.1. Single Crystal X-ray Diffraction

The slow evaporation of a dilute solution of L3 resulted in X-ray-quality single crystals
of L3. The analysis of the crystals using a polarized light microscope indicated that needle-
shaped crystals with trace amounts of plate-shaped crystals were formed. The solid-state
structural data were analyzed by single-crystal diffraction analysis, which helped us to
correlate the key non-bonding interactions in the solid state and the gelation properties. The
structural analysis of the needle-shaped crystals revealed that L3 crystallized in a monoclinic
space group (P21/c) with a solvent water molecule (L3•H2O) (Figure 3a and Table S1). The
N-H moiety of the amide group displayed hydrogen-bonding interaction with the N-oxide
moiety of the nicotinamide moieties via N–H···O interactions (Table S2), resulting in a R2

2
(14) hydrogen-bonded dimer [70] of L3. The oxygen atom of the aminopyridine N-oxide
displayed a bifurcated hydrogen bonding with the solvent water molecule via O—H···O
interactions, resulting in a 1D hydrogen-bonded chain of the dimers (Figure 3b). This 1D
hydrogen-bonded chain can be considered as one of the crucial factors for supramolecular
gelation [6,8] in LMWGs. The comparison of the crystal structure of L3•H2O with the
isomeric diNO revealed the absence of such 1D hydrogen-bonded chains, which could
be one of the factors in the better gelation ability and mechanical strength of L3•H2O
compared to isomeric diNO.
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Figure 3. (a) Hydrogen-bonded dimer of L3 stabilized by N–H···O interactions and (b) the aminopy-
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We also analyzed the solid-state structure of the plate-shaped crystals (minor product),
which indicated that L3 crystallized in the monoclinic space group (P2/c) with two water
molecules (L3•2H2O) (Figure S7 and Table S1). The molecule was planar compared to
L3•H2O, but a similar interaction was observed between the amide and N-oxide moieties,
resulting in a (R2

2) (14) hydrogen-bonded dimer [70]. However, the aminopyridine N-oxide
moiety displayed a bifurcated hydrogen bond with two water molecules, resulting in
two-dimensional porous architecture (Figure S7b), which was further stabilized by various
non-bonding interactions (Table S2).

2.5.2. Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction is a rapid and powerful tool to obtain an insight into the
packing modes of solids. Comparing the PXRD pattern of the bulk material with the
simulated pattern acquired from the single-crystal structure enabled us to evaluate the
phase purity of the material [63,71]. We have shown that comparing the PXRD pattern of
the xerogels with the simulated pattern of the gelator structure could provide information
about the key interactions in the gel network architecture [6,12,32,55,72]. This method can
be considered as an excellent strategy to correlate the self-assembly process in LMWGs
despite the artefacts affecting the drying process [73]. We recorded the PXRD pattern of the
L3 crystals obtained via recrystallization from hot water (10.0 mg in 2.0 mL) and L3 xerogel
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from pure water at 2.0 wt%. The PXRD pattern of the bulk crystals and the xerogel matched
with the simulated pattern of the needle-shaped crystals L3•H2O (Figure 4), indicating that
the hierarchical assembly of the xerogel network matched with the solid-state structure of
L3•H2O. The simulated pattern of L3•2H2O did not match with the PXRD pattern of the
bulk crystals and the xerogel, which indicated that the second form did not correspond to
the structure of the xerogels (Figure S8).
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the PXRD pattern of the bulk crystals obtained from water and xerogel from water at 2.0 wt%.

2.6. Stimuli-Responsive Properties

LMWGs based on pyridyl-N-oxides display smart responses towards external stim-
uli because the molecular interactions of N-oxide moieties are based on partial charges,
and the gelation can be turned ON/OFF in the presence of respective salts/ions. The
cation/anions interact with gelator molecules constructively or destructively, depending
on the electrostatic interaction and acidic/basic properties of the cations/anions [52,74].
The constructive interaction could trigger/enhance the gelation process [30,75,76], but a
destructive interaction may lead to the dissolution/collapse of the gel network [27,39].

2.6.1. Anion Sensing

We have previously reported the pyridyl-N-oxide-based compound’s sensing ability
towards salts/ions [64,77] and have shown that cyanide ions can be detected using the
gel-sol transition [62]. This prompted us to study the effect of salts/ions on the gelation
properties of the N-oxide compounds of N-(4-pyridyl)nicotinamide. The stimuli-responsive
properties of L1 and L3 in water were analyzed by treating the compounds at concentrations
below MGC (at 1.5 wt%) with various halides of sodium and potassium ions (1.0 equiv.). Gel
formation was observed for L1 at 1.5 wt% in the presence of 1.0 equivalence of NaF, NaCl,
NaBr, KF, KCl, KBr, and KI (Table S3). The experiments performed at a lower concentration
of L1 (1.2 wt%) resulted in selective gelation in the presence of 1.0 equivalence of KCl.
The stimuli-responsive properties of L3 in the presence of sodium and potassium halide
salts (1.0 equiv.) displayed gel formation at 1.5 wt%. These results indicate the stimuli-
responsive properties of L1 and L3 in water, where the salts/ions induce gel network
formation (Table S3). The anion-sensing ability of L1 and L3 (1.5 wt%) was further analyzed

63



Gels 2023, 9, 89

in the presence of other anions, such as KNO3, KBF4, KPF6, and K2C2O4 (Table S3). Gels
were obtained for all ions with L3, but a colloidal solution was observed with L1 at 1.5 wt%.
We compared the stimuli-responsive properties of L1 and L3 with isomeric N-oxides INO
and diNO, respectively. The non-gelator INO (isomeric N-oxide of L1) did not form any
gels in the presence of 1.0 equivalence of sodium and potassium salts in pure water at
1.5 wt%. The isomeric N-oxide of L3 (diNO) also failed to form gels at 1.5 wt%, which
indicated that the effective interaction between the compound and the salts/ions was
affected by the position of the N-oxide functionality. However, the diNO (MGC, 4.0 wt%)
formed gels at a concentration below MGC (3.0 wt%) with these salts (1.0 equiv.).

The comparison of the mechanical strength of the gels (1.5 wt%) in the presence of
halide salts of sodium and potassium with the hydrogels of L1 and L3 at MGC (1.8 wt%)
revealed that enhanced mechanical strength was observed in both cases (Figure 5 and Table
S4). A ~5.7-fold increase in the mechanical strength of L3 (1.5 wt%) was observed in the
presence of KCl and a ~4.3-fold increase with NaCl (Figure 5b). We further studied the
effect of other anions (KNO3, KBF4, KPF6, and K2C2O4) with L1 and L3 (1.5 wt%) below
MGC, and L1 failed to form stable gels in the presence of these salts. However, the mixed
gel of L3 and the anions displayed enhanced mechanical strength compared to the L3
hydrogels (Figure 5b and Table S4).
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Figure 5. Frequency-sweep experiments of L1 and L3 at 1.5 wt% in water at 20.0 ◦C in the presence
of various salts of sodium and potassium (1.0 equiv.) with a constant strain of 0.02%, (a) L1 (pure
ligand at 1.8 wt%), and (b) L3 (pure ligand at 1.8 wt%).

The effect of anions on the morphology of the gel network was studied by analyzing
the SEM images of the xerogels with anions. The xerogel of L1 and L3 in the presence of
NaCl displayed fibrous morphologies with diameters ranging from 100 to 800 nm and 1.0
to 5.0 µm, respectively (Figure 6). The PXRD analysis of the xerogel of L3 hydrogels at
1.5 wt% in the presence of 1.0 equivalence of NaCl and KCl showed a similar pattern with
the pure xerogel of L3 at 1.8 wt%, which suggested that the anions interacted with L3 to
form a stable gel below MGC without affecting the original network (Figure S9).

2.6.2. Cation Sensing

The gelation property was observed to be independent of the size and nature of the
anions, which prompted us to study the stimuli-responsive properties of L1 and L3 with
chloride salts having various countercations (1.0 equiv.) at a concentration below MGC
(1.5 wt%). L1 formed a stable gel in the presence of 1.0 equivalence CsCl, MgCl2, CaCl2,
SrCl2, and BaCl2, but no gels were observed in the presence of 1.0 equivalence of NH4Cl.
On the other hand, L3 formed a gel in the presence of all of the above-mentioned chloride
salts (Table S5). The mechanical strength of L1 and L3 with these salts was evaluated to
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observe the effect of cations in gel network formation. Analysis of the results indicated that
the addition of chloride salts of magnesium, calcium, strontium, and barium enhanced the
mechanical strength (1.5–3.0-fold) of L1 compared to L1 (1.8 wt%) hydrogel (Figure 7a and
Table S6). A similar trend was observed for L3 gels in the presence of the chloride salts of
magnesium, calcium, strontium, barium, cesium, and ammonium (Figure 7b and Table S6).
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Figure 6. SEM images of xerogels obtained from pure water at 2.0 wt% in the presence of 1.0 equiva-
lence of NaCl, (a) L1, and (b) L3.
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Figure 7. Frequency-sweep experiments with 1.5 wt% of the compound in the presence of various
salts of chlorides (1.0 equiv.) in water at 20.0 ◦C with a constant strain of 0.02%, (a) L1 (pure ligand at
1.8 wt%), and (b) L3 (pure ligand at 1.8 wt%).

The cation-sensing ability of the isomeric N-oxide compounds (INO and diNO) were
compared with L1 and L3 gels in the presence of various cations. Gelation was not observed
for both INO and diNO at 1.5 wt% in the presence of MgCl2 and CaCl2 (1.0 equiv.) However,
diNO formed stable hydrogel at 3.0 wt% (below MGC) with 1.0 equivalence MgCl2 and
CaCl2. The comparison of the sensing ability of the isomeric N-oxides confirms that the
relative position of N-oxide plays a crucial role in cation sensing. SEM performed on the
dried gels of L1 and L3 at 2.0 wt% in the presence of MgCl2 (1.0 equiv.) revealed that the
morphology of the xerogels was identical to the xerogels of L1 and L3 hydrogels (2.0 wt%,
Figure S10). PXRD studies with the chloride salts of magnesium and calcium (1.0 equiv) at
1.5 wt% of L3 showed no change compared to the powder pattern of the xerogel of L3 at
1.8 wt%, suggesting similar molecular packing (Figure S11). The molecular interactions
of N-oxide moieties are based on partial charges, and the enhanced gelation property in
the presence of anions/cations may be attributed to the favorable interactions between the
N-oxide moieties and anions/cations, which is presumably due to the combination of the
non-bonding and ionic interactions. The enhanced mechanical properties of L1 and L3 in
the presence of various cations prompted us to study the stimuli-responsive properties of
L1 and L3 with transition metal salts, which could form metallogels.
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Metallogels based on transition metals are multi-responsive soft materials with intrigu-
ing potential applications in cosmetics, food processing, drug delivery, and catalysis [78,79].
Metal-based supramolecular gels are formed by the addition of metal ions to a gelator/non-
gelator, and the interaction of the metal salt with the gelator could induce/enhance gelation
properties to form metallogels [52,79]. However, the addition of metal salts could disrupt
the key interactions in the gel network, leading to the dissolution of the gel network [52,79].
The metal-coordination-driven self-assembly plays a key role in the formation of a gel
network, which is supported by various non-covalent interactions [80,81]. The presence of
the coordinating functionality (pyridyl N-oxide moiety) and a hydrogen-bonding group
(amide moiety) in L1 and L3 will make these gelators ideal candidates for metal-based
supramolecular gels [52].

The effect of transition metal salts on the stimuli-responsive property of the hydrogel
was studied by adding one equivalent of the metal salt (CuCl2, ZnCl2, or CdCl2) to L1 or L3
at 1.5 wt%. Gels were not obtained for L1 in the presence of these transition metal chlorides.
However, L3 gelled at 1.5 wt% in the presence of ZnCl2 and CdCl2 (1.0 equiv.), but no gel
was observed with CuCl2. We repeated the experiments by lowering the concentration of
L3 (0.7 wt%), and selective gel formation was observed with a 1.0 equivalence of CdCl2,
highlighting the specific sensing of cadmium chloride at this concentration (Figure 8).
The L3-CdCl2 gelator obtained at 0.7 wt% of L3 and CdCl2 (1.0 equiv.) was stable for
several weeks, and the experiments performed at lower concentrations of CdCl2 (0.5 equiv.)
resulted in precipitation (Figure 8). We further analyzed the gelation behavior of L3 in
the aqueous mixtures (1:1, v/v) of methanol, ethanol, DMF, and DMSO at 2.0 wt/v% in
the presence of 1.0 equivalence of ZnCl2 and CdCl2. We observed gelation with ZnCl2
and CdCl2 in the aqueous mixtures of DMF/DMSO, but gels were formed with CdCl2 in
MeOH/water and EtOH/water. The gelation ability of INO with ZnCl2 and CdCl2 was
previously reported by our group [62]. The isomeric diNO formed a precipitate below
2.5 wt% with 1.0 equivalence of CuCl2 or CdCl2, which highlighted the effective gelation
ability of L3 over the isomeric gelator diNO in the presence of transition metals. However,
hydrogels were formed at 2.5 wt% (below MGC) with 1.0 equivalence of CuCl2 or CdCl2,
and a precipitate was formed in the presence of ZnCl2.
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The mechanical strength of the gels with transition metals was analyzed by perform-
ing frequency-sweep experiments, and an abrupt increase in the mechanical strength
(~24.7 fold) was observed for L3 (1.5 wt%) with CdCl2 (1.0 equiv.). We studied the me-
chanical strength of the gels at 2.0 wt/v% of L3 with CdCl2 in water and a 1:1 (v/v) aque-
ous mixture of methanol, ethanol, DMSO, and DMF. A steep increase in the mechanical
strength was observed for L3-CdCl2 gels in water (~35.6-fold), methanol/water (~175-fold),
ethanol/water (~91.7-fold), and DMF/water (~34.3-fold) with L3 (2.0 wt/v%) (Figure 9).
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Figure 9. Frequency-sweep experiments with L3 at 2.0 wt% and in the presence of chloride salts of
zinc and cadmium (1.0 equiv.) in various solvent mixtures at 20.0 ◦C with a constant strain of 0.02%.

Similarly, we observed an enhanced mechanical strength for L3 gels at 2.0 wt% with
1.0 equivalence of ZnCl2 in water (~4.4-fold), DMF/water (~1.8-fold), and DMSO/water
(~3.3-fold) (Figure 9).

The morphological analysis of the dried gels at 2.0 wt% of L3 with 1.0 equivalence of
CdCl2 from water revealed rod-shaped morphology with fiber width ranging from 0.4 to
4.0 µm (Figure S12). Long needle-shaped fibers were observed for dried gels at 0.7 wt%
of L3 with 1.0 equivalence of CdCl2, and the diameter of the fibers ranged from 1.0 to
6.0 µm (Figure 10a). The xerogels obtained from DMSO/water (1:1, v/v) at 2.0 wt% of L3
and CdCl2 (1.0 equiv.) displayed similar fibrous morphology, with a fiber width range of
0.1–1.0 µm (Figure 10b).
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Figure 10. SEM images of xerogels obtained with L3 in the presence of 1.0 equivalence of CdCl2 in
(a) 0.7 wt% in pure water and (b) 2.0 wt/v% in DMSO/water (1:1, v/v).

We analyzed the powder X-ray patterns of the dried gels at 2.0 wt% and 0.7 wt% of L3
hydrogels in the presence of 1.0 equivalence of CdCl2, respectively. Analysis of the PXRD
pattern revealed a different PXRD pattern for mixed L3-CdCl2 xerogels compared to the
L3 xerogel at 2.0 wt% (Figure S13) in both cases. This may be attributed to the complex-
ation of L3 with CdCl2, resulting in the formation of a stable hydrogel at a lower ligand
concentration (0.7 wt%) induced by metal-ligand-driven supramolecular self-assembly.
PXRD pattern of the mixed L3-CdCl2 xerogels at 2.0 wt/v% of L3 obtained from an aqueous
mixture (1:1, v/v) of methanol, ethanol, DMF, and DMSO did not match with the xerogel
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of L3, which confirmed that interaction of L3 with CdCl2 was independent of solvent
composition. However, the PXRD patterns of mixed L3-CdCl2 in different solvent mixtures
were not similar, because the crystal packing was affected by the nature of the solvent
(Figure S13). The morphology, PXRD pattern, and gel-state properties of L3-CdCl2 gels
suggest that L3 interacts with CdCl2, which may be considered as metallogels. PXRD
studies with ZnCl2 (1.0 equiv) at 1.5 wt% of L3 in water and in aqueous mixtures (1:1, v/v)
of DMF and DMSO matched with the xerogel of L3 at 1.8 wt%, indicating similar solid-state
structure (Figure S14). This suggests that ZnCl2 exists as non-coordinated metal salts in
the gel network, and the gelation properties can be explained based on the fact that metal
nanoparticles and non-coordinated metal complexes are known to enhance the gelation
properties of LMWGs [82–85].

3. Conclusions

The role of the relative position of functional groups in the gelation properties of
LMWGs was studied by analyzing the gelation properties of isomeric mono-/bis-pyridyl-
N-oxide compounds. We synthesized mono-/bis-pyridyl-N-oxide compounds of N-(4-
pyridyl)nicotinamide (L1-L3), and the gelation properties of L1 and L3 were compared
with isomeric N-oxide compounds (INO and diNO, respectively). Gelation tests revealed
that L1 and L3 formed hydrogels, whereas L2 was a non-gelator, which underlines the
importance of the nicotinamide N-oxide moiety in gel network formation. Comparing the
gelation behavior of L1 and L3 with corresponding isomeric N-oxide compounds (INO
and diNO) revealed that the relative position of the N-oxide moieties played a crucial
role in the self-assembly process of LMWGs. SEM analysis revealed that the morphology
was independent of the relative position of the pyridyl N-oxide moiety. Single-crystal
X-ray diffraction of L3 revealed the existence of a 1D hydrogen-bonded chain, which was
crucial for gel network formation. The solid-state structure was correlated to the xerogels
to obtain an insight into the key interactions responsible for gel network formation. The
stimuli-responsive properties of L1–L3 were studied with various salts/ions, and anion-
induced gelation was observed for L1 and L3 in the water below MGC with L1 and L3 in
water. L3 was very versatile in nature, as it formed a gel below MGC with most of the salts
or transition metal salts, which showed the cooperative interaction between the N-oxide
and salts/ions. An abrupt increase in the mechanical property of L3 was observed in the
presence of 1.0 equivalence of cadmium chloride, and a stable gel was formed at a very
low concentration of the gelator (0.7 wt%). The effective sensing of cadmium chloride
may be due to the metal-ligand coordination-driven supramolecular assembly. We showed
that the salt-induced gelation depended on the nature and the position of the functional
group, which will open the door for designing LMWGs based on N-oxide moieties with
intriguing features.

4. Materials and Methods

The starting materials and solvents were obtained from Sigma-Aldrich (MEDOR ehf,
Reykjavik, Iceland) and TCI-Europe (Boereveldseweg, Belgium) and utilized as provided.
Deionized water was used to perform the gelation studies. The NMR spectra (1H and
13C, Figures S15–S20) were recorded with a Bruker Avance 400 spectrometer (Rheinstetten,
Germany), and the scanning electron microscopy (SEM) images were captured with a
Leo Supra 25 microscope (Carl Zeiss, Oberkochen, Germany). The mechanical strength
evaluation was performed in an Anton Paar’s MCR 302 (Graz, Austria) modular com-
pact rheometer. Single-crystal X-ray diffraction (SCXRD) and powder X-ray diffraction
(PXRD) experiments were carried out using a Bruker D8 venture (Karlsruhe, Germany) and
PANalytical instrument (Almelo, Netherlands), respectively. We synthesized the N-oxide
compounds by replacing the pyridyl group of N-(pyridin-4-yl)nicotinamide (4PNA) with
pyridyl N-oxides [45]. Synthesis of 3-carboxypyridine 1-oxide [86] and 4-aminopyridine
1-oxide [87] was performed following literature and confirmed by matching the analytical
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data with the reported compounds. The INO and diNO compounds were synthesized by
following the reported procedure from our previous work [55].

4.1. Synthesis of Ligands
4.1.1. Synthesis of 3-(pyridin-4-ylcarbamoyl) pyridine 1-oxide (L1)

To a 100.0 mL two-neck round bottom flask we added 3-carboxypyridine 1-oxide (4.0 g,
30.0 mmol) with 20.0 mL of thionyl chloride, and the solution was refluxed overnight. The
solvents were evaporated to dryness, and the corresponding acid chloride formed was
used for the next step without further purification. Anhydrous DMF (around 25.0 mL) was
added into the flask, followed by 4-aminopyridine (2.7 g, 28.7 mmol), and the mixture was
cooled in an ice bath to 0 ◦C with constant stirring. A solution of triethylamine (4.5 mL)
in 10.0 mL DMF was added dropwise to the reaction mixture at 0 ◦C over an hour, and
the resulting yellow colloidal solution was stirred at room temperature overnight. To
this mixture, water was added, resulting in a thick precipitate, which was filtered. The
precipitate was then stirred in a 5.0% NaHCO3 solution for 4.0 h and was filtered. The
residue was washed with an excess of cold water, air-dried, and recrystallized from hot
water to obtain the product. Yield 70.0%. 1H NMR (400 MHz, DMSO-d6) δ (ppm): δ 10.80
(s, 1H), 8.74 (s, 1H), 8.51 (d, J = 5.8 Hz, 2H), 8.43 (d, J = 6.6 Hz, 1H), 7.81 (d, J = 8.0 Hz, 1H),
7.74 (d, J = 6.0 Hz, 2H), 7.59 (t, J = 7.3 Hz, 1H). 13C {1H} NMR (101 MHz, DMSO-d6) δ 162.65,
150.46, 145.27, 141.29, 138.02, 133.63, 126.58, 124.49, 114.11. HRMS (APCI): C11H10N3O2
[M + H]+, 216.0768; found, 216.0765.

4.1.2. Synthesis of 4-(nicotinamido) pyridine 1-oxide (L2)

Compound L2 was synthesized by following a similar procedure used for compound
L1. Nicotonic acid (1.0 g, 8.12 mmol), thionyl chloride (20.0 mL), 4-aminopyridine 1-oxide
(0.89 g, 8.12 mmol), and triethylamine (2.26 mL) in 30.0 mL DMF. Yield 68.0%. 1H NMR
(400 MHz, DMSO-d6) δ 10.96 (s, 1H), 9.11 (s, 1H), 8.78 (dd, J = 4.8, 1.6 Hz, 1H), 8.32–8.28
(m, 1H), 8.19 (d, J = 7.5 Hz, 2H), 7.83 (d, J = 7.5 Hz, 2H), 7.60–7.56 (m, 1H). 13C {1H} NMR
(101 MHz, DMSO-d6) δ 164.48, 152.59, 148.79, 138.92, 136.31, 135.64, 129.84, 123.61, 116.86.
HRMS (APCI): C11H9N3NaO2 [M + Na]+, 238.0587; found, 238.0594.

4.1.3. Synthesis of 3-((1-oxidopyridin-4-yl) carbamoyl) pyridine 1-oxide (L3)

To a 100.0 mL round-bottomed flask, N-(pyridin-4-yl) nicotinamide (2.0 g, 10.0 mmol)
and MeOH (40.0 mL) were added to dissolve and stirred. 3-Chloroperoxybenzic acid (6.8 g,
40.0 mmol) was added in portions over 15.0 min to the solution and was refluxed overnight.
The solution was filtered, and the precipitate was washed with 5.0% sodium bicarbonate
and thrice with cold water. The precipitate was further recrystallized from hot water. Yield
55.0%. 1H NMR (400 MHz, DMSO-d6) δ 10.90 (s, 1H), 8.73 (s, 1H), 8.42 (m, 1H), 8.19 (d,
J = 7.6 Hz, 2H), 7.81 (m, 1H), 7.79 (d, J = 7.6 Hz, 2H), 7.61–7.57 (m, 1H). 13C {1H} NMR
(101 MHz, DMSO-d6) δ 162.01, 141.31, 138.94, 137.92, 135.69, 133.50, 126.63, 124.45, 116.97.
HRMS (APCI): C11H9N3O2 [M + Na]+, 254.0536; found, 254.0540.

4.2. Gelation Studies

Hydrogelation ability was evaluated with all of the compounds by weighing different
amounts (ranging from 10.0 to 40.0 mg) of the compound in a standard 7.0 mL vial; 1.0 mL
of water was added, and the vial was sealed. The vial containing the mixture was then
sonicated and slowly heated to obtain a clear solution, which was then left undisturbed for
24.0 h. Gelation was confirmed via a vial inversion test. Gelation tests were also performed
in aqueous mixtures by dissolving the compound in 0.5 mL of distilled water and 0.5 mL
of an appropriate solvent, and the vial was sealed. The mixture was sonicated, heated to
obtain a clear solution, and checked for gelation ability. Gelation tests were performed in
the presence of various salts with 15.0 mg of the compounds (L1 and L3) in 1.0 mL of water
followed by the addition of 1:1 molar equivalent of an appropriate salt. The mixture was
sonicated and heated after sealing the vial to obtain a transparent solution. The solution
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was left undisturbed, and a vial inversion test confirmed gel formation. The experiments
were repeated three times to confirm the results.

4.2.1. Minimum Gelator Concentration (MGC)

MGC was performed in deionized water/aqueous mixtures by weighing various
concentrations of the compounds in a standard 7.0 mL vial and adding 1.0 mL of deionized
water/aqueous mixtures. The corresponding mixture was sonicated and gradually heated
to dissolve the compounds, and the solution was kept at room temperature for gel formation.
The minimum amount of the compound required to form a stable gel after 24.0 h was
recorded as the MGC.

4.2.2. Tgel Experiments

The necessary amount of gelator and 1.0 mL of solvent were added to a 7.0 mL
standard vial. After sonication, the mixture was heated to obtain a clear solution, and
the mixture was left undisturbed to gel. A ball-drop method was used to observe the
gel-to-solution transition temperature after 24.0 h (Tgel). A spherical glass ball was carefully
positioned on top of the gel and the vial was immersed in an oil bath; a thermometer and
a magnetic stirrer were equipped to check the temperature. The oil bath was gradually
heated at 10.0 ◦C per minute. The glass ball slowly became immersed into the gel as the
temperature increased, and the temperature at which the ball touched the bottom of the
vial was recorded as Tgel.

4.3. Rheology

A 2.5 cm stainless steel parallel plate geometry configuration was used to perform
the rheological measurements. In all cases, oscillatory measurements were conducted at
a constant temperature of 20.0 ◦C. To maintain a constant temperature of 20.0 ◦C and to
prevent solvent loss for amplitude and frequency sweeps, a Peltier temperature control
hood was employed. Gels were prepared by dissolving an appropriate amount of gelator
in 1.0 mL of solvent/solvent mixtures. After 24 h, amplitude-sweep experiments were
carried out by adding approximately ~1.0 mL of gel to the plate. The frequency was
maintained at 1.0 Hz during the amplitude sweep with log ramp strain (
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) ranges of
0.01–100%. The frequency-sweep experiments were carried out between 0.1 and 10.0
Hz within the linear viscoelasticity domain (0.02% strain). The experiments were also
performed in the presence of various salts at 1:1 molar equivalent in water with a similar
procedure as mentioned above.

4.4. Scanning Electron Microscopy (SEM)

The surface morphologies of the xerogels were analyzed on a Leo Supra 25 microscope.
Gels of L1 and L3 were prepared in water at 2.0 wt%. We also prepared the aqueous mixture
gels of L3 at 2.0 wt%. The gels were filtered after 24.0 h and dried under a fume hood to
obtain the xerogel. A small part of xerogel was placed on a pin mount with the carbon tab
on top, coated with gold for 5.0–6.0 min (~15.0 nm thickness) to avoid surface charging, and
pictures were acquired at 3.0 kV with a working distance of 3–4 mm. An in-lens detector
captured the SEM images. SEM of the xerogel of gelator L1 in the presence of sodium,
magnesium, and calcium salts and L3 in the presence of sodium, magnesium, zinc (II), and
cadmium (II) salts were also recorded.

4.5. Single-Crystal X-ray Diffraction

Crystals of compound L3 were obtained by the slow evaporation of 10.0 mg of the
compound in 3.0 mL of water to obtain needle- and block-shaped crystals. X-ray anal-
ysis was performed on a Bruker D8 Venture (Photon100 CMOS detector) diffractometer
provided with Cryostream (Oxford Cryosystems) open-flow nitrogen cryostats. The data
were collected using MoKα radiation (λ = 0.71073 Å) for the plate-shaped crystals at 296(2)
K and CuKα radiation (λ = 1.542 Å) for the needle-shaped crystal at 302(2) K. Apex III
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software (Bruker AXS: Madison, WI, USA, 2015) was utilized for the unit cell determination,
data collection, data reduction, structure solution/refinement, and empirical absorption
correction (SADABS). A direct method was used for solving the structure and was refined
by the full-matrix least-squares on F2 for all data using SHELXTL version 2017/1 [88]. All
non-disordered non-hydrogen atoms were refined anisotropically, and all of the hydrogen
atoms were placed in the calculated positions and refined using a riding model, except
for solvent water molecules. The hydrogen atoms of water molecules were located on the
Fourier map and refined. The crystallographic data and hydrogen-bonding parameters
are given in Tables S1 and S2 (see Supplementary Materials). The crystallographic data
were deposited at the Cambridge Crystallographic Data Centre and can be obtained free of
charge, and the CCDC numbers are 2226289–2226290.

4.6. Powder X-ray Diffraction (PXRD)

The bulk crystals of compound L3 were obtained by the slow evaporation of the
solution of L3 (20.0 mg in 3.0 mL water). The crystals were filtered, dried in the air, and
ground to a fine powder. The xerogels of L3 were prepared from water and the aqueous
mixtures, following a similar procedure as mentioned above. We also performed PXRD
of the dried gels at 2.0 wt/v% in various solvents/solvent mixtures obtained by adding
different salts at 1:1 molar equivalent. All experiments were performed on a PANalytical
device with a Cu anode, 2θ from 5.0 to 60.0◦, and a 0.02 step size.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels9020089/s1, Scheme S1. Synthesis of L1, Scheme S2. Synthesis
of L2, Scheme S3. Synthesis of L3. Figure S1. Amplitude-sweep experiments with gels of L1 and
L2 (2.0 wt%) in water at 20.0 ◦C with a constant frequency of 1.0 Hz, Figure S2. Frequency-sweep
experiments with gels of L1 and L3 (2.0 wt%) in aqueous mixtures at 20.0 ◦C with a constant strain
of 0.02%, Figure S3. SEM images of (a) L1 and (b) L3 xerogels in water at 1.8 wt%, Figure S4. SEM
images of the xerogels of (a) L3 and (b) diNO gels obtained from water at 4.0 wt%, Figure S5. SEM
images of L1 xerogels in (a) DMSO/water (1:1, v/v) and (b) methanol/water (1:1, v/v) at 2.0 wt/v%,
Figure S6. SEM images of L3 xerogels from (a) DMSO/water (1:1, v/v), and (b) methanol/water
(1:1, v/v) at 2.0 wt/v%, Figure S7. (a) Molecular structure of L3•2H2O and (b) two-dimensional
hydrogen-bonded network with water molecules (space fill model) located in the cavity, Figure S8.
Comparison of the simulated pattern of the single-crystal X-ray structure of L3•2H2O with the PXRD
pattern of the bulk crystals obtained from water, and xerogel from water at 2.0 wt%, Figure S9. PXRD
pattern of xerogels obtained from the hydrogel of L3 at 2.0 wt% and in the presence of 1.0 equivalence
of NaCl and KCl, Figure S10. SEM images of xerogels of (a) L1 and (b) L3 at 2.0 wt% obtained from
water in the presence of 1.0 equivalence of MgCl2, Figure S11. Comparison of the PXRD pattern
of xerogels (2.0 wt%) of L3 hydrogels and the gels in the presence of 1.0 equivalence of MgCl2 and
CaCl2, Figure S12. SEM images of the xerogels of L3 in the presence of 1.0 equivalence of CdCl2
in water at 2.0 wt%, Figure S13. Comparison of the PXRD pattern of L3 xerogel with the PXRD
pattern of the xerogels of L3-CdCl2 mixture in various solvents, Figure S14. Comparison of the
PXRD pattern of L3 xerogel from water with the PXRD pattern of the xerogels of the mixture (L3 +
ZnCl2) in various solvents, Figure S15. 1H NMR spectrum of compound L1, Figure S16. 13C NMR
spectrum of compound L1, Figure S17. 1H NMR spectrum of compound L2, Figure S18. 13C NMR
spectrum of compound L2, Figure S19. 1H NMR spectrum of compound L3, Figure S20. 13C NMR
spectrum of compound L3. Table S1: Crystal data, Table S2: Hydrogen-bonding parameters, Table S3:
Stimuli-responsive properties of the gelators L1 and L3: Anion sensing in water at 1.5 wt%, Table S4:
Increase in G’ values of the gelators at 1.5 wt% in the presence of various sodium and potassium salts
in comparison with the hydrogels (1.8 wt%), Table S5: Stimuli-responsive properties of the gelators L1
and L3: Cation sensing in water at 1.5 wt%, Table S6: Increase in G’ values of the gelators at 1.5 wt%
in the presence of chloride salts of various cations in comparison with the hydrogels (1.8 wt%).
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Abstract: Dried porous materials based on plant proteins are attracting large attention thanks to
their potential use as sustainable food ingredients. Nevertheless, plant proteins present lower gelling
properties than animal ones. Plant protein gelling could be improved by optimising gelation condi-
tions by acting on protein concentration, pH, and ionic strength. This work aimed to systematically
study the effect of these factors on the gelation behaviour of soy and pea protein isolates. Protein
suspensions having different concentrations (10, 15, and 20% w/w), pH (3.0, 4.5, 7.0), and ionic
strength (IS, 0.0, 0.6, 1.5 M) were heat-treated (95 ◦C for 15 min) and characterised for rheological
properties and physical stability. Strong hydrogels having an elastic modulus (G′) higher than 103 Pa
and able to retain more than 90% water were only obtained from suspensions containing at least 15%
soy protein, far from the isoelectric point and at an IS above 0.6 M. By contrast, pea protein gelation
was achieved only at a high concentration (20%), and always resulted in weak gels, which showed
increasing G′ with the increase in pH and IS. Results were rationalised into a map identifying the
gelation conditions to modulate the rheological properties of soy and pea protein hydrogels, for their
subsequent conversion into xerogels, cryogels, and aerogels.

Keywords: plant proteins; heat gelation; gelling behaviour; structure; pH

1. Introduction

Xerogels, cryogels, and aerogels indicate dry porous materials produced by remov-
ing the solvent from a gel. Most studies have been carried out on the development of
inorganic dried porous materials (e.g., silica and carbon-based) [1–3] to be used in a wide
variety of applications, such as catalysis, environmental remediation, energy storage, and
insulation [4–7]. Nevertheless, in recent years, growing interest has been focused on the
development of biopolymeric-based dried porous templates, due to their biocompatibility,
and non-toxic profile. Thanks to these characteristics, their application has been successfully
extended to life science fields, including the biomedical and pharmaceutical sectors [8–10].
The potentialities of dried porous materials in the food sector are nowadays attracting
large attention, due to their unique physico-chemical properties and techno-functionalities.
Both cryogels and aerogels have been suggested as innovative delivery systems to protect
bioactives and flavours during processing, storage, and digestion [11–16]. In addition,
their capacity to absorb large amounts of food solvents has been identified as a key feature
to modulate food structural properties [17,18]. For instance, they have been suggested
as templates for oil structuring, leading to fat replacers with improved nutritional prop-
erties [16,19–21]. By contrast, as concerns xerogels, to the best of our knowledge, no
applications in the food sector have been reported, despite the high potentialities of these
materials have been demonstrated in other life science sectors.

To produce food-grade dried porous material, an aqueous gel is first produced by
inducing the networking of the selected biopolymer in water, leading to a hydrogel [22].
To obtain a xerogel, subsequently, water is removed from the network by evaporative
drying. The latter can also be performed by evaporating ethanol after substituting hydrogel
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water with ethanol [23,24]. The evaporative drying usually induces capillary forces during
solvent removal, so that xerogels present low porosity [25]. Cryogels are instead obtained
through freeze-drying, and thus by water sublimation [18]. This reduces the capillary
forces, leading to materials with large pores and channels left upon the sublimation of
water crystals grown during freezing [26]. Finally, aerogels are obtained by replacing the
water contained in the starting gel with ethanol, followed by ethanol removal with a flow
of CO2 in the supercritical state [27]. This technique preserves the structure of the initial
network, and the dried material is thus characterised by low density and high internal
surface area, due to the presence of micro- and macropores [28].

Food-grade xerogels, cryogels, and aerogels can be prepared either from polysaccha-
rides or proteins. As concerns proteins, most literature studies focus on animal ones (e.g.,
whey, egg white, casein, gelatin) [29,30], while studies on the development of dried porous
templates from plant proteins are limited to a few works exploiting silk fibroin, patatins,
and soy proteins [31–37]. The interest in plant-based products is constantly growing due
to their low environmental impact, low cost, and the possibility of being obtained from
food industry wastes, in a circular economy perspective [38–40]. For these reasons, plant
proteins are ideal candidates for developing sustainable dried porous materials intended
as innovative ingredients for the food sector. However, the production of plant-based
xerogels, cryogels, and aerogels is rather challenging. This is mainly due to the poor
gelling properties of vegetable proteins compared to their animal counterparts. Protein
gelation is commonly induced by heat treatment, during which the protein chains unfold,
exposing their reactive groups, which subsequently drive protein reassembling in a 3D
network. Although both covalent (i.e., S-S bridges) and weak interactions (i.e., hydrophobic
interactions, hydrogen bonds, and electrostatic interactions) play an important role in the
formation and stabilisation of protein gels [41], the availability of free -SH groups available
for covalent stabilisation is known to lead to stronger gels. The possibility to obtain strong
hydrogels is pivotal in determining their suitability in the conversion into dried porous
materials, since the stronger the gel, the higher its capacity to structurally withstand the
subsequent drying steps. In this regard, plant proteins present a lower number of -SH
groups as compared to animal ones [42]. Moreover, the extraction process performed to
isolate the protein fraction from the vegetable matrix, where it is intimately embedded
in fiber–protein complexes, is known to induce structural modifications in the protein
chains, further reducing gelling properties [43]. Nevertheless, several factors, including
protein concentration, pH, and ionic strength, can be properly modulated to improve the
plant protein gelling capacity. In this regard, the increase in protein concentration usually
leads to a denser protein network, accounting for the formation of firmer gels that better
maintain the original volume upon water removal [41]. When gelation occurs at a pH
approaching the isoelectric point (pI), globular and strongly aggregated protein structures
are formed, mostly driven by hydrophobic interactions [44,45]. At a pH far above or below
the pI, instead, proteins form a fine-stranded network, as a result of the presence of surface
charges which prevent intimate protein aggregation [46]. For example, aerogels derived
from gels prepared near protein pI have been shown to present higher structural stability
during drying, associated with lower density and higher pore sizes as compared to aerogels
prepared far from the pI [28,47]. Gelation properties are also affected by ionic strength (IS).
The increase in IS reduces electrostatic repulsive forces among protein chains, favouring the
formation of a stronger network. For instance, the elastic modulus of pea protein gels was
increased by 12 times by adding 0.3 M NaCl [41]. However, beyond a salt concentration
threshold, specific for each protein (usually >2.0 M), a weakening of the hydrogel structure
is commonly observed, due to salt-induced stabilisation of the protein structure, which
suppresses protein unfolding during gelation [48,49].

This work aimed to systematically study the effect of gelation conditions on the
physical properties of plant protein-based hydrogels, with the final aim of identifying the
conditions leading to hydrogels suitable for the development of dried porous materials.
For this purpose, soy and pea proteins were selected as the protein sources widely used as
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alternatives to animal proteins. Aqueous suspensions containing increasing amounts of
soy and pea protein isolates (SPI and PPI) at different pH (3.0, 4.5 pI, 7.0) and IS (0.0, 0.6,
1.5 M) were heat-treated to induce gelation. The obtained hydrogels were characterised
for rheological properties and physical stability, and the results were rationalised into a
gelation map.

2. Results and Discussion
2.1. Effect of Protein Type and Concentration

SPI and PPI solutions were prepared at increasing concentrations from 10 to 20%
(w/w) at pH 7.0, and thermally treated. Table 1 reports the appearance of the obtained SPI
and PPI samples.

Table 1. Appearance, elastic (G′), loss modulus (G′′), loss tangent (tan δ), and water-holding capacity
(WHC) of soy protein isolate (SPI) and pea protein isolate (PPI) systems obtained after heat treatment
of protein solutions at 10, 15, and 20% w/w; at pH 7.0; and 0.0 ionic strength.

Protein Concentration (%, w/w) Appearance G′ × 102 (Pa) G′′ × 102 (Pa) Tan δ WHC

SPI

10
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As expected, for both SPI and PPI, the increase in protein concentration resulted in a
visible increase in system structuring [50,51]. At a given protein concentration, SPI always
led to a more structured system as compared to PPI, so a minimum protein concentration
of 15 and 20% (w/w) was required to form a semi-solid system by using SPI and PPI,
respectively (Table 1). This difference was also confirmed by the rheological analysis.
Supplementary Figure S1 reports the frequency sweep test results for SPI and PPI hydrogels
obtained from 20% (w/w) protein solutions.

79



Gels 2023, 9, 62

For both proteins, G′ higher than G′′ and parallel to G′′ was obtained, indicating
the formation of gel systems [52]. The moduli of the PPI gel showed a higher frequency
dependence (higher slope) than those of the SPI gels. The latter showed a negligible
frequency dependence, indicating that a stronger gel structure was obtained; SPI gels also
presented rheological moduli higher than those of the PPI gel, and a lower loss tangent
(tan δ) (Table 1). These results confirm the higher gelling ability of SPI as compared to
PPI. In agreement with the literature [53,54], this difference between SPI and PPI gelation
properties can be attributed to the different compositions of the globulin fraction of the
considered proteins. Soybean globulins are mainly represented by glycinin (11S) and
β-conglycinin (7S), which present higher solubility than pea ones (legumin 11S and vicilin
7S). As a result, a higher protein fraction would remain homogeneously suspended during
the gelation of soy proteins [43,53]. Moreover, soybean globulins have been previously
demonstrated to present a threshold gelling concentration lower than pea ones [55].

The higher strength of the gel obtained with SPI rather than PPI was also related to an
improvement in gel stability, as shown by the higher WHC values (Table 1). The increased
density network obtained by increasing protein concentration was actually able to retain
more water, due to the better distribution of the solvent in the 3D structure, as well as to
the higher number of protein residues available for the interaction with water [56].

2.2. Effect of pH

The precursor protein solutions were adjusted to pH 3.0, 4.5, and 7.0 and thermally
treated. Independently of the pH, self-standing gelled systems were only obtained at 15 and
20% (w/w) SPI concentrations and at a 20% (w/w) PPI concentration. As representative
examples, Table 2 reports the appearance and the rheological parameters of the hydrogels
obtained from the SPI and PPI solutions at 20% (w/w) protein concentration and adjusted
at the different pH values.

Table 2. Appearance, storage modulus (G′), loss modulus (G′′), loss tangent (tan δ), and water-
holding capacity (WHC) of soy protein isolate (SPI) and pea protein isolate (PPI) hydrogels at 20%
protein concentration at pH 3.0 and 4.5, and 0.0 ionic strength.

Protein pH Appearance G′ × 102 (Pa) G′′ × 102 (Pa) Tan δ WHC
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Table 2. Appearance, storage modulus (G’), loss modulus (G”), loss tangent (tan δ), and water-
holding capacity (WHC) of soy protein isolate (SPI) and pea protein isolate (PPI) hydrogels at 20% 
protein concentration at pH 3.0 and 4.5, and 0.0 ionic strength. 

Protein pH Appearance G’ × 102 (Pa) G” × 102 (Pa) Tan δ WHC 

SPI 

3.0 

 

30.14 ± 2.78 a 4.10 ± 0.46 a 0.14 ± 0.01 c 99.80 ± 0.09 a 

4.5 

 

24.32 ± 0.66 b 3.36 ± 0.85 b 0.14 ± 0.01 c 99.68 ± 0.07 a 

PPI 

3.0 

 

8.52 ± 1.26 c 2.38 ± 0.31 c 0.28 ± 0.01 a 67.07 ± 0.73 b 

4.5 

 

7.89 ± 0.59 d 1.99 ± 0.73 d 0.25 ± 0.01 b 75.00 ± 2.99 b 

a, b, c, d: means indicated by different letters in the same column are significantly different (p < 0.05). 

7.89 ± 0.59 d 1.99 ± 0.73 d 0.25 ± 0.01 b 75.00 ± 2.99 b

a, b, c, d: means indicated by different letters in the same column are significantly different (p < 0.05).
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Similar to data achieved at pH 7.0 (Table 1), also at pH 3.0 and 4.5, SPI led to higher
system structuration as compared to PPI. At pH 4.5, which is close to protein pI, a particulate
gel, otherwise known as a microgel, was obtained with both proteins [57,58]. Proteins
actually show a higher tendency towards aggregation in the isoelectric region, where the
net charge is low, and thus protein–protein interactions are promoted with the formation
of spherical particles, which, at a high protein concentration, can randomly associate into
larger self-supporting hydrogels [58]. By contrast, at pH values away from the pI, where
strong electrostatic repulsions are present, the gels present a fine-stranded structure.

For both proteins, the decrease in pH from 7.0 (Table 1) to 3.0 (Table 2) caused a signifi-
cant decrease in system structuration, as evidenced by the rheological parameters. In fact,
not only both moduli showed lower values for gels prepared at pH 3.0 as compared to those
obtained at neutral pH, but they also presented a slightly higher frequency dependence. In
this regard, Supplementary Figure S2 shows the effect of the pH change on the frequency
sweep results of PPI gels prepared at 20% (w/w) protein concentration at pH 3.0 and 7.0.
A significant decrease in gel strength was instead observed upon adjusting the protein
solution at pH 4.5 (Tables 1 and 2). This can be attributed to the different microstructure
of the hydrogels obtained at different pHs. In particular, microgelled systems obtained
near the pI are stabilised by weak surface interactions among spherical protein aggregates,
which can easily flow one on the other [59]. By contrast, at pHs far from the pI (pH 3.0
and 7.0), stranded gel structures are obtained, stabilised by numerous disulphide bridges
and weak-interaction entanglement regions, thus accounting for the higher resistance to
mechanical perturbation [58]. Moreover, in the isoelectric region, protein solubility is
minimised, resulting in a significant decrease in well-solubilised protein fractions able to
efficaciously interlink in a 3D gel network [53].

For both SPI and PPI, pH had a negligible effect on gel stability, as indicated by the
comparable WHC values (Tables 1 and 2). This is probably due to the counterbalancing
effect of the high protein concentration on the effect of pH. In other words, the effect of
the different gel architectures induced by pH would be made negligible in the presence of
a high protein concentration, which would increase the network density, thus allowing a
high solvent retention [53].

2.3. Effect of Ionic Strength

The precursor protein solutions were added with different NaCl amounts to modulate
the ionic strength (IS) of the system. As representative examples of the effect of this
parameter at low protein concentrations, Table 3 shows the appearance of systems obtained
upon the thermal treatment of 10% (w/w) SPI and 15% (w/w) PPI solutions, at pH 7.0, and
having 0.6 and 1.5 M IS.

Although the final system showed an evident phase separation, as compared to the
system with no salt added (Table 1), which showed a liquid-like homogeneous structure,
the increase in IS resulted in a local gelling effect with the formation of a microgel-like
structure. This effect can be traced back to the shielding effect of salt ions of the protein
surface charge, favouring protein aggregation [60]. The positive effect of the IS increase
on SPI and PPI gelling properties was also observed at a higher protein concentration. In
this regard, Table 3 reports the appearance and the rheological parameters of the hydrogels
obtained from 20% (w/w) SPI and PPI solutions at pH 7.0, at 0.6 and 1.5 M IS. As compared
to the gels obtained without salt addition (Table 1), the increase in IS resulted in particulate
gels, well-evident in the case of the PPI-based systems (Table 3). This was due to the changes
induced by the increase in IS in the gel microstructure, which shifted from a fine-stranded
structure (low IS) to a particulate structure (high IS) [22]. NaCl concentration increase also
caused a considerable increase in both SPI and PPI gel strength, as indicated by the increase
in G′ values (Tables 1 and 3), as shown in Supplementary Figure S3, which reports the
frequency sweep results for PPI gels at 20% (w/w) protein concentration at 0.0 and 1.5 M IS.
The presence of Na+ ions actually promotes protein–protein interactions during gelation,
due to the reduction of the repulsive electrostatic interactions between protein chains [51].
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Moreover, the increase in IS is known to promote the so-defined “salting-in” effect, i.e., the
increase in the solubility of globulins, which are the main protein fraction of both SPI and
PPI [61]. A higher IS thus results in higher availability of well-hydrated proteins available
for networking during gelation [51,62].

Table 3. Appearance, storage modulus (G′), loss modulus (G′′), loss tangent (tan δ), and water-
holding capacity (WHC) of soy protein isolate (SPI) and pea protein isolate (PPI) hydrogels at 10, 15,
or 20% (w/w) protein concentrations at 0.6 and 1.5 M ionic strength.

Protein Concentration
(%, w/w) Ionic Strength (M) Appearance G′ × 102 (Pa) G′′ × 102 (Pa) Tan δ WHC

SPI

10

0.6
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IS also affected gel stability. In the case of the SPI gels, WHC decreased with IS, despite
the higher gel strength (Table 3). Similar results were found for gels from both soy [63,64]
and egg white proteins [65–68] and can be attributed to the microstructural changes induced
by the presence of ions. In this regard, Munialo et al. [69] have demonstrated that a gel
with an evenly distributed fine-stranded network, obtained at low IS, generally presents
higher WHC as compared to particulate gels, obtained at high IS, where water is less tightly
trapped. Likewise, Maltais et al. [70] and Urbonaite, et al. [71,72] reported an inverse
correlation between aggregate size and WHC, with larger aggregates resulting in lower
WHC. On the contrary, in the case of PPI hydrogels, the increase in IS promoted an increase
in the WHC. It can be inferred that, in this case, the increased gel structural properties
obtained upon NaCl addition (Tables 1 and 3) prevailed over the microstructural changes
induced by the IS increase.
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2.4. Gelation Map

Collected data were further elaborated and rationalised in order to obtain a gelation
map (Figure 1), which is useful to have an immediate view of the gelation performances of
SPI and PPI under the considered conditions.
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Figure 1. Gelation map of soy (SPI) and pea protein isolate (PPI) at increasing protein concentration
(%, w/w), pH, and ionic strength (IS). The mean values of elastic modulus (G′ × 103 Pa) of the gelled
systems are also reported within cells.

The obtained map clearly highlights the complex effect of protein type, pH, IS, and
their combination on the sample structure. For example, the higher gelation propensity of
SPI as compared to PPI is immediately visible, as well as the higher structuration obtained
far away from the protein isoelectric region pH or increasing the IS. This map represents a
useful tool to identify optimal conditions leading to SPI and PPI gels presenting the desired
physical properties. In particular, the conditions allowing for the preparation of hydrogels
presenting a network strong enough to withstand the conversion into xerogels, cryogels, and
aerogels can be identified. Moreover, additional considerations can be drawn, with the aim of
optimising the production process of these dried porous materials. For example, at pH 3.0 or
7.0, in view of minimising the consumption of SPI, and thus raw material costs, while also
maintaining a strong gel structure, the possibility to reduce the SPI concentration from 20 to
15% (w/w) while increasing the ionic strength can be identified. Similarly, in the case of PPI,
it is immediately evident how only weak gels can be obtained at 20% concentration.

3. Conclusions

The results collected in this study show that the gelling behaviour of vegetable proteins
is highly dependent on both the protein nature and formulation parameters (protein
concentration, pH, ionic strength). In particular, hydrogel strength can be enhanced by
choosing soy proteins over pea ones, as well as avoiding the isoelectric region and increasing
the ionic strength. The obtained gelation map can be considered a useful tool to identify

83



Gels 2023, 9, 62

the optimal conditions to produce soy and pea protein hydrogels with physical properties
suitable for the subsequent conversion into xerogels, cryogels, and aerogels.

The results obtained in this research, although relevant to soy and pea protein isolates
solely, clearly indicate the potential of plant proteins as interesting precursors for the
production of food-grade and plant protein-based dried porous materials. Further studies
are therefore required to investigate the correlation between the physical and techno-
functional properties of the precursor hydrogel and the resulting dried materials. In
this regard, different drying processes such as evaporative drying, freeze-drying, and
supercritical drying can be applied to convert the obtained hydrogels into xerogels, cryogels,
and aerogels, respectively. At the same time, a comprehensive characterisation of the dried
templates obtained thereof could be performed. The latter should include the physical
characterisation of the materials (e.g., SEM microstructure, BET surface area, porosity) but
also their interaction properties with food fluids (oil, water) to obtain a first insight into
their applicability as innovative food ingredients.

4. Materials and Methods
4.1. Soy and Pea Protein Solution Preparation

Aqueous solutions presenting different ionic strength (IS), 0.6 and 1.5 M, were prepared
by adding NaCl (Sigma Aldrich, Milan, Italy) in deionised water (System advantage A10®,
Millipore S.A.S, Molsheim, France). Deionised water without the addition of NaCl was
considered to have an IS equal to 0.0 M. Aqueous solutions were added with 10, 15, or 20%
(w/w) of soy (SPI) or pea (PPI) protein isolates (Myprotein, Manchester, England). The
suspensions were subjected to high shear mixing at 1120× g for 1 min (Polytron PT-MR3000,
Kinematica AG, Littau, Switzerland), and pH was adjusted to 3.0, 4.5, and 7.0 by adding
1 M NaOH or HCl.

4.2. Heat Treatment

To induce gelation, soy and pea protein suspensions were transferred in 50 mL-sealed
falcon tubes and subjected to thermal treatment in a water bath (95 ◦C for 15 min), followed
by cooling in an ice bath (0 ◦C for 15 min). The heat-treated samples were then stored at
4 ◦C for 48 h, until analysis.

4.3. Image Acquisition

Images were captured with a digital camera (EOS 550D, Canon, Milano, Italy) in an image
acquisition cabinet (Immagini & Computer, Bareggio, Italy). The digital camera was positioned
in an adjustable stand positioned at 45 cm from the samples and enlightened by 4 × 100 W
frosted photographic floodlights, in a position allowing minimum shadow and glare.

4.4. Rheological Properties

Hydrogel rheological properties were tested using an RS6000 Rheometer (Thermo
Scientific RheoStress, Haake, Germany), equipped with a Peltier system for temperature
control. The analysis was performed with a parallel plate geometry, with a gap of 2.0 mm
at 20 ◦C. Hydrogels were cut into cylinders with 2 mm of height and 20 mm of diameter.
The linear viscoelastic region (LVR) was determined using an oscillatory sweep test (0.01
to 1000 Pa at 1 Hz frequency). The frequency sweep tests were carried out increasing the
frequency from 0.1 to 20 Hz, at stress values selected in the LVR.
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4.5. Physical Stability

The physical stability of hydrogels was evaluated based on their water-holding capac-
ity (WHC). Hydrogels were accurately weighed (W1) and transferred into 1.5 mL-Eppendorf
microcentrifuge tubes, and then centrifugated at 15,000× g for 15 min at 4 ◦C (D3024, DLAB,
Scientific Europe S.A.S, Schiltigheim, France). The supernatant was then removed, and the
samples were weighed again (W2). The WHC was determined according to Equation (1).

WHC =
W1 − (W1 −W2)

W1
· 100 (1)

4.6. Data Analysis

Data are expressed as the mean ± standard deviation of at least three measurements
resulting from two replicates. The statistical analysis was performed using the program R
version 4.1.2 (The R Foundation for Statistical Computing, Vienna, Austria). The homo-
geneity of the variance was evaluated with Bartlett tests, a one-way ANOVA was applied,
and the difference between the averages was assessed by the post-hoc Tukey test (p < 0.05).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9010062/s1, Figure S1: Elastic (G′) and viscous (G′′) modulus
of soy (SPI) and pea (PPI) hydrogels obtained from 20% (w/w) protein solutions. Figure S2. Elastic
(G′) and viscous (G′′) modulus of pea protein isolate (PPI) hydrogels obtained from 20% (w/w)
protein solutions at pH 3.0 and 7.0. Figure S3. Elastic (G′) and viscous (G′′) modulus of pea protein
isolate (PPI) hydrogels obtained from 20% (w/w) protein solutions at 0.0 and 1.5 M ionic strength.
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Abstract: The (eco)design and synthesis of durable heterogeneous catalysts starting from renewable
sources derived from biomass waste represents an important step for reducing environmental impacts
of organic transformations. Herein, we report the efficient loading of Pd(II) ions on an eco-safe
cellulose-based organic support (CNS), obtained by thermal cross-linking between TEMPO-oxidized
cellulose nanofibers and branched polyethyleneimine in the presence of citric acid. A 22.7% w/w
Pd-loading on CNS was determined by the ICP-OES technique, while the metal distribution on
the xerogel was evidenced by SEM–EDS analysis. XPS analysis confirmed the direct chelation of
Pd(II) ions by means of the high number of amino groups present in the network, so that further
functionalization of the support with specific ligands was not necessary. The new composite turned
to be an efficient heterogeneous pre-catalyst for promoting Suzuki–Miyaura coupling reactions
between aryl halides and phenyl boronic acid in water, obtaining yields higher than 90% in 30 min,
by operating in a microwave reactor at 100 ◦C and with just 2% w/w of CNS-Pd catalyst with respect
to aryl halides (4.5‰ for Pd). At the end of first reaction cycle, Pd(II) ions on the support resulted
in being reduced to Pd(0) while maintaining the same catalytic efficiency. In fact, no leaching was
observed at the end of reactions, and five cycles of recycling and reusing of CNS-Pd catalyst provided
excellent results in terms of yields and selectivity in the desired products.

Keywords: nanocellulose; Suzuki–Miyaura coupling; heterogeneous catalysis; sustainable catalyst;
nanocellulose-based xerogels; green chemistry

1. Introduction

Pd-catalyzed Suzuki–Miyaura cross-coupling is one of the most investigated C-C
bond formation reactions, widely applied for the synthesis of complex molecules, including
pharmaceuticals, semiconductors, supramolecular structures, and pesticides [1–4].

Many efforts have been devoted over the years to the design and synthesis of Pd(II)-
precatalysts by selecting proper ligands such as N-heterocyclic carbenes [5–7], phosphine [8,9],
palladacycles [10], the PEPPSI (pyridine-enhanced precatalyst preparation) system [11], and
allyl-based ligands [12], in order to improve the efficiency of this catalysis under homoge-
neous conditions.

Ligands guarantee excellent donor abilities, high steric hindrance, and, in most cases,
the stabilization of a Pd(0) reduced form, which is considered to be the active species once
generated in situ [13].

While most of these approaches allow operation at low catalyst loadings, under mild
conditions, and even in green solvents, including water [14,15], they all suffer from the
limits related to homogeneous catalysis, which can be summarized in the direct costs for
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catalysts’ synthesis, and the indirect ones for their efficient recovery and reuse, which is
also a key issue for the environmental impact of the process.

For these reasons, in recent years many solutions have been proposed for the im-
mobilization of Pd(II)-precatalysts onto heterogeneous networks [16–19], also opening
the route to continuous-flow synthetic processes [20,21]. However, in most cases the pre-
functionalization of solid supports with proper ligands is necessary to guarantee high
efficiency in fixing Pd(II), minimizing leaching phenomena [22,23]. Moreover, the increas-
ing demand for bio-based materials derived from renewable sources, such as biomass waste,
in the framework of the circular economy, pushes towards the design of new solutions as
heterogenous supports for organometallic catalysis, capable of minimizing synthetic steps
and providing sustainable solutions with low environmental impact.

In this context, in recent years we designed and developed a microporous cellulose-
based nanosponge (CNS), having TEMPO ((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl)-oxidized
cellulose nanofibers and 25 kDa branched polyethylenimine (bPEI) as main components [24].
The high porosity of the system derived from the freeze-drying process followed for con-
verting the original hydrogel-like suspension of the two polymers into the resulting xerogel,
with ice crystals acting as pores’ templates, while its chemical stability was guaranteed by
the thermally induced (~100 ◦C) formation of amide bonds between the carboxyl groups of
the oxidized nanocellulose and the amine groups of the polyamine. Further optimization
of pristine formulations by addition of citric acid (CA) allowed the nanostructure to have
higher mechanical resistance [25] and to better fix bPEI, improving the eco-safety [26–29]
and the sustainability [30] of the material. More recently, the nanoporosity of the material
was revealed by small-angle neutron scattering (SANS) investigation [31] and by FTIR-
ATR analysis of the H-bond network, which evidenced water nanoconfinement in the
nanostructure [32,33].

CNS have found ample application in different fields, including wastewater remedia-
tion [29,34], sensing [35,36], as drug-delivery systems [25], and as heterogenous catalysts for
promoting amino-catalyzed organic reactions [37]. Very recently, we were inspired by the
high heavy-metal adsorption efficiency of CNS exploited in wastewater treatment [24,29].
This property had to be ascribed to the strong chelating action of primary, secondary, and
tertiary amino groups, provided by the presence of bPEI in the xerogel network. Inspired
by this behavior, we envisioned the opportunity to consider these materials as suitable
organic heterogeneous supports for transition metal ions, opening the synthesis of a new
class of heterogeneous organometallic catalysts for organic reactions. In a first attempt,
we confirmed this hypothesis by designing CNS-Cu- and CNS-Zn-loaded catalysts, which
were successfully used to promote the synthesis of aromatic acetals [38].

With these premises, herein we propose CNS as easy-to-prepare biobased and sustain-
able supports for Pd(II) ions. As CNS do not require a pre-functionalization by specific
ligands to efficiently trap Pd(II), the environmental and economic impact of these systems
is minimized. The new CNS-Pd(II) composite turned out to be an efficient and stable
heterogeneous precatalyst towards the Suzuki–Miyaura cross-coupling reaction.

2. Results and Discussion
2.1. CNS-Pd Synthesis and Characterization

CNS-Pd was synthesized as reported in Scheme 1, following a two-step procedure:
(i) the production of CNS and (ii) the loading of Pd(II) ions on the resulting xerogel. For
the first step, TOCNF and bPEI were mixed in a 1:2 weight ratio in deionized water in
the presence of 18% of CA with respect to primary amino groups of bPEI. The resulting
hydrogel was transferred in molds and underwent a freeze-drying process, providing a
highly porous xerogel. The latter was heated in an oven at ~100 ◦C in order to impart
chemical stability and mechanical resistance to the final material and allowing the formation
of amidic bonds by dehydration between the carboxylic groups of TOCNF and CA, and
the primary amino groups of bPEI [25]. In the second step, the nanosponge was ground
in a mortar before use to increase the superficial area and consequently the Pd-sorption
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efficiency. Pd loading was performed by soaking the CNS material in a saturated PdCl2
solution, running several loading cycles.
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Scheme 1. Preparation of CNS-Pd.

A complete chemical and morphological characterization of CNS has already been
reported in the literature. More specifically, evidence of amide bonding was shown by
FTIR [32,34] and 15N CP-MAS solid-state NMR analyses [25]; microporosity of the system
was detected by scanning electron microscopy (SEM) images and better-investigated by
microcomputed tomography quantitative analysis, resulting in about 70% of the bulk
material [25,29]; finally, nanoporosity of the xerogel was revealed by a small-angle neutron
scattering (SANS) [31] study and an investigation of water nanoconfinement in the network
by ATR-FTIR [32,34]. We thus proceeded with an in-deep characterization of the new Pd-
loaded system. Scanning Electron Microscopy/Energy Dispersive Spectroscopy (SEM–EDS)
analysis revealed a homogeneous distribution of the metal on ground CNS (Figure 1).
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An EDS absorption spectrum is also reported in Figure 2, where the Pd and Cl− signals
can be clearly observed.
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A quantification of the amount of Pd(II) actually loaded on CNS-Pd was measured by
ICP-OES analysis, obtaining a value of 22.7% w/w, corresponding to 2.13 mmolPd/gCNS.

To obtain information on the structural features of the CNS-Pd catalyst, X-ray pho-
toelectron spectroscopy (XPS) studies were performed on the pristine catalyst as well as
on the catalyst recovered after the first catalytic cycle (see Section 2.6 for reaction condi-
tions). The pristine CNS matrix was also investigated to provide useful references for the
assignment of Pd3d spectral features. Measurements were carried out at C 1s, N 1s, O
1s, and Pd 3d core levels. A complete collection of core-level binding energy (BE), full
width at half-maxima (FWHM) values, and proposed assignments is reported in Table S1
in the Supporting Information; here, the Pd3d spin-orbit components will be discussed
with particular attention since they are of major interest for the assessment of the Pd–CNS
interaction in the catalyst and for the investigation of its role in the catalytic reaction. C1s
and N1s spectral features will also be briefly discussed since the reproducibility of such
signals confirms the stability of the catalyst molecular structure upon use.

C1s and N1s spectra collected on the pristine CNS and on the CNS-Pd catalyst before
and after the catalytic process show analogous features, in excellent accordance with the
chemical composition of CNS; in more detail, C1s spectra are composite and at least four
spectral components can be individuated by applying a peak fitting procedure, assigned,
respectively, to aliphatic C atoms (BE = 285.00 eV), C atoms bonded to N or O in C-
N, C-O functional groups (286.3 eV), O-C-O or C=O carbons (287.5 eV), and carboxylic
COOH functional groups (288.9 eV) [39–43]. The relative amount of each species is well-
reproducible in the three samples, as reported in the column “atomic ratios” in Table S1.
C1s spectra of CNS-Pd pristine and recovered from the catalysis reaction are reported in
Figure 3A,B. As for the N 1s spectra, a main signal is always found at about 400 eV, as
expected for N atoms in the polyamine [43]. At higher BE values, a signal of very low
intensity is also observed, probably due to oxidized nitrogen atoms belonging to impurities
of the CNS.

Pd3d spectra show the presence of several contributions in different BE positions for
the pristine and recovered catalysts, as reported in Figure 3C (pristine CNS-Pd) and D
(recovered CNS-Pd).
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Figure 3. (A) XPS C 1s core-level spectra acquired on pristine CNS and (B) CNS recovered after
catalysis; (C) XPS Pd 3d core-level spectra acquired on CNS before and (D) after catalysis.

The Pd3d spectrum of pristine CNS-Pd shows the presence of Pd(II) ions only; however,
by applying the peak-fitting procedure, it is possible to point out at least three spin-orbit
pairs whose BE positions are indicative of different chemical environments. The signal
at lower BE (Pd3d5/2 BE = 337.38 eV) can be associated with PdO [43] or, as suggested
by some authors, with Pd(II) ions coordinating carboxylic groups [44]. A less-suitable
assignment could be atomic Pd(0) interacting with amorphous carbon, as suggested by
Bertolini et al. [45]. Moreover, the low-BE component is also less intense (about 7% of
all Pd contribution) in the pristine CNS-Pd Pd3d spectrum. The second feature (Pd3d5/2
component at 338.77 eV BE) is indicative of ionic Pd(II) in PdCl2 [43], as also confirmed by
the position of the Cl2p signal (Cl2p3/2 BE = 198.40 eV, see Table S1) [46]. Finally, the most
intense signal, at higher BE value (Pd3d5/2 BE = 340.19 eV, 64% of all the palladium in the
catalyst), is due to Pd(II) ions interacting with the amine-like nitrogens of the polyamine
moieties in coordination compounds, similarly to Pd(NH3)4Cl2 [43].

In Figure 3C, a Ca2p signal arising from Ca(II) ions contained as impurities in the CNS
matrix is observed and partially superimposed to the 3/2 Pd3d spin-orbit components;
an analogous signal is also observed in pure-pristine CNS (see Supporting Information,
Table S1). The Ca2p signal is not found in the recovered catalyst, probably due to repeated
washing with ultrapure water.

After recovering, the Pd signal measured for CNS-Pd catalyst suggests a different
composition. The most-intense spectral component (71% of Pd species) is shifted at low
BE values (Pd3d5/2 BE = 335.46 eV) and it is now indicative of reduced Pd(0) atoms.
At higher BE values, a less intense signal can be observed (Pd3d5/2 BE = 338.20); from
the literature, this minor (29%) contribution could be due to Pd(0) atoms interacting
with an amorphous carbon matrix [45] or Pd(II) ions coordinating halogenated organic
molecules (Br-containing reactant residues, for example, or reaction intermediates and
byproducts) [47,48]. Measurements at the Br3d core level reveal a small number of bromine
atoms covalently bonded to C (Br3d5/2 BE = 68.80 eV) in the recovered sample, supporting
the latter assignment (see Table S1).
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2.2. Suzuki–Miyaura Reaction Optimization

The reaction between 4-Br-anisole (1a) and phenylboronic acid (2) in water (Scheme 2)
was selected as the model for the optimization of the conditions. CNS-Pd precatalyst was
used in 2–10% w/w with KOH (2 eq) as base. In addition, to facilitate the solubilization
of the reagents, the phase-transfer agent TBAB (0.6 eq) was used. 1H-NMR in CDCl3
with acetonitrile as internal standard was used to calculate the reaction conversion during
the reaction optimization process. In all cases, a complete selectivity toward the desired
product could be observed, without the formation of any undesired by-products.
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Scheme 2. Suzuki–Miyaura reference reaction.

The influence of reaction time and temperature was first investigated with the use
of a microwave reactor, according to the principle of “time–temperature equivalence”,
shortening the reaction time under the condition of increasing temperature. For comparison,
conventional heating was also considered.

As reported in Table 1, after working at room temperature (T = 25 ◦C) with long
reaction time (48 h), the reaction yield was not satisfactory (entry 1). As expected, at higher
temperatures yields increased and shorter reaction times could be applied, going from
80 ◦C, 30 min (entry 2), with a yield of 57% to 100 ◦C, 20 min (entry 3), with a yield of 72%.
Finally, applying a temperature of 100 ◦C for a reaction time of 30 min (entry 4), a satisfying
92% yield was achieved. It has to be noticed that in the same conditions but with the use of
conventional heating, a very low 19% yield was obtained (entry 5), thus highlighting the
unique role and the high effectiveness of microwave irradiation in this catalytic system.

Table 1. Time and temperature reaction optimization a.

Entry T (◦C) T (h) Yield (%)

1 25 (RT) 48 19
2 80 0.5 57
3 100 0.33 72
4 100 0.5 92

5 b 100 0.5 19
a Reaction conditions: 0.268 mmol of 1a (1 eq), 0.161 mmol of TBAB (0.6 eq), 0.563 mmol of KOH (2 eq), and 1 mg
(2% w/w) catalyst in 2.5 mL of water under MW irradiation. b Conventional heating instead of MW irradiation
was used.

In order to achieve higher yields, the amount of catalyst was increased (Table 2). No
significant results were obtained. Indeed, going from 2% (entry 2) to 5% (entry 3) and 10%
w/w (entry 4), the yields did not substantially improve. As expected, in the absence of
catalyst (entry 1) and in the presence of a metal-free catalyst (CNS, entry 5), no conversion
was observed. According to these results, the 2% w/w catalyst loading was taken as the
optimal condition. It is important to highlight that according to the measured loading of
palladium on CNS, the 2% w/w of catalyst corresponds to a very low 0.45% w/w amount
of Pd, making this system very efficient in terms of metal loading in the reaction.

The role of the base was also considered, and different inorganic bases, namely, NaOAc,
Na2CO3, K2CO3, and KOH, were tested in these conditions. Results are reported in Table 3.
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Table 2. Catalyst loading optimization a.

Entry CNS-Pd (%) Pd (%) Yield (%)

1 0 0.00 0
2 2 0.45 92
3 5 1.14 95
4 10 2.27 94

5 b 10 - 0
a Reaction conditions: 0.268 mmol of 1a (1 eq), 0.161 mmol of TBAB (0.6 eq), 0.563 mmol of KOH (2 eq), and the
listed amount of catalyst in 2.5 mL of water under MW irradiation (T = 100 ◦C, 30 min). The w/w percentage of
catalyst is referred to as 1a. b metal free CNS was used.

Table 3. Role of the base in the reaction a.

Entry Base Yield (%)

1 - 15
2 NaOAc 54
3 Na2CO3 25
4 K2CO3 25
5 KOH 92

a Reaction conditions: 0.268 mmol of 1a (1 eq), 0.161 mmol of TBAB (0.6 eq), 0.563 mmol (2 eq) of base, and 2%
w/w of catalyst in 2.5 mL of water under MW irradiation (T = 100 ◦C, 30 min).

The results obtained show that, in base-free conditions (entry 1), the pH is probably
not alkaline enough to promote the reduction of Pd (II) to Pd (0), thus obtaining poor
yields [49]. With the use of NaOAc, Na2CO3, or K2CO3 (entry 2, 3, and 4), an adequate
alkaline environment could not be provided, with a consequent unsatisfactory activation of
the catalytic cycle, resulting again in low yields [49]. The only base that gave good results
was the strong base KOH, able to give a yield of 92% (entry 5).

Finally, the use of the phase-transfer agent was explored. As the coupling reaction is
run in water and under heterogeneous conditions, producing water-insoluble products
from organic reagents, tetrabutylammonium bromide (TBAB) was added to the reaction
mixture. Optimization of the amount of TBAB in the reaction was performed by gradually
reducing it from the starting 0.6 to 0.15 equivalents, obtaining the results shown in Table 4.

Table 4. Role of the phase-transfer catalyst in the reaction a.

Entry TBAB Equivalents Conversion (%)

1 0.60 92
2 0.30 96
3 0.15 97
4 0 90

5 b 0 60
6 b 0.15 95

a Reaction conditions: 0.268 mmol of 1a (1 eq), TBAB, 0.563 mmol (2 eq) of KOH, and 2% w/w of catalyst in 2.5 mL
of water under MW irradiation (T = 100 ◦C, 30 min). b A 10× scale-up of the reference reaction.

The results underline that the reaction yield was somewhat higher when using small
amounts of TBAB (97% with 0.15 eq, entry 3). It can be also noticed that, without using
TBAB, acceptable yields can be obtained (90%, entry 4). The role of TBAB turned out to
be crucial when scaling up the reaction. In fact, when performing a ×10 reaction scale-up
(entry 5 and 6), the presence of TBAB was essential in increasing the efficiency of the
reaction in the presence of large quantities of polar solvent. In this case, without the use of
TBAB, a low 60% yield was indeed obtained.

After all this screening, the optimized conditions were defined as follows: 100 ◦C,
30 min, 2% w/w catalyst, corresponding to 0.45% w/w of palladium, KOH as base, and
0.15 equivalents of TBAB. For the model Suzuki–Miyaura reaction, in these conditions
a TON = 1.2 × 102 and a TOF = 6.5 × 10−2 s−1 could be calculated. These values are
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reasonably good and comparable to many industrial catalytic processes, but are obtained
by operating in the presence of an eco-friendly cellulose-derived palladium support. In
fact, while we are aware that higher TONs can be obtained under homogeneous conditions,
these values are comparable or even better than those of most of the examples reported in
the literature for fixing Pd on heterogeneous supports [16–18,20–23]. Moreover, in this case,
the choice of the support falls on a bio-based system derived from waste biomass.

To verify the reliability of this catalytic system, a complete mass recovery of the
reaction after column chromatography purification was performed. Reaction conditions,
work-up, and purification are described in detail in the Section 4 and with this test we were
able to verify that, in the optimized conditions after the purification process, a 95% yield
could be achieved, calculated by weighting the white crystalline powder obtained after the
whole process.

2.3. Suzuki–Miyaura Substrate Scope

After the definition of the optimized conditions, different substrates were tested in the
reaction. All the experiments are reported in Table 5.

Table 5. Suzuki–Miyaura cross-couplings of ArX and PhB(OH)2 catalyzed by CNS-Pd a.

Gels 2022, 8, x FOR PEER REVIEW 9 of 16 
 

 

Table 5. Suzuki–Miyaura cross-couplings of ArX and PhB(OH)2 catalyzed by CNS-Pd. 

 

Entry ArX R R’ R″ R‴ X Conversion (%) 

1 1a -H -OCH3 -H -H -Br 99 

2 1b -H -H -OCH3 -H -Br 98 

3 1c -H -H -H -OCH3 -Br 54 

4 c 1c -H -H -H -OCH3 -Br 38 

5 b 1d -H -CH3 -H -H -Br 72 

6 b 1e -H -CHO -H -H -Br 13 

7 b,c 1e -H -CHO -H -H -Br 80 

8 1f -H -H -H -H -Br 93 

9 1g -H -NH2 -H -H -Br 76 

10 1h -CN -H -H -H -Br 99 

11 1i -H -H -H -H -Cl 55 
a Reaction conditions: 0.268 mmol of 1a (1 eq), TBAB (0.15 eq), 0.563 mmol (2 eq) of KOH, and 2% 

w/w of catalyst in 2.5 mL of water under MW irradiation (T = 100 °C, 30 min). b A 0.6 eq value of 

TBAB. c A 10% w/w value of catalyst. 

2.4. Multiple Cross-Coupling Suzuki–Miyaura Reactions 

After studying the effect of substituents, we then performed tests to confirm that 

CNS-Pd could also be used for multiple couplings. For this study, we selected 1,4-dibro-

mobenzene (Scheme 3) and 1,3,5-tribromobenzene (Scheme 4) as organ halides, increasing 

the amount of phenylboronic acid (2.5 equivalents for 1j and 3.5 equivalents for 1k) and 

slightly changing the reaction conditions (reaction time increased to 1.5 h for 1j and to 3 h 

for 1k). 

 

Scheme 3. Reaction of double cross-coupling with 1,4-dibromobenzene. 

In these reaction conditions, we were able to obtain high selectivity (>95%) towards 

the product 4j in the reaction with 1,4-dibromobenzene (Scheme 3), reaching a conversion 

of 55%. Increasing the phenylboronic acid amount (from 2.5 to 5 equivalents compared to 

1j) and maintaining the same reaction conditions (1.5 h, 30 °C), we were able to reach a 

very high conversion (90%) without losing selectivity toward product 4j. 

In the reaction with 1,3,5-tribromobenzene (Scheme 4), under the conditions of 3 h, 

at 100 °C, with 3.5 equivalents of 2 compared with 1k reagent, we obtained a very high 

selectivity (>95%) towards product 5k, with a conversion of 82%, confirming the catalytic 

efficiency of CNS-Pd also in multiple cross-coupling reactions. 

Entry ArX R R′ R′′ R′′′ X Conversion (%)

1 1a -H -OCH3 -H -H -Br 99
2 1b -H -H -OCH3 -H -Br 98
3 1c -H -H -H -OCH3 -Br 54

4 c 1c -H -H -H -OCH3 -Br 38
5 b 1d -H -CH3 -H -H -Br 72
6 b 1e -H -CHO -H -H -Br 13
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a Reaction conditions: 0.268 mmol of 1a (1 eq), TBAB (0.15 eq), 0.563 mmol (2 eq) of KOH, and 2% w/w of catalyst
in 2.5 mL of water under MW irradiation (T = 100 ◦C, 30 min). b A 0.6 eq value of TBAB. c A 10% w/w value
of catalyst.

An early analysis on the position of the methoxyl substituent was carried out. As can
be seen from the results (entry 1, 2, and 3), with the optimized reaction conditions it was
possible to obtain excellent yields with the substituent in para- and meta-position. In the
case of the methoxy substituent in the ortho- position (entry 3), we observed a decrease
in yield, probably due to the steric effect of the substituent in the position adjacent to
the halogen involved in the reaction mechanism. The test with more catalyst (10% w/w,
entry 4) further confirmed the low conversion, supporting the hypothesis of the steric effect
of the substituent.

After the position analysis, a study with structurally different substituents was then
performed. In the absence of substituents on the benzene ring of the organ halide (entry 8),
a satisfactory yield of more than 90% was obtained. In the presence of electron-donating
activating substituents on the benzene ring in para-position, such as -CH3 (entry 5) and
-NH2 (entry 9), good yields were achieved, in particular a yield of 72% with p-Br-toluene
and 76% with p-Br-aniline. In the presence of an electron-withdrawing group, such as
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-CHO (entry 6), a dramatic drop in reaction efficiency could be observed, reaching a yield
around only 13%. When the reaction was conducted increasing the catalyst amount to 10%
w/w, we noticed an increase in the yield, reaching a good value (80%, entry 7), finding
that the reduced reactivity of the starting aril-halide could be balanced by increasing the
amount of catalyst, thus achieving good conversions and maintaining selectivity toward
the desired product. In contrast, surprisingly, the presence of the electron-withdrawing
group -CN in the ortho-position (entry 10) gave an extremely high yield (99%), comparable
with the yield obtained with p-Br-anisole (entry 1). By changing the halogen involved in
the coupling reaction and considering Cl-benzene (entry 11) instead of Br-benzene (entry 8),
we observed a decrease in yield from 93% to 55.5%. Once again, these values are in line
with those reported for several heterogeneous supports [16–18,20–23].

2.4. Multiple Cross-Coupling Suzuki–Miyaura Reactions

After studying the effect of substituents, we then performed tests to confirm that
CNS-Pd could also be used for multiple couplings. For this study, we selected 1,4-
dibromobenzene (Scheme 3) and 1,3,5-tribromobenzene (Scheme 4) as organ halides, in-
creasing the amount of phenylboronic acid (2.5 equivalents for 1j and 3.5 equivalents for
1k) and slightly changing the reaction conditions (reaction time increased to 1.5 h for 1j
and to 3 h for 1k).
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In these reaction conditions, we were able to obtain high selectivity (>95%) towards
the product 4j in the reaction with 1,4-dibromobenzene (Scheme 3), reaching a conversion
of 55%. Increasing the phenylboronic acid amount (from 2.5 to 5 equivalents compared to
1j) and maintaining the same reaction conditions (1.5 h, 30 ◦C), we were able to reach a
very high conversion (90%) without losing selectivity toward product 4j.

In the reaction with 1,3,5-tribromobenzene (Scheme 4), under the conditions of 3 h,
at 100 ◦C, with 3.5 equivalents of 2 compared with 1k reagent, we obtained a very high
selectivity (>95%) towards product 5k, with a conversion of 82%, confirming the catalytic
efficiency of CNS-Pd also in multiple cross-coupling reactions.

2.5. Leaching Tests

Tests were performed to evaluate the leaching of Pd from the CNS-Pd catalyst under
the reaction conditions (see Section 4). The amount of Pd in solution before and after the
reaction was evaluated by means of ICP-OES analysis. After one reaction cycle, only 7% of
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the initial amount of metal (0.016 mg when 1 mg of CNS-Pd is used) was released in the
solution. No significant metal loss was observed after a second cycle, thus confirming that,
after stabilization, Pd remains anchored on the heterogeneous support, paving the way for
the possible recycling of CNS-Pd.

2.6. Recyclability Tests

To evaluate the possibility of reusing CNS-Pd several times without losing catalytic
activity, reusability tests were performed between 1a and 2 to give 3a under the optimized
conditions. Five consecutive reaction runs were realized and, after each cycle, the reaction
yield was evaluated by 1H-NMR with acetonitrile as internal standard to evaluate the
efficiency of the reused catalytic system. Results are reported in Table 6.

Table 6. Results from Recyclability tests a.

Entry Cycle Number Yield (%)

1 I 97
2 II 99
3 III 98
4 IV 99
5 V 96

a Reaction conditions: 0.268 mmol of 1a (1 eq), TBAB (0.15 eq), 0.563 mmol (2 eq) of KOH, and 2% w/w of catalyst
in 2.5 mL of water under MW irradiation (T = 100 ◦C, 30 min).

As can be observed, CNS-Pd can be considered a heterogeneous catalyst with good
reusability characteristics, as, after five cycles, more than 96% conversion was still achieved
without losing selectivity towards product 3a, demonstrating the long catalyst life.

3. Conclusions

In this work, cellulose-based nanosponges (CNS) were prepared. TEMPO-oxidized
cellulose nanofibers and branched polyethyleneimine were cross-linked together in the
presence of citric acid to obtain a micro- and nanoporous structure and this latter was
then loaded with Pd(II) to obtain a potential heterogeneous catalyst for Suzuki–Miyaura
coupling reactions. The morphology and structure of the material were characterized
by various SEM–EDS and ICP-OES analyses. The CNS-Pd system was also thoroughly
investigated by XPS analysis to evaluate the behavior of the metal in the catalytic activity.
An optimization study on the heterogeneous reaction was conducted, reaching optimal
condition for the obtainment of high-rate yields. The catalytic recycling ability of the
material and the catalytic effect for different substituents were also examined, confirming
the possibility of reusing this sustainable catalyst several times.

4. Materials and Methods

All of the reagents were purchased from Merck (Darmstadt, Germany). Cotton linter
was obtained from Bartoli paper factory (Capannori, Lucca, Italy). Deionized water was
produced within the laboratories with a Millipore Elix® Deionizer with Progard® S2 ion
exchange resins (Merck KGaA, Darmstadt, Germany). All 1H-NMR spectra were recorded
on a 400 MHz Brüker (Billerica, MA, USA) NMR spectrometer. Microwave reactions were
conducted in a Biotage® Initiator+ (Uppsala, Sweden). Other equipment used in the proce-
dures includes a Branson SFX250 Sonicator (Emerson Electric Co., Ferguson, MI, USA), a SP
Scientific BenchTop Pro Lyophilizer (SP INDUSTRIES, 935 Mearns Road, Warminster, UK),
a Büchi Rotavapor® R-124 8 (Flawil, Switzerland), and a Thermotest Mazzali laboratory
oven (Monza, Italy). Scanning electron microscopy (SEM) was performed using a vari-
able pressure instrument (SEM Cambridge Stereoscan 360) at 100/120 pA with a detector
BSD. The operating voltage was 15 kV with an electron beam current intensity of 100 pA.
The focal distance was 9 mm. The EDS analysis was performed using a Bruker Quantax
200 6/30 instrument (Billerica, MA, USA). The metal concentrations were measured by
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ICPOES atomic emission spectroscopy using a Perkin Elmer Optima 3000 SD spectrometer
(Wellesley, MA, USA).

4.1. TEMPO-Oxidized Cellulose (TOC) Production and Titration and Synthesis of Cellulose
NanoSponges (CNS)

TEMPO-Oxidized Cellulose (TOC) production and titration were performed according
to a procedure previously reported in the literature [34,50,51]. After TOC synthesis and
characterization, TEMPO-Oxidized Cellulose Nanofibers (TOCNF) for the production of
CNS were produced by suspending 3.5 g of TOC in 0.14 L of deionized water, adding 0.210 g
of NaOH pellets. The suspension was ultrasonicated with a Branson SFX250 Sonicator,
achieving a homogeneous suspension of TOCNF. This latter was then acidified with 12 N
HCl (2 mL), filtered under vacuum on a Büchner funnel, and washed with deionized
water (250 mL) reaching neutral pH. Then, two aqueous solutions of anhydrous citric acid
(CA) (1.792 g in 10 mL) and 25 kDa branched polyethylenimine (bPEI) (7 g of bPEI in
10 mL) were mixed with the TOCNF solution, while continuously stirring until reaching
a white and homogeneous hydrogel and obtaining a final TOCNF concentration of 3%
w/w. The mixture was then placed in well plates used as molds, quickly frozen at −20 ◦C,
frozen-dried for 48 h at −52 ◦C, 140 µbar using an SP Scientific BenchTop Pro Lyophilizer,
and finally thermally treated in the laboratory oven performing a heating ramp from a
temperature of 55 ◦C to a maximum of 98 ◦C. This temperature was kept for 16 h. At the
end of the process, CNS was ground with a mortar and then washed with deionized water
(500 mL) to remove the excess bPEI. This procedure for the synthesis of CNS was described
in our previous works [37,38].

4.2. Preparation of the Catalyst

After washing, 275 mg of CNS was ground into a fine powder. In the meantime, a
saturated acidic solution of PdCl2 (101 mg in 50 mL of 0.1 M HCl) was prepared. Ground
CNS was soaked in this solution until complete adsorption of Pd (10 min), repeating the
adsorption cycle three times in the same conditions. After every sorption cycle, Pd-loaded
CNS was filtered on a Buchner funnel, washed with 100 mL of deionized water and 50 mL
of ethanol, and, finally, left to dry in open air, obtaining the catalyst CNS-Pd.

4.3. Catalyst Characterization

Scanning Electron Microscopy (SEM) was performed using a variable-pressure instru-
ment (SEM Cambridge Stereoscan 360) at 100/120 Pa with a detector VPSE. The operating
voltage was 20 kV with an electron beam current intensity of 150 pA. The focal distance
was 8 mm. The specimens were analyzed in High Vacuum mode after metallization.

EDS analysis was performed using a Bruker Quantax 200 6/30 instrument.
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) analysis was

performed on solid materials to determine the percentage of palladium in CNS-Pd. ICP-
OES was conducted using a Perkin Elmer Optima 3000 SD spectrometer and the samples
were treated with nitric acid (HNO3) to completely dissolve the organic portion of the
material before the determination of the metal concentration.

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a cus-
tom designed spectrometer, described in previous studies [52] and equipped with a non-
monochromatized Mg Ka X-ray source (1253.6 eV pass energy 25 eV, step 0.1 eV). For this
experiment, photoelectrons emitted by C1s, O1s, N1s, Pd3d, Cl2p, Br3d, and B1s core levels
were detected on powder samples of the pristine and recovered CNS-Pd catalyzer. All
spectra were energy-referenced to the C 1s signal of aliphatic C atoms at 285.00 eV binding
energy (BE) [53]. Atomic ratios were calculated from peak intensities using Scofield’s
cross-section values [54]. Curve-fitting analysis was performed using Gaussian profiles as
fitting functions after subtraction of a polynomial background. For qualitative data, the BE
values were mostly referred to from the NIST database [43].
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4.4. Suzuki–Miyaura Reaction

In a 5 mL microwave vial, CNS-Pd (1–5 mg, 2–10% w/w), KOH (0.536 mmol, 2 eq),
phenylboronic acid (0.402 mmol, 1.5 eq), and 2.5 mL of water as solvent were added. Then,
tetrabutylammonium bromide (TBAB) (0.0402–0.1608 mmol, 0.15–0.6 eq) and reagent 1a–k
(0.268 mmol, 1 eq) were put in the vial (all the percentages and equivalents are referred to as
reagents 1a–k). The reaction was performed under microwave irradiation in a temperature
range of 40–130 ◦C and for reaction times between 10 min and 3 h.

4.5. Reaction Work-Up and Product Purification

At the end of the reaction, 2 mL of ethyl acetate was added into the reaction mixture
and stirred for 10 min. The solution was then filtered in a glass straw equipped with cotton
to remove the catalyst and the reaction vial was washed three times with 2 mL of water and
three times with 2 mL of ethyl acetate. The organic and aqueous phases were transferred
in an extractor funnel and 5 mL of 0.1 N HCl solution was added. The aqueous phase
was then extracted three times with 15 mL of ethyl acetate and all the organic phases were
collected together, and then washed once with 10 mL of NaOH 0.1 N and twice with 10 mL
of a saturated solution of NaCl. Then, the organic phase was collected and anhydrified
with Na2SO4. Lastly, the final organic solution was then filtered off and the solvent was
removed under vacuum to obtain a crude for the NMR analysis. The purification of the
product was performed with flash column chromatography using a solvent mixture of
hexane and ethyl acetate in a 95:5 ratio.

Yields were calculated by means of 1H-NMR analysis using acetonitrile (ACN) as
internal standard. The analysis was performed on the crude reaction without purification
process. For the standard reaction (4-Br-anisole as reagent A), the yield calculated by inter-
nal standard technique with the 1H-NMR was further confirmed with the yield obtained
with mass recovery after purification with column chromatography, as described in the
previous paragraph.

4.6. Leaching Test

In a 20 mL microwave vial, CNS-Pd (12 mg), KOH (360 mg), and 15 mL of water as
solvent were added. Then, TBAB (312 mg) was put in the vial. The reaction was performed
under microwave irradiation at 100 ◦C for 30 min. Once finished, the reaction was filtered
off on a Buchner funnel to remove the solid and the solution was analyzed through ICP-OES
analysis to quantify the Pd released in the reaction environment.

4.7. Reusability Test

Re-usability tests were conducted on the reference reaction with p-Br-anisole (Scheme 2).
In a 5 mL microwave vial, CNS-Pd (10 mg, 10% w/w), KOH (1.072 mmol, 2 eq), phenyl-
boronic acid (98 mg), and 5 mL of water as solvent were added. Then, TBAB (0.804 mmol,
1.5 eq) and p-Br-anisole (0.536 mmol, 1 eq) were put in the vial. The reaction was performed
under microwave irradiation at 100 ◦C for 30 min. At the end of the reaction time, the
vial was centrifuged, and the reaction solvent was removed. Three cycles of washing of
CNS-Pd inside the vial were then carried out as described: a 5 mL measure of AcOEt was
added into the reaction vial, and the solution was left stirring for 10 min and subsequently
centrifuged. The supernatant was removed, taking care not to remove the catalyst, and
the washing was repeated twice more. At the end of the washing passages, CNS-Pd was
allowed to dry inside the vial, and this latter was then used for a new reaction cycle. This
procedure was repeated five times.

4.8. NMR Product Characterization

Internal Standard (ACN): 1H NMR (400 MHz, CDCl3) δ 2.04 (s, 3H); Product 3a (4-
Methoxybiphenyl): 1H NMR (400 MHz, CDCl3) δ 7.55–7.50 (m, 4H), 7.40 (t, J = 7.5, 2H),
7.29 (t, J = 7.3, 1H), 6.97 (d, J = 8.8, 2H), 3.84 (s, 3H) [55]; Product 3b (3-Methoxybiphenyl):
1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 7.5, 2H), 7.45 (t, J = 7.6, 2H), 7.39–7.35 (m, 2H),
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7.20 (d, J = 7.7, 1H), 7.15 (t, J = 2.0, 1H), 6.92 (dd, J = 8.2, 2.3, 1H), 3.87 (s, 3H) [56]; Product
3c (2-Methoxybiphenyl): 1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 8.3, 2H), 7.41 (t, J = 7.6,
2H), 7.34–7.31 (m, 3H), 7.03 (t, J = 7.5, 1H), 6.99 (d, J = 8.5, 1H), 3.81 (s, 3H) [56]; Product
3d (4-Methylbiphenyl): 1H NMR (400 MHz, CDCl3): δ = 7.64 (d, J = 8.0 Hz, 2H), 7.54 (d,
J = 8.0 Hz, 2H),7.47 (t, J = 7.2, 2H), 7.37 (t, J = 7.2 Hz, 1H), 7.28 (d, J = 8.0 Hz, 2H), 2.44
(s, 3H) [55]; Product 3e (Biphenyl-4-carbaldehyde): 1H NMR (400 MHz, CDCl3): δ = 9.96
(s, 1H), 7.86 (d, J = 8.0 Hz, 2H), 7.66 (d, J = 8.0 Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.40 (t,
J = 7.2 Hz, 2H), 7.34 (t, J = 7.2 Hz, 1H) [55]; Product 3f (Biphenyl): 1H NMR (400 MHz,
CDCl3): δ = 7.54 (d, J = 8.0 Hz, 4H), 7.39 (t, J = 8.0 Hz, 4H), 7.31–7.27 (m, 2H) [55]; Product
3g (4-Aminobiphenyl): 1H NMR (400 MHz, CDCl3, TMS) δ 7.52 (d, J = 7.9 Hz, 2H, CH),
7.41–7.36 (m, 4H, CH), 7.25 (t, J = 7.3 Hz, 1H, CH), 6.73 (d, J = 8.5 Hz, 2H, CH), 3.68 (s,
2H) [57]; Product 3h (2-Cynobiphenyl): 1H NMR (400 MHz, CDCl3): δ (ppm) 7.76 (dd,
J = 8.0Hz, 1.2Hz, 1H), 7.64 (td, J = 7.6 Hz, 1.2Hz, 1H), 7.58–7.54 (m, 2H), 7.54–7.40 (m,
5H) [58]; Product 4j (1,1′:4′,1”-terphenyl): 1H NMR (400 MHz, Chloroform-d) δ 7.70 (s,
4H), 7.69–7.64 (m, 4H), 7.50–7.45 (m, 4H), 7.41–7.35 (m, 2H) ppm [43]; Product 5k (1,3,5-
Triphenylbenzene): 1H NMR (400 MHz, CDCl3): δ = 7.71 (s, 3H), 7.63 (d, J = 7.2 Hz, 6H),
7.42 (t, J = 8.0 Hz, 6H), 7.31 (t, J = 6.8 Hz, 3H) [59].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels8120789/s1. Table S1: XPS data analysis results: core-level
binding energy (BE), full width at half-maxima (FWHM) values, internal atomic ratios, and proposed
assignments. Reference [60] is cited in the supplementary materials.
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Abstract: Eco-innovation through the development of intelligent materials for food packaging is
evolving, and it still has huge potential to improve food product safety, quality, and control. The
design of such materials by the combination of biodegradable semi-synthetic polymers with natural
ones and with some additives, which may improve certain functionalities in the targeted material, is
continuing to attract attention of researchers. To fabricate composite films via casting from solution,
followed by drying in atmospheric conditions, certain mass ratios of poly(vinyl alcohol) and chitosan
were used as polymeric matrix, whereas TiO2 nanoparticles and a polyphosphonate were used
as reinforcing additives. The structural confirmation, surface properties, swelling behavior, and
morphology of the xerogel composite films have been studied. The results confirmed the presence
of all ingredients in the prepared fabrics, the contact angle of the formulation containing poly(vinyl
alcohol), chitosan, and titanium dioxide in its composition exhibited the smallest value (87.67◦),
whereas the profilometry and scanning electron microscopy enlightened the good dispersion of the
ingredients and the quality of all the composite films. Antimicrobial assay established successful
antimicrobial potential of the poly(vinyl alcoohol)/chitosan-reinforced composites films against
Staphylococcus aureus, Methicillin-resistant Staphylococcus aureus (MRSA), Escherichia coli, Pseudomonas
aeruginosa, and Candida albicans. Cytotoxicity tests have revealed that the studied films are non-toxic,
presented good compatibility, and they are attractive candidates for packaging applications.

Keywords: poly(vinyl alcohol); chitosan; titanium dioxide; polyphosphonate; casting from solution;
xerogel composite film

1. Introduction

Plastic packaging continues, in recent years, to be the most significant industrial use
in the world (representing, on average, 30% of the total) [1–3]. Particularly, polymers, like
polyethylene terephthalate, low-density polyethylene, polystyrene, polypropylene, and
high-density polyethylene, were widely used as single-use packaging materials in the food
and beverage industry because of their mechanical properties that could provide effective
barriers to oxygen and carbon dioxide as well as their relative affordability and ease of
availability [4–8]. Nevertheless, when plastic packaging based on the abovementioned
polymers reaches the end life of its use, a significant amount frequently eludes formal
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collection and recycling processes and eventually leaks away, damaging the worldwide
environment [9–11].

According to estimates, the increase in population growth will demand a 50% increase
in global food supplies by the year 2050 [12]. Therefore, it is necessary to incorporate
eco-innovations in primary packaging that can lessen the impact of packages on the envi-
ronment and simultaneously maintain food quality and safety [13]. Additionally, more and
more efforts are being put into creating bio-products for eco-innovations in food packaging,
like biodegradable and compostable polymers [14,15].

The primary choice for packaging is represented by natural polymers, which should be
researched and used extensively in the near future. The second-most prevalent polysaccha-
ride in the world, chitosan, CS, is a biocompatible, biodegradable, and nontoxic substance
that has proven to be a good candidate for use in packaging films. Structural versatility,
attractive barrier properties, excellent film-forming and coating capabilities, as well as an
innate antibacterial capability, have been proven for this biopolymer. As a result, several
films made from CS have been produced and used in the food packaging sector [16–19].
Pure CS, however, is only soluble in acidic environments and has poor mechanical and
thermal properties [20]. A unique bio-composite material with brand-new or improved
properties could be produced by mixing biopolymers with existing polymeric matrices,
natural or semi-synthetic, to meet specific needs. Such combinations of CS with starch,
pectin, alginate, poly lactic acid (PLA), poly(vinyl alcohol) (PVA), gelatin, etc. have been
reported to date [21–25].

Blends of PVA with CS, which combine a natural biomacromolecule and an easily
biodegradable synthetic polymer, are among the most attractive bicomponent systems [26].
PVA is a thermoplastic synthetic polymer created from the hydrolysis of poly(vinyl acetate),
unlike many other synthetic polymers. Due to PVA’s distinct characteristics, which include
high mechanical properties, chemical and thermal stability, non-toxicity, film-forming skills,
and low manufacturing costs, its uses have increased over the past ten years. In addition to
biodegradable goods like backing rolls, adhesives, coatings, and surfactants, PVA is utilized
in a number of different industries, including those that deal with textiles, paper, and
food packaging [27]. PVA, like other synthetic polymers, has applications in biology and
medicine in addition to technical ones, and this has led to it being one of the main research
areas for polymer scientists. Additionally, in recent years PVA have been studied for
various smart applications such as shape memory hydrogels with improved viscoelasticity
for printable applications [28], bio-based sensors and antimicrobial films [29], nanofibrous
metallochromic sensors for colorimetric selective detection of ferric ions [30], etc.

It has also been shown that adding fillers to this PVA/CS bicomponent systems can be
supplementary reinforcement, creating new composites with enhanced physical features,
like water resistance, without sacrificing biodegradability. Because of their simplicity of
processing, low cost, and superior synergistic characteristics, nanomaterials have been
produced and employed in a wide variety of fields, including foods, medicines, and
cosmetics. Incorporating nanosized compounds like nano-ZnO, nano-TiO2, and nano-silica
into the polymers has been proven in some studies to help improve the characteristics
of the polymers [31–33]. In our recent paper, synergistic effects of the presence of silica
nanoparticles and a polyphosphonate mixed into PVA matrix have been discussed [34].

TiO2 is a versatile and chemically inert mineral with various pertinent uses (food,
pharmaceutical, biomedical, antibacterial agent, environmental, and clean energy) [34].
Despite the fact that its use as a food additive has recently been questioned and even
banned in the European Union, TiO2′s physicochemical, mechanical, and photocatalytic
qualities, as well as its reactivity and thermal stability, low cost, secure manufacturing,
and biocompatibility, all contribute to TiO2′s widespread application [35]. However, the
capacity of nano-TiO2 to aggregate is one of its main drawbacks. According to certain
reports, the interaction of nano-TiO2 with biopolymers including starch, gums, and chitosan
can aid to lessen the spontaneous agglomeration of TiO2, improving the functional aspects
of the composite [36]. The addition of nanoparticles to the polymer matrix has two benefits:
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first, it strengthens and functionalizes the matrix by improving its dispersibility, and second,
it gives the mixture antibacterial capabilities [37].

In composite materials, PVA is frequently utilized as a polymer matrix, and CS is
frequently employed as a reinforcing agent in an effort to broaden the application of
PVA in the field of high-strength materials [26,38]. Thus, the co-existence of the hydroxyl
groups in both PVA and CS, doubled by the presence of amino groups in CS, can produce
intermolecular interactions, which may result in an improvement of performances of
PVA composites. The use of polyphosphonate containing sulfur and phosphorus in the
main chain and in the side chain in phosphaphenanthrene-type heterocycles is expected to
induce thermal stability in the composite, then, to synergistically bring its own antimicrobial
contribution to the composite, as was described in few studies in the recent past [39].

In the present study, optimized solutions of PVA/CS, PVA/CS/TiO2, or PVA/CS/
TiO2/polyphosphonate have been used to obtain xerogels composite films via casting from
solution method, followed by drying in ambient conditions. Schematic representation of
the composites is presented in Figure 1.

Gels 2022, 8, x FOR PEER REVIEW 3 of 17 
 

 

can aid to lessen the spontaneous agglomeration of TiO2, improving the functional aspects 
of the composite [36]. The addition of nanoparticles to the polymer matrix has two bene-
fits: first, it strengthens and functionalizes the matrix by improving its dispersibility, and 
second, it gives the mixture antibacterial capabilities [37]. 

In composite materials, PVA is frequently utilized as a polymer matrix, and CS is 
frequently employed as a reinforcing agent in an effort to broaden the application of PVA 
in the field of high-strength materials [26,38]. Thus, the co-existence of the hydroxyl 
groups in both PVA and CS, doubled by the presence of amino groups in CS, can produce 
intermolecular interactions, which may result in an improvement of performances of PVA 
composites. The use of polyphosphonate containing sulfur and phosphorus in the main 
chain and in the side chain in phosphaphenanthrene-type heterocycles is expected to in-
duce thermal stability in the composite, then, to synergistically bring its own antimicrobial 
contribution to the composite, as was described in few studies in the recent past [39]. 

In the present study, optimized solutions of PVA/CS, PVA/CS/TiO2, or 
PVA/CS/TiO2/polyphosphonate have been used to obtain xerogels composite films via 
casting from solution method, followed by drying in ambient conditions. Schematic rep-
resentation of the composites is presented in Figure 1. 

 
Figure 1. Schematic representation of PVA/CS/TiO2/polyphosphonate composites. 

The effect of all the ingredients on the structure-properties relation of the developed 
xerogel composite films was determined and discussed. Physical, chemical, morphologi-
cal properties, surface properties, antimicrobial activity, and cytocompatibility of the 

Figure 1. Schematic representation of PVA/CS/TiO2/polyphosphonate composites.

107



Gels 2022, 8, 474

The effect of all the ingredients on the structure-properties relation of the developed
xerogel composite films was determined and discussed. Physical, chemical, morphological
properties, surface properties, antimicrobial activity, and cytocompatibility of the matri-
ces were studied by means of FTIR, SEM, swelling behavior, profilometry, contact angle
measurements, antimicrobial, and cytotoxicity assays.

2. Results and Discussion
2.1. Preparation and Structural Characterization

Binary PVA/CS films and the composite PVA/CS films containing TiO2 or TiO2 with
polyphosphonate, PFR-3, have been obtained by the casting from solution procedure. The
details of this procedure are presented in the Materials and Methods section. The compo-
sition of the composite polymer matrices expressed in mass ratio for all the ingredients
utilized in the preparation and the codes of the as-prepared composites are listed in Table 1.

Table 1. Preparation details of the PVA/CS composite films.

Sample PVA
(g)

Chitosan
(g)

PFR-3
(g)

TiO2
(g)

PVA/CS-0 1.5 0.5 - -
PVA/CS-1 1.38 0.46 - 0.16
PVA/CS-2 1.2171 0.4057 0.2172 0.16
PVA/CS-3 1.0542 0.3514 0.4344 0.16

The chemical structure of the products was introspected by FTIR spectroscopy. Figure 2
presents the FTIR spectra of the binary PVA/CS-0 sample and of the PVA/CS composite
films. In the spectrum of the PVA/CS-0 sample, the characteristic strong and wide band
appeared at approximately 3320 cm−1 due to hydroxyl stretching vibration.
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Figure 2. Fourier-transform infrared (FTIR) spectra for PVA/CS composites.

Common characteristic absorption bands were found also at about 2930 cm−1 with
a shoulder at 2860 cm−1 due to asymmetric and symmetric stretching vibrations of C–H,
at 1414 cm−1 (δC–H), 1378 cm−1 (ωC–H), 1243 cm−1 (ωC–H), 1074 cm−1, 1023 cm−1

(νC–O), and 830 cm−1 (ρCH2) [40]. Due to C=O and C–O–C units, respectively, charac-
teristic absorption bands for the non-hydrolyzed ester groups−O–CO–CH3 were observed
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at 1735 cm−1 and 1245 cm−1. The characteristic bands for CS could be also assigned in
the FTIR spectra of the samples, at 1556 cm−1 (band characteristic for amide II, νN–H),
2920 cm−1 (νC–H), and approximately 3300 cm−1 (wide band with νNH vibration over-
lapping with νO–H of polyvinyl alcohol). The characteristic band appearing at 1557 cm−1

assigned for δNH (amide II) vibration of the NH2 group, and the band observable at
1654 cm−1 assigned for amide I (νC=O) of O=C–NHR groups, were revealed to be dimin-
ished and slightly shifted in the FTIR spectra of the ternary and quaternary composite
films (samples PVA/CS-2 and PVA/CS-3), indicating some interactions between CS and
PVA that could be catalyzed by the presence of the additives in the samples. Additionally,
the band appearing enlarged at 846 cm−1 in the multi-component composites (samples
PVA/CS-1, PVA/CS-2, and PVA/CS-3) is the indicative of occurrence of hydrogen bonds
formed between OH groups of the ingredients present in the composites.

From the FTIR spectra of the PVA/CS-2 and PVA/CS-3 samples, characteristic ab-
sorption bands at 1470 cm−1, 1210 cm−1 (appearing as small shoulders), and 1140 cm−1

(appearing as a distinctive peak), were assigned to stretching vibration of the P–Ar, P–O
and P–O–C, respectively. Another distinctive band confirming the presence of the PFR-3
additive into the composition of the PVA/CS-2 and PVA/CS-3 samples could be observed
as a sharp peak near 755 cm−1, which is attributed to the P–O–Ph group.

2.2. Surface Characteristics of the PVA/CS Composite Films

Due to their outstanding biocompatibility, resistance to bodily fluids, mechanical quali-
ties, anticorrosive capability, and flexibility, titanium-based composites are preferred for use
in biomedical applications [41,42]. However, their properties depend on the surface, which
is related with the mixing capacity of nanomaterials with titanium oxide [43]. Accordingly,
it has been suggested that the interaction between titanium oxide nanoparticles (TiO2) and
biopolymers (starch, gums, and chitosan) can aid in reducing the spontaneous agglomera-
tion of nanoparticles, thereby enhancing the functional qualities of the composite [36].

PVA/CS composite films were analyzed using a profilometer. Microscopic images of
the composite films were taken (histograms generated by the profilometer) and are pre-
sented in Figure 3, and the average roughness values were calculated (Table 2). According
to the histograms and the microscopic images, it has been revealed that the addition of
titanium dioxide to the polymeric matrix based on chitosan and PVA resulted in the produc-
tion of composite films with a homogeneous composition and a surface devoid of cracks.
The average roughness, Ra, representing the arithmetic mean of the highs and lows profiles,
was in the interval of 65.5–570.3 nm. The surface roughness parameters decreased when in-
troducing the PFR-3 in the PVA/CS matrix, according to the Ra value (Table 2), suggesting
its contribution to the homogeneity and quality of the multi-component composites.

Table 2. Surface tension parameters of the test liquids used in contact angle measurements performed
on PVA/CS composite films.

Sample Roughness Ra
(nm)

Wa
(mN/m)

γSV
(mN/m)

γP SV
(mN/m)

γd SV
(mN/m)

γSL
(mN/m)

PVA/CS-0 570.3 65.24 (W)
62.38 (EG) 22.54 2.75 19.79 30.10

PVA/CS-1 208.1 67.65 (W)
77.08 (EG) 49.84 0.014 49.82 54.98

PVA/CS-2 78.6 75.76 (W)
77.16 (EG) 38.92 1.73 37.18 35.96

PVA/CS-3 65.5 65.54 (W)
61.84 (EG) 21.49 3.14 18.55 28.45
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The wetting characteristics, such as work of adhesion (Wa), the total solid surface free
energy (γSV), solid-liquid interfacial tension (γSL), etc., of the PVA/CS samples with respect
to the W and EG were investigated. A summary of all contact angle study parameters is
provided. Table 2 provides a summary of all the contact angle investigations’ parameters.
W and EG were used as the test liquids, whereas PVA samples were examined using contact
angle measurements at room temperature. Figure 4 displays the results of measuring the
contact angle for the PVA sample in W.
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Figure 4. Contact angle of water on PVA/CS samples.

For water, the PVA/CS-0 sample exhibited a contact angle of 95.38◦ while by adding
0.16 g TiO2 a slight decrease of the contact angle to 94.05◦ was observed in the case of the
sample PVA/CS-1; a decrease was also observed in the roughness of the respective sample
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(Table 2). The same behavior, in terms of contact angle and roughness decreases, has been
noticed when adding 0.2172 g of polyphosphonate PFR-3, which resulted in a further de-
crease of the contact angle as a result of the presence of phenyl-phosphonate groups within
the macromolecule of the polymeric additive that could influence the molecular hydrogen
bonding; these results are consistent with the FTIR findings. Thus, in the case of PVA/CS-2,
the contact angle value decreased to 87.67◦ due to the orientation of macromolecules and
the reorganization of the polar groups from the surface of the composite sample. After
continuing to add the PFR-3 additive (0.4344), the hydrophobic character was preserved
as a result of the reduced concentration of OH groups, whereas the phenyl-phosphonate
group’s impact was disrupted by the presence of bulky, rigid phosphaphenanthrene groups.

When polyphosphonate PFR-3 was added into the PVA matrix, the work of adhesion
(Wa) increased (PVA/CS-2 sample). Therefore, an increase in the work of adhesion may
have resulted from the polyphosphonate’s effective dispersion in the PVA/CS matrix.
For the PVA/CS-0 sample, γSV was 22.54 mN/m and increased up to 38.92 mN/m in the
PVA/CS-2 sample, whereas the sample containing TiO2 nanoparticles presented the highest
value of 49.84 mN/m, suggesting the different nature of the forces interacting on the surface
of the different compositions. Table 2 revealed that samples PVA/CS-1 and PVA/CS-2
show lower polar surface parameters γP SV due to the presence of nano powders in the
polymeric matrices. After continuing to add PFR-3 additive, a decrease of the Wa value
and an increase of the polar surface parameters γP SV were achieved, probably due to the
increase in the hydrophobicity of the surface of the sample PVA/CS-3. Additionally, from
Table 2 it can be observed that the dispersive component values for the PVA/CS samples
are greater than the polar component values, which leads to the conclusion that there are
more hydrophobic groups than hydrophilic ones on the surface of the PVA/CS films.

2.3. Swelling Behavior and Morphology of PVA/CS Composite Films

The swelling behavior of the samples PVA/CS revealed that the PVA/CS-0 matrix
without TiO2 and PFR-3 additive exhibited the highest maximum swelling degree achieved
at equilibrium, 834% (Figure 5). For the sample containing TiO2, the maximum swelling
degree achieved at equilibrium was 688%, whereas introducing the polyphosphonate
additive into the systems further decreased the swelling behavior of the composite in the
series, with the swelling degree achieved at equilibrium being 639% and 593% in the case
of the PVA/CS-2 and PVA/CS-3 sample, respectively. Another observation relates to a
higher initial water uptake in the first 10 min when the samples PVA/CS-0 and PVA/CS-1
reached the maximum swelling degree, whereas in the case of the samples PVA/CS-2 and
PVA/CS-3, the maximum swelling degree was achieved after approximately 30 min.
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The morphology of PVA/CS composite films was investigated by scanning electron
microscopy. Microphotographs for PVA/CS-0 in comparison with the samples containing
additive are presented in Figure 6. The morphology of the PVA/CS-0 sample appeared
uniform and smooth, presenting a porous behavior. The aspect of the main polymeric
matrix was also preserved in the samples containing either titanium dioxide nanoparticles
or both TiO2 and PFR-3 additive in their structure. A slight increase in the porosity could
be observed in the sample PVA/CS-3 as the content of polyphosphonate PFR-3 increased.
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films.

2.4. In Vitro Evaluation of Antimicrobial Potential of the PVA/CS Composite Films

Due to the chitosan and the specific conditions of the culture medium and incubation
parameters (37 ◦C/24 h), the tested matrices changed their disc-like shape and/or lost
contact with the microbial culture, leading to a limitation in the interpretation of the
antimicrobial activity.

However, qualitative evaluation of the antimicrobial potential of the PVA/CS compos-
ites films against Staphylococcus aureus ATCC 25923, Methicillin-resistant Staphylococcus
aureus (MRSA) ATCC 43300, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC
27853, and Candida albicans ATCC 90028 (Table 3) was successful. Samples PVA/CS-2 and
PVA/CS-3 contain both TiO2 and PFR-3 additive in their structure. The presence of TiO2
at a similar concentration as in PVA/CS-1 reflects the antimicrobial nature of the matrix,
which was highlighted in PVA/CS-2 against Candida albicans and in PVA/CS-3 against
Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans. At the same
time, inhibition of antimicrobial activity was observed against MRSA (matrices PVA/CS-
2 and PVA/CS-3), Escherichia coli (matrices PVA/CS-2 and PVA/CS-3), Pseudomonas
aeruginosa (PVA/CS-2), and Staphylococcus aureus (PVA/CS-2).
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Table 3. Qualitative evaluation of the antimicrobial activity of APV-chitosan-PFR-TiO2 matrices.

Sample Staphylococcus
aureus MRSA Escherichia

coli
Pseudomonas

aeruginosa
Candida
albicans

PVA/CS-0 + + + + +

PVA/CS-1 +++ ++ ++ + ++

PVA/CS-2 + + + + +

PVA/CS-3 + + + + +
Legend: [+] = inhibition zone present; [++] = clear inhibition zone the size of the matrix disc, [+++] = clear zone of
inhibition went beyond the imprint area of the matrix disc.

Comparing the results obtained for the PVA/CS-0 film (the sample containing only
PVA and chitosan) and the functionalized composite films (PVA/CS-1, PVA/CS-2, PVA/CS-
3), it can be seen that the PVA/CS-1 sample (containing PVA, CS, and TiO2 nanopowder)
has the best antimicrobial activity against both Gram-positive bacteria (Staphylococcus
aureus, MRSA) and Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa). The
yeast Candida albicans also proved to be sensitive to the action of the compounds in the
PVA/CS-3 sample.

In the case of the PVA/CS-2 and PVA/CS-3 composite films containing both TiO2
nanoparticles and PFR-3 additive in their structure, the presence of TiO2 at a similar
concentration as in PVA/CS-1 highlights the antimicrobial effect of the sample on all strains
tested. The inclusion of PRF in their composition did not significantly alter the antimicrobial
potential of the tested materials.

The tests performed in our study confirmed the well-recognized antimicrobial capa-
bility of TiO2. The antimicrobial potential and mechanisms of action of TiO2 on bacterial
cells are complex and diverse, exhibiting a broad spectrum of antimicrobial activity against
bacteria (Gram-positive and Gram-negative), yeasts, and implicitly antibiotic-resistant
microorganisms [44]. The mechanism thought to be responsible for the antimicrobial effect
of TiO2 is commonly associated with reactive oxygen species (ROS), which, when irradi-
ated with bandgaps, produce photoinduced charges in the presence of O2 [45]. Thus, the
oxidative effect alters several cellular structures, but the first to be affected are the cell wall
and cell membranes, leading to cell lysis and loss of cell integrity [46]. Specific studies
on antimicrobial mechanisms have shown that microorganisms exposed to photocatalytic
TiO2 NPs exhibited cell inactivation at the level of the regulatory network and signal trans-
duction, a significant reduction in respiratory chain activity, and inhibition of the ability
to assimilate and transport iron and phosphorus. These processes, with the extensive cell
wall and membrane changes, were the main factors explaining the biocidal activity of TiO2
NPs [44].

2.5. In Vitro Citotoxicity and Proliferation Assay

The cytotoxicity tests undertaken in this step of the study (MTT and cell morphology
analysis) have a screening value and are performed and analyzed in accordance with ISO-
10993-5 standards recommendations for cytotoxicity as a first-intended and eliminatory
requirement for biocompatibility.

PVA/CS composite films have been subjected to cytocompatibility tests that were
performed by culturing MCF 7 in the physical presence of material samples (Figure 7). The
MCF 7 cells are a standard line for cytocompatibility testing, as recommended by ASTM.
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Figure 7 shows the results of the MTT test, in which cell viability was expressed as
an average and standard variation, obtained from the processing of absorbance values.
Cell viability in control cultures was considered 100% ± SD and experimental values—
percentage of control value. Figure 7 shows the cell viability after 48 and 72 h of direct cell
interaction with the material samples.

The test revealed that all analyzed material samples decrease the cell viability by about
20% compared to control cultures. On the other hand, cell viability in the experimental cul-
tures is approximatively the same, regardless of the TiO2 ratio, which means that TiO2 does
not influence the biocompatibility of the materials. The decreasing of the cell viability in ex-
perimental cultures with the same value could be explained through the mechanical action
of the direct contact of the membranes on the cells. The in vitro experimental condition for
cell viability testing leads to the conclusion that polyvinyl alcohol/chitosan matrices with
TiO2 nanoparticles and/or polyphosphonate additive PFR-3 express a cytocompatibility,
according to ISO 10993-5 recommendations.

2.6. Analysis of Cell Morphology

The effect of direct exposure of cultured cells to the sample material was assessed
microscopically by phase contrast, overlapped to fluorescence images of DAPI-stained
nuclear DNA. The images of the fixed and stained cells at 20× objective magnification are
shown in Figure 8.

From the images showing the experimental cultures, no differences of cell morphology
were observed between the different compositions of the samples. All analyzed cultures
contain epithelial cells with a shape typical of the MCF 7 cell line. It is observed that
at 72 h of culture, the cells grow in confluent monolayers, with a cell density without
significant differences between the binary PVA/CS sample and multi-component PVA/CS
films containing TiO2 and/or PFR-3 additives.
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3. Conclusions

PVA/CS composite films were obtained by the casting from solution technique, start-
ing from appropriate amounts of PVA and CS, as polymer matrices, and TiO2 and PFR-3
polyphosphonate were utilized as reinforcing additives. Infrared spectroscopy enabled
structural validation and the identification of distinctive bands for certain functionalities in
the prepared composite films. According to the Ra value, the surface roughness character-
istics decreased when the PFR-3 was introduced into the PVA/CH matrix, indicating its
contribution to the homogeneity and quality of the four-component composites. Scanning
electron microscopy demonstrated a small increase in porosity in the PVA/CS-3 sample as
the polyphosphonate PFR-3 level increased. In vitro evaluation of antimicrobial potential
in the series confirmed the antimicrobial role of TiO2 in the PVA/CS-TiO2 matrices. Cell
viability testing revealed that polyvinyl alcohol/chitosan matrices containing TiO2 nanopar-
ticles or TiO2/polyphosphonate additive PFR-3 exhibit cytocompatibility in accordance
with ISO 10993-5 guidelines.

4. Materials and Methods
4.1. Materials

Partially hydrolyzed PVA (Mowiol 26–88 (KURARAY POVAL 26–88)) with a molecular
weight of 160,000 g/mol and an 87.7 percent degree of hydrolysis was supplied by ZAUBA
(Munchen, Germany) and used as received. Chitosan hydrochloride (Mw = 302.11 kDa,
DAC degree = 82%), titanium (IV) oxide nanopowder (21 nm primary particle size),
and glacial acetic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). 3,3′-
Diaminodiphenyl sulfone, 4-hydroxybenzaldehyde, tetrahydrofuran anhydrous (THF),
N,N-dimethylformamide (DMF), and phenylphosphonic dichloride were purchased from
Sigma-Aldrich (Taufkirchen, Germany).

9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) was purchased from
Chemos GmbH, Germany and dehydrated before use. Polyphosphonate additive (PFR-3)
has been prepared in our laboratory according to an adopted procedure from a previous
work [47], starting from 3,3′-diaminodiphenyl sulfone and 4-hydroxybenzaldehyde. All
other reagents were used as received from commercial sources.

115



Gels 2022, 8, 474

4.2. Preparation of PFR-3 Polyphophonate Additive

In the first step, a DOPO-containing bisphenol was obtained via condensation reaction
of 20 mmol 4-hydroxybenzaldehyde (2.44 g) with 10 mmol 3,3′-diaminodiphenyl sulfone,
in 20 mL THF, followed by the in-situ addition of DOPO (40 mmol, 8.64 g solved in
15 mL THF) to the newly formed azomethine groups. PFR-3 have been prepared through
polycondensation reaction of equimolecular amounts of phenylphosphonic dichloride and
DOPO-containing bisphenol, in DMF.

PFR-3, Yield: 95%.
FTIR (KBr, cm−1): 3063 (=C–H), 1589 (C–C Aromatic), 1475 (P–Ar), 1353 and 1149

(O=S=O), 1200 (–P=O), 924 (P–O–Ar).
1H NMR (400 MHz, DMSO-d6, δ, ppm): 8.18–8.10 (m, 4H), 7.49 (m, 2H), 7.47–7.39 (m,

5H), 7.33–7.05 (m, 20H), 6.95–6.66 (m, 6H), 6.65–6.62 (m, 3H), 5.60–5.50 (m, 1H), 5.30–5.00
(m, 1H).

4.3. Preparation of PVA/CS Films following the Casting Procedure

The first step in preparing these materials as composite films involved the treating of
polyvinyl alcohol with oligophosphonate, a reaction which takes place in polar organic
solvent, in this case DMF, working with concentrations of 5% PVA, by heating the mixtures
at 95 ◦C for about 4–5 h. After the dissolution of the components is complete, the mixture is
allowed to cool down to about 40 ◦C; then, the solution is poured into crystallizers, and the
solvent is allowed to evaporate. The second stage consists in transferring the film obtained
after drying in the crystallizer over a previously obtained chitosan solution (1% solution
in water treated with glacial acetic acid 2%). After complete dissolution of the reaction
mixture, the mixture was treated with an aqueous suspension of a predetermined amount
of titanium dioxide nanoparticles, homogenized, and previously dispersed by ultrasound
for 15 min. The resulting homogeneous composite mixture was poured into 10 × 10 cm2

Teflon plates to slowly evaporate the solvent in ambient conditions. Afterwards, they
were placed in the oven for an advanced drying treatment by heating to approximately
40–50 ◦C, under a vacuum, for a period of 8 h. The obtained films are stored and used for
the characterization and testing of new materials. The complete data on the synthesis of
composites in this series are presented in Table 1, whereas the schematic diagram of the
preparation is given in Figure 9.
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4.4. Composite Films Structure and Performances Characterization
4.4.1. Chemical Structure of PVA/CS/TiO2 Composite Films

The chemical structure of the PVA/CS/TiO2 films was analyzed using Bio-Rad ‘FTS
135′ FTIR spectrometer equipped with a Specac “Golden Gate” ATR accessory. To record
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scans between 4000 and 500 cm−1 at a resolution of 4 cm−1, a LUMOS Microscope Fourier
Transform Infrared (FTIR) spectrophotometer (Bruker Optik GmbH, Ettlingen, Germany),
equipped with an attenuated total reflection (ATR) device was used.

4.4.2. Roughness and Contact Angle Measurements

The roughness of the composite films was analyzed at a recording speed of 0.10 mm/s
using the Tencor Alpha-Step D-500 High Sensitivity Stylus Profiler (KLA-Tencor Corpo-
ration, Milpitas, CA, USA). By applying a stylus force of 15 mg and a long-range cutoff
filter of 60 µm, arithmetic mean roughness, Ra, was obtained, which is the average of the
absolute value along the sampling length.

Two test liquids—double-distilled water (W) and ethylene glycol (EG)—were used
to test their static contact angles on the composite film surfaces. The measurements were
performed in triplicate, at room temperature, on a CAM 101 system (KSV Instruments,
Helsinki, Finland) equipped with a liquid dispenser, video camera, and drop shape analysis
software. The geometric mean approach was employed to calculate the surface tension
parameters. This measurement allows for the calculation of parameters that describe the
composite film’s surface and its capacity for absorption, such as free surface energy (SV),
solid-liquid interfacial tension (SL), and work of adhesion (Wa). Detailed experimental
setup and calculations were described in a previous publication [34].

4.4.3. Degree of Swelling

Swelling behavior of the PVA/CS composite films prepared via the solution casting
method was studied. Thus, dried samples of 0.5 × 0.5 cm2 were weighted and submerged
in 10 mL Millipore water in a closed bottle that was set in a thermostatic bath at 37 ◦C.
The composite film samples were taken at predetermined intervals, and, after the extra
water was removed with filter paper, the films weights were measured. The following
equation was used to compute the swelling ratio, which represents the water absorption of
each sample:

SD(%) =
Wt −Wd

Wd
× 100 (1)

where SD (%) represents the amount of absorbed Millipore water; Wd—weight of the dry
composite film; Wt—weight of the hydrated sample.

4.4.4. Microscopic Morphology

Microscopic examinations have been performed on Environmental Scanning Electron
Microscope Type Quanta 200, operating at 10 kV with secondary electrons in low vacuum
mode (LFD detector). The composite samples were fractured, and their cross-section
surfaces were analyzed using scanning electron microscopy (SEM). An Energy Dispersive
X-ray (EDX) system is a feature of the Quanta 200 microscope that allows for qualitative,
quantitative analysis, and elemental mapping.

4.4.5. Evaluation of Antimicrobial Activity

Diffusimetric determinations were performed to highlight the antimicrobial activity of
the PVA/CS samples containing PFR-3 and/or TiO2 additives. This technique is common
for such tests and is based on the principle of contact of the test matrices with the surface
of a culture medium inoculated with different microbial species. The antimicrobial tests
were performed with standardized strains: Staphylococcus aureus ATCC 25923, MRSA ATCC
43300, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and Candida albicans
ATCC 90028. Standard microbial suspensions with a density of 0.5 McFarland, prepared
with a spectrophotometer, were used. An aliquot (500 µL) of the bacterial suspension
was applied to the surface of the Mueller-Hinton aggregate culture medium (BioRad,
Taufkirchen, Germany) using an exudate swab. After drying for 10 min in a thermostat
with the lid open, the test matrices were spread on the surface of the medium. The
results were evaluated after incubation at 37 ◦C for 24 h. The antimicrobial activity was
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highlighted by identifying the areas of microbial inhibition formed upon contact with the
tested matrices.

4.4.6. Evaluation of Cytotoxicity and Cell Morphology

The PVA/CS composite films were cut into 4 mm Ø discs, decontaminated with 70%
aqueous ethyl alcohol solution for 20 min and then repeatedly washed in sterile ultrapure
water and HBSS (Hank’s Balanced Salt Solution) to remove any remaining contaminants.
Following washing, the samples were equilibrated for 24 h in culture media (DMEM
Ham/F12, supplemented with 10% fetal bovine serum and 1% antibiotic mixture). For
equilibration, 0.5 mL of culture media were utilized for each piece of 4 mm Ø material.
Using the MTT assay, the cytotoxicity of the growth medium and the material sample were
both evaluated. Additionally, phase-contrast microscopy and fluorescence microscopy
were used to examine the direct effects of the material samples on cell morphology. For
biocompatibility study, the human epithelial cell line MCF 7, at the density of 20× 104/well
cells, was plated in 48-well culture plates and DMEM Ham/F12 culture medium supple-
mented with 10% bovine fetal serum and 1% mixture of Penicillin-Streptomycin-Neomycin
antibiotics (all for in vitro use). Thus, material samples or the media of their extraction were
put over the cell monolayers in the 48-well culture plates in order to assess the viability,
density, and morphology of the cells.

The MTT technique uses tetrazolium salts as an oxidized substrate for mitochondrial
dehydrogenases to measure the activity of cellular metabolism. The basic idea behind the
procedure is that the yellow MTT compound is reduced into an insoluble purple (formazan)
product. The formazan salts are solubilized with isopropyl alcohol to obtain a blue-violet
solution, the intensity of which is directly proportional to the number of living cells in the
culture. Briefly, for MTT experiments, the culture medium of the cell cultures was replaced
with work MTT solution of 0.25 mg/mL and incubated with cells for 3 h. The MTT solution
was replaced with an equal volume of isopropyl alcohol to solubilize the formazan crystals.
The absorbance of the formazan solution was measured spectrophotometrically at 570 nm,
using a TECAN UV/VIS plate reader. An equivalent amount of isopropanol was used as
the blank reference sample. The cell viability was calculate applying the equation:

Cell viability (%) =
ASample

Acontrol
× 100 (2)

Each membrane sample was evaluated in triplicate, at 48 and 72 h of cell incuba-
tion with materials. The cultures developed in the absence of the material were used as
growth control.

The cells were fixed in 4% paraformaldehyde solution and permeabilized for 30 min
at +40 ◦C, in 0.05% Triton X 100 in PBS. After 72 h of interaction between the cells and
material, the DAPI (2-(4-amidinophenyl)-1H-indole-6-carboxamidines) staining protocol
was carried out for the cell morphology examination. PBS was used to properly clean the
permeabilized cells before they were incubated with DAPI 10 µg/mL work solution for
30 min at room temperature. After being washed in PBS, stained cells were examined using
fluorescence microscopy at λex 340 nm and λem 488 nm. To emphasize the cell nucleus
and form, phase contrast was overlapped with the fluorescence.
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Abstract: Two series of binary xerogel systems of Sr/Al with molar ratios of 0.1, 0.25, 0.5, and 1.0 were
synthesized by the sol–gel technique with metallic strontium component as a precursor. The influence
of the metallic precursor on the properties of the final xerogel was determined. The properties of the
gels were determined on the basis of X-ray powder diffraction (XRD), thermogravimetric analysis
(TGA), low temperature nitrogen adsorption, transmission, and scanning electron microscopy with
Energy Dispersive X-ray Spectroscopy (TEM, SEM, and SEM/EDS). The Al2O3/SrCO3 xerogels
were tested as supports for platinum catalysts. Hydrogen chemisorption was used to determine
the platinum dispersion of the Pt/Al2O3-SrCO3 systems. The original method of synthesis allows
to obtain highly dispersed and stable strontium carbonate phases that allow for obtaining a high
(42–50%) dispersion of platinum nanoparticles.

Keywords: sol–gel; metallic precursor; SrCO3; xerogels; alumina; binary gels; one-pot

1. Introduction

Xerogels are described as porous systems obtained by drying wet gels and retaining
their porous structure after drying [1]. The advantages of xerogels are thermal stability,
large surface area, and porosity. Xerogels are biocompatible and nontoxic and can be easily
modified [2]. Silica xerogels are the most popular xerogels and can be used as fillers for
polymer composites. They are characterized by low density, high thermal stability, low
thermal conductivity, and good hydrophobic properties [3].

It is well-known that metal oxides characterized by large specific surfaces and thermal
stability, such as Al2O3, SiO2, TiO2, and CeO2, can be used as catalyst supports. In addition
to the well-recognized oxides, oxides of the alkaline earth metal groups are also used for
catalytic processes. Strontium oxide (SrO) is an example of an oxide of the alkaline earth
metal group. It can catalyze numerous synthetic reactions, like nitroaldol reactions, selective
oxidation of propane, and oxidative coupling of methane [4–6]. Strontium has a lower
electronegativity among metals from Group II of the Periodic Table. Therefore, strontium
oxide has a higher basic strength compared to other group II oxides. The electronegativity
increases in the order MgO < CaO < SrO < BaO [4]. Nevertheless, there is limited research
on using SrO as a catalyst. The problem is related to the preparation and use of SrO as the
base catalyst, as there are difficulties in the preparation of SrO [7].

Strontium carbonate (SrCO3) takes advantage of the production of X-ray tubes, hard
magnets, ceramics, and special glasses [8]. Before or during the high-temperature produc-
tion processes, strontium carbonate (SrCO3) is decomposed into strontium oxide (SrO)
and carbon dioxide (CO2). Strontium carbonate decomposes into strontium oxide and
carbon dioxide during calcination at a temperature above 1000 ◦C (1273 K) in atmospheric
conditions [9,10]. Recently, much work has focused on the use of carbonate as a catalyst
support. It is worth noting that carbonate is not a typical catalyst support. In the work of
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Omat et al. [11] it was found that cobalt deposited on SrCO3 showed exceptional activity
for the dry reforming of methane. Another study investigated the selectivity and reactiv-
ity of cobalt deposited on an alkaline earth metal carbonate for the catalytic preferential
oxidation of CO [12,13]. The catalytic properties of Co/SrCO3 were greater compared to
cobalt catalysts supported on popular metal oxides. Moreover, Co/SrCO3 showed the
best productivity. In Iida et al. [14], the reforming of the catalytic activity of toluene of
Ru/SrCO3-Al2O3 and Ru/Al2O3 catalysts in steam was compared. The research shows
that the carbonate catalyst shows higher activity.

The aim of this study was to determine the properties of Al2O3/SrCO3 xerogels ob-
tained from metallic strontium. Therefore, a new synthesis approach using an Al2O3/SrCO3
using the sol–gel method is presented. In the proposed method, the precursors of one of
the matrix components were used in metallic form. Our previous work has indicated that
the introduction of a metallic precursor changes the properties of the final product [15].

The advantage of using the sol–gel synthesis is the purity of the materials obtained
without inorganic admixtures and residual ion content [16].

2. Results and Discussion
2.1. X-ray Powder Diffraction

Figure 1 presents X-ray diffraction patterns of Al2O3/SrCO3 systems annealed in
500 ◦C (773 K) with different strontium (Sr) content and Sr1.0 annealed in different tem-
peratures. The XRD results of Al2O3/SrCO3 samples with a different amount of strontium
indicate only the presence of SrCO3 in the structure. The appearance of SrCO3 in the XRD
results can be explained by the strontium acetate decomposition, which takes place at
400–480 ◦C (673–753 K) [17]. As the Sr content increases, there is a change in the broadening
and intensity of the peaks (Figure 1a). As expected, the highest intensity of the peaks in the
sample with an Al/Sr molar ratio of 1.0 was detected. The XRD plot of the Sr1.0 annealed
at different temperatures varies with the temperature operated (Figure 1b). XRD analysis of
Sr1.0 materials annealed at 1000 ◦C (1273 K), 1150 ◦C (1423 K), and 1300 ◦C (1573 K) shows
the same phases, but the peaks differ in intensity. The difference in the intensity of the
peaks after different annealing times may be due to the amount of SrCO3 crystallized [18].
In each of these materials one or more of the following compounds was identified: SrCO3,
Al2O3, SrO, or SrAl2O4. The appearance of SrAl2O4 can be explained by the interfacial
reaction between SrCO3 and Al2O3 at a temperature above 500 ◦C (773 K) and the diffusion
of Al3+ ions in the SrCO3 lattice, which causes the formation of SrAl2O4 [19]. Moreover, the
presence of SrAl2O4 may be related to the decomposition of strontium carbonate to SrO at
higher temperatures and to the reaction with Al2O3, which is represented as follows [20]:

SrCO3 → SrO + CO2 (1)

SrO + Al2O3 → SrAl2O4 (2)

The presence of SrO in samples at temperatures above 1000 ◦C (1273 K) can be ex-
plained by the fact that in the temperature range 900–1175 ◦C (1173–1448 K) the equilibrium
state moves toward the carbonate decomposition [21]. The SrO-CO2-SrCO3 equilibrium
diagram by Rhodes et al. [22] shows that at temperatures below 900–1000 ◦C (1173–1272 K)
the equilibrium moves toward the formation of SrCO3; furthermore, at higher temperatures
the possibility of SrCO3 decomposition increases [21–23].

2.2. SEM, TEM, and EDS Analysis

Figure 2 shows the surface of the samples with different molar ratios of Sr before
annealing. Note that the surfaces of the tested materials vary depending on the amount
of Sr. The SEM image of the Sr0.1 sample surface presents a granular structure. The Sr1.0
sample has a completely different structure compared to the other tested materials. The
SEM EDS analysis (Figure 2e) shows that the elements in the examined xerogels systems
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decompose regularly. Oxygen clusters and a higher strontium content are observed in the
Sr1.0 sample compared to the other tested xerogels.
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Figure 2. SEM micrographs of the Al2O3/SrCO3 xerogels with various molar ratios: (a) Sr0.1,
(b) Sr0.25, (c) Sr0.5, (d) Sr1.0, and (e) SEM-EDS analysis.

Figure 3 presents a comparison of the SEM micrographs of the Al2O3/SrCO3 samples
with Sr to an Al ratio of 1.0 annealed at different temperatures. The structure of the gel after
annealing at 1000 ◦C (1273 K) (Figure 3a) is non-homogeneous. The surface of the gels after
annealing at 1150 ◦C (1423 K) and 1300 ◦C (1573 K) is similar (Figure 3b,c, respectively).
In the material after annealing at 1150 ◦C (1423 K) and 1300 ◦C (1573 K), a monolithic
structure with a uniform composition distribution without any traces of crystallization of
the strontium phases is observed. In the xerogel annealed at 1000 ◦C (1273 K), a hierarchical
structure with the effect of phase aggregation can be observed.
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Figure 3. SEM micrographs of surface Al2O3/SrCO3 xerogels with the 1.0 Sr molar ratio annealed at:
(a) 1000 ◦C (1273 K), (b) 1150 ◦C (1423 K), and (c) 1300 ◦C (1573 K).

Figure 4 presents a comparison of the TEM micrographs of the Al2O3/SrCO3 samples
with Sr to an Al ratio of 1.0 annealed at different temperatures. The black areas represent a
strontium-rich phase (strontium carbonate), as confirmed by the XRD data presented in
Figure 1a. The structures shown are typical for sol–gel systems [15].
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Figure 4. TEM images of Al2O3/SrCO3 xerogels after annealing at 500 ◦C with various Sr/Al molar
ratios: (a) 0.1, (b) 0.5, and (c) 1.0.

Figure 5 shows TEM images of Al2O3/SrCO3 sol–gel with Pt after annealing at 500 ◦C
of samples with a molar ratio of Al/Sr 0.1, 0.25, and 0.5. The presented structures differ
depending on the Al/Sr molar ratio. The Sr0.5Pt sample contains rod-shaped crystals,
which are not observed in the other tested materials. The amorphous alumina structure is
visible. The large dark fields show agglomerated strontium carbonate, and the smallest
fields show platinum areas (marked with a red arrow).

2.3. Porous Structure—Low Temperature Nitrogen Adsorption–Desorption

Table 1 shows surface area, pore equivalent diameter, and volume. Figure 6 shows
plots of isotherms, pore volume distribution, and pore area distribution. The adsorption
isotherms for samples with different Sr/Al ratios are type IV with the hysteresis loop
(IUPAC) present in the range of the relative pressure p/p0 0.5–0.8, which is characteristic of
mesoporous structures [24]. Additionally, all the analyzed samples are characterized by
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this isotherm. The shape of the hysteresis loops is similar for the samples with an Sr/Al
ratio higher than 0.1. The adsorption isotherms for platinum samples differ from those with
different Sr contents. Type III with the H2 hysteresis loop (except for the Sr1.0Pt system) is
in the relative pressure range p/p0 0.5–1.
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Figure 5. TEM images of Al2O3/SrCO3 sol–gel with Pt after annealing at 500 ◦C with molar ratios of:
(a) Sr0.1 Pt, (b) Sr0.25 Pt, and (c) Sr0.5 Pt.

Table 1. Textural properties of Sr systems.

System Composition Surface Area SBET
[m2/g]

Average Pore
Diameter DBJH [nm]

Average Pore
Volume DBJH

[cm3/g]

Sr0.1 135 7 0.30

Sr0.25 204 6 0.34

Sr0.5 132 6 0.25

Sr1.0 69 6 0.13

Sr0.1 Pt 154 7 0.29

Sr0.25 Pt 209 6 0.31

Sr0.5 Pt 159 7 0.25

Sr1.0 Pt 75 6 0.12

The pore distribution curves depend on the desorptive branch of the BJH isotherm. In
catalytic systems, the presence of scattered platinum on the surface leads to a slight increase
in surface area (Table 1). In every system tested, the surface area of the Sr0.1 sample is twice
that of a sample with an Sr/Al molar ratio of 1.0. Thus, the prepared Al203/SrCO3 xerogel
samples exhibited specific surface areas above 100 m2/g (except for the Sr1.0 and Sr1.0
Pt). The surface area of the samples in which SrCO3 was used for the synthesis is greater
compared to the samples with metal strontium. The average pore diameter is smaller for
Al2O3/SrCO3 systems compared to the other samples. The average pore diameter and
average pore volume are similar for the metallic strontium and platinum strontium systems.
However, for systems with Sr/Al 0.5 and 1.0 molar ratios, a change in the geometry (a slight
increase in the diameter) of the pores is visible, which may indicate the location of platinum
crystals in the pores of the xerogel of a smaller size. For the systems with Pt, a slight
increase in the specific surface area was also observed. This phenomenon may be related to
the influence of platinum on the oxidative decomposition of carbon deposit residues that
may occur in xerogel systems.
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Figure 6. (a,b) Isotherm of Al2O3/SrCO3 and Pt/Al2O3-SrCO3, (c–f) pore volume distribution of
Al2O3/SrCO3 and Pt/Al2O3-SrCO3.

2.4. Chemisorption of Hydrogen on Pt-Al-Sr Catalysts

Table 2 shows hydrogen chemisorption results on Pt/Al2O3-SrCO3 systems with 1%
metal content loading. Based on the results of hydrogen chemisorption, the platinum
dispersion, the metallic surface area values, and the volume of the adsorbed hydrogen were
determined. The results of hydrogen chemisorption for samples with a metallic strontium
precursor showed no significant differences. The lowest metal dispersion occurred in the
sample with an Sr/Al molar ratio equal to 1. Note that the Al2O3/SrCO3 system is alkaline.
In such system (alkaline), dispersion is significantly lower, because the chemical nature of
the surface of materials with large pores and low surface area is important. In our study, the
alkaline nature of the system reduces platinum dispersion, but the presence of nanopores
stabilizes the platinum nanocrystallites and, as a result, dispersion is beneficial.
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Table 2. Platinum dispersion, surface area, and volume of adsorbed hydrogen of the Pt/Al2O3-
SrCO3 systems.

System Composition Metal (Pt)
Dispersion [%]

Metallic Surface
[m2/gmetal]

Volume of Adsorbed
Hydrogen [cm3/g]

Sr0.1 Pt 47 116.94 0.27 ± 0.006

Sr0.25 Pt 49 122.55 0.29 ± 0.004

Sr0.5 Pt 48 119.15 0.28 ± 0.001

Sr1.0 Pt 42 102.94 0.24 ± 0.003

2.5. Thermal Analysis

For thermogravimetric testing, xerogel dried for one week at room temperature was
used. Thermograms of the analyzed systems are shown in Figure 7a and the DTG curves
in Figure 7b. Four visible areas of thermal changes in the xerogel were observed. The
first step at temperatures up to 100 ◦C (373 K) is to remove the water adsorbed by the
system. The second step of mass loss between 180 and 260 ◦C (453 to 533 K) was attributed
to a correspondence to the removal of internally absorbed and trapped solvent residues
and to the water of hydration in the gel. The third step of mass loss between 350 and
480 ◦C (623 to 753 K) can be attributed to the decomposition of anhydrous strontium
acetate to SrCO3, as confirmed by the XRD results (Figure 1). In the sample Sr0.5 and Sr1.0,
there is a fourth stage of weight loss above 900 ◦C (1173 K) with the decomposition of the
strontium carbonate.
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Furthermore, the decomposition processes can be described in the following steps [17–25]:

Sr(CH3COO)2 → SrCO3 (s) + CH3COCH3 (g) +CO2 (g) (3)

SrCO3 (s) → SrO (s) + CO2 (g) (4)

Al2O3 + SrO >1150 °C−−−−−→ SrAl2O4 (5)
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The DTG curves shown in Figure 7b indicate a multi-stage distribution. The decom-
position of anhydrous strontium acetate to SrCO3 is shifted to the right as the strontium
molar ratio increases.

3. Conclusions

In this study, a new method of obtaining binary Al2O3-SrCO3 xerogels systems is
presented. The obtained xerogels are characterized by the presence of a stable carbonate
phase for the full range of concentrations, which is confirmed by the XRD results. The
effectiveness of the synthesis method using a reactive metallic precursor (metallic strontium)
was confirmed. The obtained Al2O3/SrCO3 xerogels are characterized by a high dispersion
of the carbonate phase and a large specific surface area for alkaline systems. Carbonate
xerogels with an alkaline element are characterized by a similar dispersion of the metallic
phase (42–50%) in all the tested systems, which is a very good result for alkaline systems.
Changes in the nanoporosity system may confirm the theory of stabilization of platinum
nanoclusters in the structure of nanopore carriers obtained by the sol–gel method. Xerogels
obtained by the described method are also an attractive precursor for high-temperature
ceramics with a strictly defined microstructure.

Carbonate xerogels with an element of basic nature are characterized by a similar
dispersion of the metallic phase (42–50%) in all the tested systems, which is a very good
result for alkaline systems.

Some strontium aluminates (such as SrAl2O4) are used as phosphors. Phosphors
based on strontium aluminate are characterized by good luminescent properties such
as long-lasting afterglow and high quantum efficiency in comparison to classic sulfide
phosphors [26,27].

4. Materials and Methods
4.1. Materials

Strontium carbonate, aluminum isopropoxide, acetic acid, and toluene were purchased
from Sigma-Aldrich (Saint Louis, MO, USA) and used as received.

4.2. Preparation

Al2O3-SrCO3 mixed systems with different molar ratios of Sr to Al: 0.1; 0.25; 0.5; and
1.0 were synthesized by aqueous sol–gel methods. Alumina gel was prepared according
to our previous study [15]. Reactions were executed in a 1L glass reactor equipped with a
mixer and a thermostat. Aluminum isopropoxide (500 g of fine powder) was added and
hydrolyzed in 440mL of water at 75 ◦C. Then the obtained suspension was stirred for 2 h,
and 175 g (167.5 cm3) of 98% acetic acid was peptized. The sol was heated under reflux
for 24 h at 95 ◦C (368 K), followed by metallic strontium addition in small portions as the
second component. The next step was refluxing the resulting mixture for 72 h with vigorous
stirring. The obtained product was a homogeneous liquid gel. To obtain a monolithic
xerogel, part of the obtained gel was spilled into Petri dishes and dried for 5 days at room
temperature. Next, the dry gel was annealed in a tube furnace at 500 ◦C (773 K) for 6 h
under air flow. Part of the sample was air dried for 3 h, then annealed in 1000 ◦C (1273 K).
Next, a portion of the sample was taken and air dried for 3 h and annealed in 1150 ◦C
(1423 K). Finally, the sample batch was air dried for 3 h and annealed in 1300 ◦C (1573 K).
The sample obtained after the annealing was crushed and sieved. Two grain fractions were
collected: 0.1–0.2 mm and <0.1 mm. The particle size fraction with a diameter of 0.1 to
0.2 mm was used to determine the porous structure.

To prepare the Pt catalysts, 1.98 g of the support annealed at 500 ◦C (773 K) was
weighed and placed in a 100 mL round-bottom flask. The samples were wetted with 2 mL
of distilled water, then 1 mL of aqueous H2PtCl6 solution (platinum content: 20 mg Pt/mL)
was added. The round-bottom flask was placed on a vacuum evaporator, and the solvent
was evaporated. The dried system was heat treated at a temperature of 500 degrees for 2 h
in air atmosphere.
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Figure 8 shows the scheme of the synthesis of Al2O3/SrCO3 xerogels.
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4.3. Characterization

The samples obtained in this work were characterized by the following techniques.

4.3.1. X-ray Diffraction Analysis

The X-ray diffraction (XRD) analysis was performed using the Philips PW1050 diffrac-
tometer (Almelo, the Netherlands) working in the θ–2θ geometry with Cu-Kα (λ = 0.15406 nm)
radiation of 35 kV and 20 mA. For all the samples, an angular range (2θ) of 10◦ to 100◦ with a
step width of 0.01◦ and a step time of 3 s was used [28].

4.3.2. SEM, TEM, and EDS (Energy Dispersive X-ray Spectroscopy) Analysis

The surface morphology of the oxide xerogels was depicted by a Scanning Electron
Microscope (SEM, Hitachi 3000N, Tokyo, Japan), which was operated in high-vacuum
conditions at 15 kV acceleration voltage and low-vacuum conditions at 20 kV acceleration
voltage. Chemical composition was performed using the Energy Dispersive Spectroscopy
(EDS). TEM observations were performed using a JEOL 200 CX (Tokyo, Japan) transmission
electron microscope worked at 80 kV.

4.3.3. Porous Structure

In order to determine the porosity of the structure, measurements of low-temperature
nitrogen adsorption were carried out using the Autosorb iQ Station 2 (Quantachrome Instru-
ments, Boynton Beach, Florida, United States) in the standard analysis mode; 200–300 mg
of material with a particle size fraction from 0.1 to 0.2 mm were tested. Prior to testing, the
samples were degassed for 10 h at 350 ◦C (623 K) and 0.4 Pa to constant weight. The adsorp-
tion and desorption isotherm branches were assumed in the p/p0 0–1 range. Quantachrome
ASiQwin software (version 2.0) was used. The Boer t-method and the BJH method were used
to determine the distribution of the pore surface and pore volume. The volume and diameter
of the pores were determined by the BJH method from the adsorption branch of the isotherm.

130



Gels 2022, 8, 473

The BET multipoint linear regression method was used to calculate the surface area using the
p/p0 0.1–0.3 window and the available seven degrees of freedom (nine data points) [25].

4.3.4. Thermal Analysis

On the NETZSCH TG 209 F1 Libra thermogravimeter (Selb, Germany), the thermal
conversion of unprocessed (air-dried) samples was carried out. Five mg of the sample
was placed in an alumina vessel (volume 85 µL) and heated from 20 ◦C·min−1 to 1000 ◦C
(1273 K). For analysis, the fraction with a grain size <0.1 mm was used. TG traces were
recorded with air flow (20 cm3·min−1) with a resolution of 0.1 µg. Drying under vacuum
or at elevated temperature was not applied [28].

4.3.5. Chemisorption of Hydrogen on Pt-Al-Sr Catalysts

Hydrogen chemisorption was carried out by means of an ASAP 2010C sorptometer
(Micromeritics, Norcross, GA, USA). Samples had previously been reduced with H2 at
400 ◦C (673 K) during 2 h. Then the samples were evacuated in a sorptometer at room
temperature for 0.25 h, then at 350 ◦C (623 K) for 1 h. After 1 h, the samples were reduced
with a hydrogen flow (2.4 L/h) at 350 ◦C (623 K) and degassed for 2 h at 350 ◦C (623 K).
Hydrogen chemisorption studies were performed at 35 ◦C (308 K). The platinum dispersion
was determined from the total amount of chemically adsorbed hydrogen. The following
equation was used to calculate the metal surface area S [29]:

S =
vm·NA·n·am·100

22414·m·wt

[
m2·g−1

Pt

]
(6)

where vm—volume of adsorbed hydrogen (cm3), NA—Avogadro’s number (6.022× 1023 mol−1),
n = 1 is the chemisorption stoichiometry, wt (%)—the metal loading, am—the surface area (m2),
and m—the sample mass (g). The following formula was used to calculate the dispersion of the
active phase:

D =
S·M

am·NA
(7)

where S is the metal surface area, M is the platinum atomic weight, NA is Avogadro’s
number, and am is the surface occupied by one platinum atom.
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Abstract: In this work, the synthesis of ordered mesoporous silica of MCM-41 type was investigated
aimed at improving its morphology by varying the synthesis conditions in a one-pot process, em-
ploying different temperatures and solvent conditions. 2-methoxyethanol was used as co-solvent to
ethanol. The co-solvent ratio and the synthesis temperature were varied. The pore morphology of the
materials was characterized by nitrogen porosimetry and small angle neutron scattering (SANS), and
the particle morphology by transmission electron microscopy (TEM) and ultra-small angle neutron
scattering (USANS). The thermal behavior was investigated by simultaneous thermogravimetry-
differential scanning calorimetry (TG-DSC) measurements. The SANS and N2 sorption results
demonstrated that a well-ordered mesoporous structure was obtained at all conditions in the synthe-
sis at room temperature. Addition of methoxyethanol led to an increase of the pore wall thickness.
Simultaneously, an increase of methoxyethanol content led to lowering of the mean particle size
from 300 to 230 nm, according to the ultra-small angle scattering data. The ordered porosity and high
specific surfaces make these materials suitable for applications such as adsorbents in environmental
remediation. Batch adsorption measurements of metal ion removal from aqueous solutions of Cu(II)
and Pb(II) showed that the materials exhibit dominantly monolayer surface adsorption characteristics.
The adsorption capacities were 9.7 mg/g for Cu(II) and 18.8 mg/g for Pb(II) at pH 5, making these
materials competitive in performance to various composite materials.

Keywords: MCM-41; SANS; USANS; SAXS; Stöber method; 2-methoxyethanol; Langmuir isotherm

1. Introduction

Numerous research has dealt with the problem of obtaining suitable adsorbents in
order to remove the hazardous pollutants. Adsorption technology is the most promising
and frequently used approach due to its simplicity, high efficiency and low cost [1]. Various
kinds of sorbent materials, both natural and synthetic, have been used to remove heavy
metal ions from aqueous solution. Low cost industrial and agricultural by-products and
waste materials usually have low adsorption efficiency because of their low pore volumes
and poor pore structure [2,3]. Novel nanomaterials, including carbon-based nanomaterials,
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metal-oxide based nanomaterials, nanoparticles and various nanocomposites have been
systematically applied for the removal of heavy metal ions from wastewater [4–11].

Due to their simplicity and abundance, silica and silica-based sorbents obtained from
natural bio or waste sources represent an emerging approach in applications for removal of
industrial pollution [12–17].

Synthetic silica based mesoporous materials, in spite of their higher costs, have also
received wide attention and have been widely used for the adsorption of heavy metal ions
due to their exceptionally large specific surface area, regular pore structure and suitability
for surface modifications [18–21].

Silica materials with ordered porosity and open pore network, such as MCM-41 and
SBA-15, are especially suitable for capturing species from aqueous solutions. In the classical
synthesis of MCM-41-type materials, the silica precursors and the surfactant molecules
used for pore templates are dissolved in water-ethanol mixtures. Full or partial replacement
of ethanol with another co-solvent can modify the reaction speed of the sol-gel process,
and change the morphology of the resulting silica gel [22,23]. The more hydrophobic
2-methoxyethanol has been used previously as a co-solvent in sol-gel synthesis of uniform
spherical silica nanoparticles [24]. Hydrophobic organic co-solvents can affect the pore size
by mingling with the surfactant molecules and acting as spacers inside the micelles [25,26].
For example, it was proven that ethoxyethanol acts not only as solvent but also as co-
surfactant, controlling the morphology and pore structure. In alkali-catalyzed reactions, the
co-surfactants promote the water solubility of the silica precursor tetraethoxysilane (TEOS),
facilitating the hydrolysis reactions [27,28]. In previous works, 2-methoxyethanol was used
as a protic polar solvent playing different specific roles: as solvent and complexing agent in
the synthesis of mixed silica–titania [29], or as a solvent as well as a stabilizer of alkoxide in
the hydrolysis-precipitation reaction, allowing one to control the reactivity of the precursors
by adjustment of the quantity of 2-methoxyethanol [30].

In the present study, we applied a simple sol-gel synthesis procedure to obtain sorbent
materials suitable, among other applications, for water pollutant removal. Two series
of ordered mesoporous silica were synthetized, one at room temperature and the other
one at 50 ◦C, and different amounts of 2-methoxyethanol were used in the range of 0:1
to 3:1 relative to the ethanol content. Cetyltrimethylammonium bromide (CTAB) was used
as a pore forming agent. The influence of the mixed solvent composition and synthesis
temperature on the particle morphology and the pore network was studied by small angle
neutron scattering and nitrogen porosimetry.

The applicability of the obtained materials as adsorbents for heavy metals ions from
water was studied with the example of Pb(II) and Cu(II).

2. Results and Discussion
2.1. FT-IR Analysis

All samples (xerogels and thermally treated materials) show the specific vibration
bands for the silica skeleton at 1055–1085 cm−1, 785–805 cm−1 and 450–455 cm−1 (Figure 1).
This is assigned to the asymmetric stretching [31,32], symmetric stretching [33,34] and
bending rocking mode vibration of the Si-O-Si network [32], respectively. For all calcined
samples, the asymmetric stretching vibration bands are shifted to higher values by approx-
imately 20–30 cm−1. This effect is related to the densification of the silica network [34].
The 1640 cm−1 vibration band belongs to molecular water [35]. The presence of the silanol
groups was confirmed by the presence of the band centered about 960 cm−1, which is
associated with the stretching mode of the Si-OH groups [35]. The broad band centered at
around 3440–3405 cm−1 corresponds to the O-H stretching bands of hydrogen-bonded wa-
ter molecules (H-O-H···H) and the Si-O-H stretching of surface silanols hydrogen-bonded
to water (-SiOH···H2O) [33]. They become more intense after calcination due to the in-
creased hygroscopicity of the calcined samples, because the removal of the surfactant
molecules allows some water to enter the pores [36].
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Figure 1. FT-IR spectra of mesoporous silica synthesized at room temperature (a) and at 50 ◦C
(b), before and after calcination. Vertical lines in panel (a) show the characteristic bands of CTAB that
disappear after thermal treatment (red); the vibrations related to water (blue) and Si-OH vibrations
(dark grey). The vertical lines in panel (b) show the characteristic bands of the silica network.

Another group of characteristic vibrations is due to surfactant molecules. In the non-
calcined samples, the bands at 2924 and 2855 cm−l are the asymmetric and symmetric
stretching vibrations of the alkyl chain, respectively, and the band around 1475 cm−1, is
the bending vibration of the C–H groups [35]. These bands completely disappear after
calcination for all samples (Figure 1).

2.2. Thermal Analysis

Thermogravimetric and scanning calorimetry analyses in synthetic air were performed
on the RT series of xerogels not subjected to calcination. The weight loss curves for the four
samples are shown in Figure 2a. On the DTG curves (Figure 2b), five distinct weight loss
regions can be identified, from which the second and the third steps are overlapped. In the
first temperature range between 25 and 150 ◦C, physisorbed water evaporates, which is
accompanied by a small and broad endotherm (Figure 2c). Between 150 and 350 ◦C, the
surfactant decomposes and burns out. The two overlapped peaks on the DTG curve can
be attributed to the separate oxidation and decomposition of the tetramethyl ammonium
headgroups and the long alkyl chains of the CTAB. The oxidative burning of the organic
matter is accompanied by a sharp and large exothermic signal on the heat flow curves
around 340 ◦C. Between 400 and 700 ◦C, the small weight loss, accompanied by a small
and broad exotherm, can be attributed to the complete oxidation and elimination of the
decomposed organic compounds from the pores.

The spike-like exothermic peaks in the DSC curves at around 720–740 ◦C indicate
phase transformations in the silica matrix.

In their thermal behavior, no systematic differences between the four samples were
observed, which can be explained by the small differences in the morphology, and indicate
that not much of methoxyethanol remained entrapped in the pores after the washing proce-
dure during synthesis. The total weight loss of about 50% in the whole temperature range
corresponds to the typical content of CTAB surfactant in the MCM-41 type materials [36].
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Figure 2. TG (a), DTG (b) and DSC (c) curves for samples prepared at room temperature. 
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Figure 2. TG (a), DTG (b) and DSC (c) curves for samples prepared at room temperature.

2.3. Nitrogen Porosimetry

The nitrogen physisorption isotherms for all materials are shown in Figure 3. The
materials present type IVb isotherm according to IUPAC classification. Type IVb is specific
for mesoporous materials having conical or cylindrical pores, closed at one end [37,38]. The
narrow hysteresis in the interval 0.2–0.4 P/P0 suggests the presence of some wide pores
that could have more access to the external surface [38].

Gels 2022, 8, x FOR PEER REVIEW 5 of 18 
 

 

0.0 0.2 0.4 0.6 0.8 1.0
100

200

300

400

500

600

700

vo
lu

m
e 

ad
so

rb
ed

  [
cm

3 /g
]

P/P0

 MeOE-0%-RT
 MeOE-25%-RT
 MeOE-50%-RT
 MeOE-75%-RT

a

0.0 0.2 0.4 0.6 0.8 1.0
100

200

300

400

500

600

700

P/P0

 MeOE-0%-50C
 MeOE-25%-50C
 MeOE-50%-50C
 MeOE-75%-50C

b

 
Figure 3. N2 adsorption-desorption isotherms of calcined samples prepared at room temperature (a) 
and at 50 °C (b). 

The pore size distribution (Figure 4) is narrow and centered around 3.5 nm for all 
samples. The BJH mean pore size shows a small increase from 3.0 to 3.3 nm, with the 
increase of methoxyethanol concentration in the solvent. The total pore volume does not 
change appreciably, except for the samples prepared with the highest methoxyethanol 
content at 50 °C when it drops by about 40%. This is related to the partial collapse of the 
pores, as shown later by the SANS results.  

 
Figure 4. Pore size distribution of samples synthetized at room temperature (a) and at 50 °C (b). 

The different texture of the materials was also observed in the surface fractal 
dimensions evaluated by Frenkel-Halsey-Hill (FHH) method [39]. The FHH model is used 

2 3 4 5 6 7 8
0.0

0.4

0.8

1.2

1.6

pore width [nm]

 MeOE-0%-50C
 MeOE-25%-50C
 MeOE-50%-50C
 MeOE-75%-50C

b

2 3 4 5 6 7 8
0.0

0.4

0.8

1.2

1.6

a

dV
(d

) [
cm

3 /n
m

 /g
]

pore width [nm]

 MeOE-0%-RT
 MeOE-25%-RT
 MeOE-50%-RT
 MeOE-75%-RT

Figure 3. N2 adsorption-desorption isotherms of calcined samples prepared at room temperature
(a) and at 50 ◦C (b).

The pore size distribution (Figure 4) is narrow and centered around 3.5 nm for all
samples. The BJH mean pore size shows a small increase from 3.0 to 3.3 nm, with the
increase of methoxyethanol concentration in the solvent. The total pore volume does not
change appreciably, except for the samples prepared with the highest methoxyethanol
content at 50 ◦C when it drops by about 40%. This is related to the partial collapse of the
pores, as shown later by the SANS results.
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Figure 4. Pore size distribution of samples synthetized at room temperature (a) and at 50 ◦C (b).

The different texture of the materials was also observed in the surface fractal dimen-
sions evaluated by Frenkel-Halsey-Hill (FHH) method [39]. The FHH model is used to
determine the fractal geometry and calculate surface structure and irregularities. Value of
Df 2 indicates smooth surface and 3 is characteristic for a porous surface [39]. The FHH data
(Table 1) indicate that using methoxyethanol as co-solvent a smoother surface is obtained
compared to the materials prepared only with ethanol.

Table 1. Textural parameters of the calcined MCM-41 samples.

Sample
BET

Surface
Area (m2/g)

BET
Constant

Pore Width
(DFT)
(nm)

Mean Pore
Size (BJH)

(nm)

Mean Pore
Size (BJH)

(nm)

Total
Pore Volume

(cm3/g)

Df
(Adsorpt.)

Df
(Desorpt.)

MeOE-0%-RT 1793 10 3.53 3.30 3.07 0.961 2.846 2.876
MeOE-25%-RT 1540 12 3.53 3.39 3.06 0.933 2.762 2.830
MeOE-50%-RT 1620 13 3.53 3.41 3.34 1.013 2.761 2.828
MeOE-75%-RT 1547 15 3.53 3.41 3.31 0.981 2.764 2.839
MeOE-0%-50C 1568 13 3.53 3.39 3.07 0.998 2.750 2.864

MeOE-25%-50C 1446 15 3.53 3.40 3.04 0.946 2.757 2.865
MeOE-50%-50C 1428 12 3.53 3.06 3.06 1.016 2.750 2.864
MeOE-75%-50C 1074 24 3.78 3.39 3.31 0.804 2.738 2.822

Materials synthetized at 50 ◦C present almost the same characteristics. The isotherms
are of type IVb with a narrow hysteresis (Figure 3b). The surface area decreases with
increasing methoxyethanol content. For this series, the pore size distribution is somewhat
broader, especially for the highest methoxyethanol content (Figure 4b).

All textural parameters for surface area, total pore volume and mean pore diameter
are shown in Table 1. The highest BET surface area of 1793 m2/g was obtained for sample
synthesized at room temperature, and all samples had surface areas above 1000 m2/g. With
increasing 2-methoxyethanol content in the solvent mixture, the surface area decreased in
both series. The changes in the surface area and roughness can be related to the lowering
of the speed of hydrolysis and condensation with addition of methoxyethanol having
hydrophobic methyl and methylene groups.

2.4. Electron Microscopy

TEM micrographs of the two investigated samples showed spherical and slightly
elongated particles with sizes of 200–400 nm, typical for silica obtained in the Stöber
synthesis process (Figure 5). Well-developed parallel channels with hexagonal ordering
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confirmed the structure of the MCM-41 materials. There were no noticeable differences
between the samples MeOE-0%-RT and MeOE-75%-RT, in the selected areas of the TEM
images.
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Figure 5. Characteristic TEM images of mesoporous silica prepared at room temperature without
2-methoxyethanol (a) and in solvent with 3:1 methoxyethanol/ethanol ratio (b).

2.5. Small Angle Neutron Scattering

SANS curves for the two series taken on spectrometer YuMO are shown in Figure 6a,b.
All samples show the typical organized structure of MCM-41 type, exhibiting the (100),
(110), (200) reflections of the hexagonal pore structure [40–42]. The (110) and (200) peaks
are smeared because of the moderate instrumental resolution related to the relaxed col-
limation and finite detector ring size, characteristic for small-angle neutron instruments.
The sample prepared at 50 ◦C using 75% methoxyethanol is disordered (Figure 6b) and the
diffraction peaks are nearly invisible. No well-ordered structure formed in the synthesis
at these conditions, and the xerogel filled with CTAB was weaker and the pore structure
was destroyed during calcination. Another characteristic difference between the samples
prepared at the two temperatures is the width of the first diffraction peak, which is broader
for the 50 ◦C synthesis, indicating a weaker long-range ordering. For samples prepared at
room temperature, a significant difference was seen in the (100) peak position, between
the material prepared in pure ethanol solvent, and the three samples prepared in mixed
solvents. The peak position for MeOE-0%-RT sample was smaller by 3%, showing larger
interpore distance, which indicates a larger wall thickness (Figure 7). This effect can be
related to the slower condensation rate of the silica the presence of 2-methoxyethanol as
cosolvent.

Measurements of the RT sample series in the very low q range, performed on the
MAUD instrument, allowed us to assess the overall dimensions of the nanoparticles.
The scattering curves measured with the medium and low-resolution instrument settings
(solid and open symbols) are shown in Figure 8. The scattering data were fitted to a
model of polydisperse spherical particles with log-normal size distribution. The resulting
mean diameters were in the range of 200–300 nm, which is typical for Stöber synthesis.
Interestingly, a well distinguished monotonous change of the particle size in the function
of methoxyethanol content was observed: the larger (300 nm) particles were obtained
using pure ethanol-water solvent mixture, and the gradual replacement of ethanol by
2-methoxyethanol resulted in smaller (230 nm) particles.
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Figure 8. USANS scattering curves of samples prepared at room temperature. Symbols are the
measured data, and red solid lines are the fitted model of polydisperse spheres. Data are shifted
vertically. In the inset, the mean radius of the particles is shown in the function of 2-methoxyethanol
content in the sol.

2.6. Metal Ion Adsorption

Adsorption isotherms are powerful tools for the analysis of adsorption processes.
They establish the relationship between the equilibrium concentration and the amount
adsorbed by unit mass of the adsorbent at a constant temperature. Adsorption studies were
performed at pH 5 because it was shown previously for these kind of materials that the
maximum adsorption capacities for Cu2+ and Pb2+ were observed at pH 5.0 [19]. First, all
eight samples were tested for adsorption of Cu(II) and Pb(II), and then the material with
the best adsorption capacity for Cu(II), (sample MeOE-75%-RT), and the material with the
best adsorption capacity for Pb(II), (sample MeOE-0%-RT) were selected for construction
of the adsorption isotherms. The equilibrium time for adsorption was determined varying
the time in the range 15–180 min for a Me(II) ions concentration of 10 mg/L. After 2 h,
the adsorption capacity has a constant value. Two hours of contact time was used in
constructing the adsorption isotherms.

The adsorption capacity q (mg/g), was determined using the following equation:

q = (C0 − C f )
V
m

(1)

where C0 and Cf are the initial and final concentrations of metallic ions in solution in the
beginning and the end of the adsorption test, respectively (mg/L), V is the volume of the
solution (L) and m is the mass of the adsorbent (g).

The adsorption isotherms of Me(II) ions are presented in Figure 9. The Langmuir,
Freundlich and Sips isotherms were used to model experimental data in order to establish
the adsorption mechanism and the maximum adsorption capacity [43,44].
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Figure 9. Adsorption isotherms of (a) Cu(II) on MeOE-75%-RT and (b) Pb(II) on MeOE-0%-RT. 
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Figure 9. Adsorption isotherms of (a) Cu(II) on MeOE-75%-RT and (b) Pb(II) on MeOE-0%-RT.

The non-linear form of the Langmuir isotherm equation [45] can be expressed as
follows:

qe =
qL KL C f

1 + KL C f
(2)

where qe is the equilibrium absorption capacity (mg/g); Cf is the equilibrium ion concentra-
tion in solution (mg/L); qL is the Langmuir maximum adsorption capacity (mg/g) and KL
is the Langmuir constant.

The Freundlich isotherm is applicable to heterogeneous adsorption surfaces. The
non-linear form of the Freundlich isotherm equation [46] is:

qe = KF C1/nf
f (3)

where KF and nf are the characteristic constants related to the adsorption capacity of the
adsorbent and the intensity of adsorption.

The Sips or Langmuir-Freundlich isotherm (Equation (4)) derives from the Freundlich
and Langmuir models. It reduces to a Freundlich isotherm at low adsorbate concentrations.
At high adsorbate concentrations, the Sips isotherm has the characteristics of the Langmuir
isotherm and therefore can be used to calculate the monolayer adsorption capacity [47].

qe =
qS KS C1/nS

e

1 + KS C1/nS
e

(4)

where KS (mg/g) is a constant related to the adsorption capacity of the adsorbent and ns
is the heterogeneity factor. As the surface heterogeneity is higher, the deviation of 1/ns
value from 1 will be higher. The parameters of Langmuir, Freundlich and Sips isotherms
determined using non-linear regression are listed in Table 2.

Table 2. Langmuir, Freundlich and Sips isotherm parameters for Cu(II) ions adsorption on sample
MeOE-75%-RT and Pb(II) on MeOE-0%-RT.

Adsorbent
/Metal Ion

qm,exp
(mg/g)

Langmuir
Isotherm

Freundlich
Isotherm Sips Isotherm

qL
(mg/g) KL R2 KF

(mg/g) 1/nF R2 KS
qS

(mg/g) 1/ns R2

MeOE-75%-RT
/Cu2+ 9.7 7.3 0.022 0.988 1.14 0.41 0.978 0.0026 10.2 0.3 0.990

MeOE-0%-RT
/Pb2+ 18.8 26.3 0.065 0.993 0.7 0.5 0.963 0.0061 22.2 0.6 0.995

The adsorption capacity increased with increasing equilibrium concentration of Me(II)
ions. The experimental isotherms show the approach of the adsorption capacity to constant
value and, correspondingly, the large deviation of the fitted Freundlich model curves
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from the data. The maximum adsorption capacity of Cu(II) on sample MeOE-75%-RT
for an initial Cu(II) concentration of 250 mg/L is qm,exp = 9.7 mg/g, and the maximum
adsorption capacity of Pb(II) on sample MeOE-0%-RT is qm,exp = 18.8 mg/g for an initial
Pb(II) concentration of 500 mg/L.

For both materials, the adsorption is better described by the Sips isotherm. The
maximum adsorption capacity obtained by modelling the experimental data with Sips
isotherm is qs= 10.2 mg Cu(II)/g sorbent, a value very close to the experimental value
qm,exp = 9.7 mg Cu(II)/g sorbent for sample MeOE-75%-RT and qs = 22.2 mg/g, a value
very close to the experimental value qm,exp = 18.8 mg Pb(II)/g for sample MeOE-0%-RT
at the highest salt concentration. Parameter 1/n in the Sips model is a measure of the
adsorption intensity or surface heterogeneity. For 1/n = 1, the partition between the two
phases is independent of the concentration. The situation 1/n < 1 is the most commonly
encountered and corresponds to Langmuir isotherm, while 1/n > 1 indicates cooperative
adsorption involving strong interactions between the molecules of the adsorbate [48,49].
The value of the heterogeneity factor 1/ns was obtained as 0.3 for sample MeOE-75%-RT
and 0.6 for sample MeOE-0%-RT, indicating that the heterogeneity of the surface was very
low. This suggests that the adsorption mechanism approaches the monolayer adsorption
and the adsorption of Me(II) ions onto adsorbent materials was a favourable process.

The maximum adsorption capacities of these materials were compared to some other
adsorbents from recent literature (Table 3). Concerning the Pb(II) adsorption, the obtained
value of 18.8 mg/g proved that our mesoporous silica has better adsorption properties
compared with kaolin, activated carbon and zeolite, but worse than the functionalized
mesoporous silica and the composite materials of iron oxide nanoparticles with functional-
ized porous silica or cellulose (Table 3). Concerning the Cu(II) adsorption, the obtained
value of 9.7 mg/g for the adsorption capacity is higher than that of zeolites, similar to
magnetite nanoparticles, but worse than the adsorption capacities of other metal oxide
nanoparticles or mesoporous silica having different functional groups. Therefore, the
functionalization of mesoporous silica materials is necessary to improve their adsorption
capacity for metal ions removal. On the other hand, the ease of preparation and low cost of
the nonfunctionalized mesoporous silica may compensate for their lower performance in
certain applications.

Table 3. Comparison of the Me(II) adsorption capacity of the prepared mesoporous silica samples to
other adsorbent materials.

Sorbent Metal
Ion

Adsorption Capacity
(mg/g) Reference

Kaolin

Pb(II)

4.5 [50]
activated carbon 6.7 [50]

magnetic chlorapatite nanoparticles 238 [51]
zeolite 9.9 [52]

thiol functionalized iron-oxide loaded
FDU-12 mesoporous silica 287 [53]

Fe3O4@carboxymethyl-cellulose 152 [54]
Fe3O4@SiO2@DMSA 50.5 [55]

Fe3O4@SiO2@TSD 417 [56]
Fe3O4@SiO2 -NH2 76.6 [57]

pretreated Aspergillus niger 32.6 [58]
maghemite nanoparticle 68.9 [59]
magnetite nanoparticles 37.3 [60]

TiO2 nanoparticles 21.7 [61]
Al2O3 nanoparticles 41.2 [61]
MgO nanoparticles 148 [61]

Chitosan/graphene oxide 461 [62]
silica@ketoenol-pyrazole 41.8 [63]

ZnCl2-MCM-41 479 [64]
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Table 3. Cont.

Sorbent Metal
Ion

Adsorption Capacity
(mg/g) Reference

EDTA/SBA-15 273 [65]
waste silica coated by iron oxide 8.2 [66]

silica-magnetite composite 14.9 [67]
citrate coated SPION 58.9 [68]

gelatin-siloxane hybrid 3.75 [11]
chitosane-alginate hydrogel 85 [9]

thiol functionalized silica/magnetite 0.8 [69]
magnetic nano-zeolite 476.1 [70]

nano-silica made of Saccharum
officinarum 148 [71]

Calcined MCM-41 18.8 Present paper

zeolite

Cu(II)

8.5 [52]
Fe3O4@SiO2 -NH 29.9 [57]

pretreated Aspergillus niger 28.7 [58]
maghemite nanoparticle 34.0 [59]
magnetite nanoparticles 10.8 [60]

TiO2 nanoparticles 50.2 [61]
Al2O3 nanoparticles 47.9 [61]
MgO nanoparticles 149.1 [61]

Chitosan/graphene oxide 423.8 [62]
silica@ketoenol-pyrazole 76.9 [63]

waste silica coated by iron oxide 3.4 [66]
magnetic nano-zeolite 59.9 [70]

steel slag/CNT composite 132.8 [72]
bifunctional silica nanospheres 139.8 [73]

nanosilica/nanopolyaniline 108 [74]
nanosilica/crosslinked nanopolyaniline 105 [74]

gelatin-siloxane hybrid 1.76 [11]
core-shell magnetite-silica NP 41 [75]

Calcined MCM-41 9.7 Present paper

3. Conclusions

In this paper we studied morphology evolution of ordered mesoporous silica nanopar-
ticles of MCM-41 type, prepared at different solvent conditions using 2-methoxyethanol
as a co-solvent and CTAB as a pore forming molecule, by conventional pin-hole and slit-
smeared ultra-small-angle neutron scattering. The use of mixed solvent resulted in larger
wall thickness and interpore distance, and the hexagonal mesoporous structure was main-
tained up to 75/25 methoxyethanol/ethanol ratio. This effect can be related to the slower
condensation rate of the silica network in the presence of 2-methoxyethanol as cosolvent.
These structural changes were accompanied by a 10% decrease of the surface area, as mea-
sured by nitrogen sorption. A weaker long-range ordering was obtained for the samples
synthesized at elevated temperature of 50 ◦C. These textural and structural observations
show that varying the solvent conditions and temperature allows one to tune and optimize
the porosity and intrapore surface of the materials, which is of primary importance for their
applications as sorbent materials. In future work the effect of other synthesis conditions
should be explored aiming to achieve the highest porosity, high specific surface and surface
quality modification by functional groups, for achieving efficient binding of metal and
organic pollutants.

Selected samples were tested for adsorption of metal pollutants from aqueous phase.
The adsorption equilibrium data of Pb(II) and Cu(II) followed the Sips and the Langmuir
isotherms, while the Freundlich model did not fit the experimental data. The modeling
showed that the heterogeneity of the adsorbent materials surface was very low, suggesting
that the adsorption mechanism approached monolayer adsorption. Comparison of the
adsorption performance of the prepared materials to various adsorbents from the literature
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revealed that the adsorption capacity of the present mesoporous silica is comparable to some
simple materials, but lower than many of the much more expensive composite materials.

This study showed that while the modification of the structure, overall dimension and
pore size can be tuned easily within narrow limits by changing the solvent composition,
the resulting effect on the adsorption performance is not particularly strong within the
investigated synthesis conditions. This is attributed to the relatively small change of the
pore size and internal surface by the simple solvent variation method. Replacement of
the traditional CTAB with longer or shorter alkyl chain surfactants can efficiently vary the
porosity within a certain range. Furthermore, using more eco-friendly biosurfactants may
be beneficial in long term, after resolving the most prohibitive factors such as their high
costs and low productivity [76].

4. Materials and Methods
4.1. Sample Preparation

The following chemicals were used: tetraethoxysilane (TEOS), (99%, for analysis, Fluka
Chemie, Buchs, Switzerland); hexadecyltrimethyl ammonium bromide (CTAB, Sigma-Aldrich,
Darmstadt, Germany); ethanol (Chimopar, Bucharest, Romania); 2-methoxyethanol (99%, for
analysis, Sigma-Aldrich); ammonia solution 25% (Adra Chim SRL, Bucharest, Romania).

Ordered mesoporous silica materials were prepared by sol-gel synthesis in alka-
line conditions, using TEOS as silica precursor and CTAB as pore forming agent, adopt-
ing traditional methods [22,77] for using solvent mixtures. As solvent, ethanol and
2-methoxyethanol were used in different proportions. A quantity of 1 g CTAB was added
to 192.49 mL of distilled H2O under stirring. After the solution turned clear, 68 mL of
alcohol was added and then 23.2 mL of aqueous ammonia solution (25%) was added, and
the samples were stirred for 30 min. Ethanol was used for the first sample from each series
and it was progressively substituted with 2-methoxyethanol for the next three samples in
each series. After that, 4 mL of TEOS was poured into the solution slowly under stirring.
Stirring continued for 3 h. After about 20 h, the solid product was recovered by filtration
and washed several times with distilled water with repeated filtrations until the pH of the
washing water approached the pH value of the distilled water. The samples were dried at
room temperature until the next day, then further dried for several hours at 90 ◦C. CTAB
was removed by calcination at 550 ◦C during 6 h, after a heating ramp with 1 ◦C/min. The
sample names and synthesis parameters are shown in Table 4.

Table 4. Synopsis of the synthesized samples.

Sample Name CTAB
(g)

TEOS
(mL)

Synthesis
Temperature

H2O
(mL)

Ethanol
(mL)

2-Methoxyethanol
(mL)

MeOET-0%-RT 1 4 r.t. 192.5 68 0
MeOET-25%-RT 1 4 r.t. 192.5 51 17
MeOET-50%-RT 1 4 r.t. 192.5 34 34
MeOET-75%-RT 1 4 r.t. 192.5 17 51
MeOET-0%-50C 1 4 50 ◦C 192.5 68 0

MeOET-25%-50C 1 4 50 ◦C 192.5 51 17
MeOET-50%-50C 1 4 50 ◦C 192.5 34 34
MeOET-75%-50C 1 4 50 ◦C 192.5 17 51

4.2. Characterization Methods

FTIR spectra were taken on KBr pellets with a JASCO–FT/IR-4200 apparatus. Samples
after drying (the xerogel samples) as well as after calcination were studied. N2 physisorp-
tion measurements were done at 77 K using a Quantachrome Nova 1200e apparatus. Prior
to the analysis the samples were dried and degassed in vacuum at 80 ◦C for 4 h.

The surface area was determined by the BET (Brunauer–Emmet–Teller) equation in
the relative pressure range (P/P0) 0.01–0.25. Pore size distribution was evaluated with
BJH (Barrett-Joyner-Halenda) and DFT (Density Functional Theory) methods. Total pore
volumes were determined using the relative pressure point closest to 1.
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Thermal measurements were performed on a Setaram LabsysEvo (Lyon, France)
TG-DSC system, in flowing (90 mL/min) high purity (99.999%) synthetic air (20% O2
in N2) atmosphere. Samples were weighed into 100 µL Al2O3 crucibles (the reference
cell was empty) and were heated from 25 ◦C to 800 ◦C with a heating rate of 10 ◦C/min.
The obtained data was blank corrected and further processed with the software Calisto
Processing, ver. 2.08. The temperature scale and calorimetric sensitivity were calibrated by
a multipoint calibration method in which seven different certified reference materials were
used to cover the thermal analyzer’s entire operating temperature range.

Transmission electron microscopy (TEM) investigation was carried out on a Philips
CM20 transmission electron microscope equipped with LaB6 electron gun operating
at 200 kV. The samples for TEM were prepared by drop-drying suspensions on holey
carbon foil coated copper grids.

Small-angle neutron scattering measurements were performed on the YuMO time-of-
flight instrument operating at the IBR-2 pulsed reactor source in Dubna, Russia [78,79]. The
scattered neutrons were detected using the time-of-flight method by a two-detector set-up
with ring wire detectors [80]. Measurements were performed on dry powders at room
temperature. Corrections for transmission, background and empty aluminium container
scattering were performed using SAS software [81].

Ultrasmall-angle neutron scattering measurements were performed on a double-bent
crystal instrument MAUD operating at the thermal channel of the LVR15 10 MW research
reactor in Řež, Czech Republic [82].

4.3. Metal Ion Adsorption Measurements

For the metallic ion adsorption experiments, 1000 mg/L metallic ion solution in HNO3
0.5 mol/L (Merck standard solution) was used. All other metallic ion solutions were
prepared from this solution with appropriate dilution. The pH of the sample solutions
was pH 5 and was adjusted by using NaOH buffer solutions with the concentration in
the 0.05–0.2 M range, measured using a Mettler Toledo Seven Compact S210 pH meter.
Distilled water was used in all experiments.

Equilibrium isotherms were constructed using 0.1 g adsorbent materials placed
in 25 mL Cu(II) solution at different initial concentrations (5–250 mg/L), and 25 mL Pb(II)
solution at different initial concentrations (5–500 mg/L), at room temperature (25 ± 1 ◦C)
and with a stirring time 2 h, using a thermostated shaker bath Julabo SW23, and shaking
speed 200 rpm. The equilibrium time for isotherms adsorption was determined varying
the time in the range 15–180 min for a Me(II) ions concentration of 10mg/L. After deter-
mination of the residual concentration of the metallic ions and the adsorption capacity, it
was found that after 2 h the adsorption capacity has a constant value. After stirring, the
samples were separated trough filtration. The residual concentration of the metallic ions in
filtrate was analysed by atomic absorption spectrometry using a Varian SpectrAA 280 Fast
Sequential Atomic Absorption Spectrometer with an air-acetylene flame.
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Silica-Coated Magnetic Nanocomposites for Pb2+ Removal from Aqueous Solution. Appl. Sci. 2020, 10, 2726. [CrossRef]

68. Qureashi, A.; Pandith, A.H.; Bashir, A.; Manzoor, T.; Malik, L.A.; Sheikh, F.A. Citrate Coated Magnetite: A Complete Magneto
Dielectric, Electrochemical and DFT Study for Detection and Removal of Heavy Metal Ions. Surf. Interfaces 2021, 23, 101004.
[CrossRef]

69. Melnyk, I.V.; Pogorilyi, R.P.; Zub, Y.L.; Vaclavikova, M.; Gdula, K.; Dąbrowski, A.; Seisenbaeva, G.A.; Kessler, V.G. Protection of
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4-Dialkylamino-2,5-dihydroimidazol-1-oxyls with Functional
Groups at the Position 2 and at the Exocyclic Nitrogen:
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Abstract: Local acidity and electrostatic interactions are associated both with catalytic properties
and the adsorption activity of various materials, and with the vital functions of biomolecules. The
observation of acid–base equilibria in stable free radicals using EPR spectroscopy represents a
convenient method for monitoring pH changes and the investigation of surface electrostatics, the
advantages of which are especially evident in opaque and turbid samples and in porous materials
such as xerogels. Imidazoline nitroxides are the most commonly used pH-sensitive spin probes and
labels due to the high sensitivity of the parameters of the EPR spectra to pH changes, their small size,
and their well-developed chemistry. In this work, several new derivatives of 4-(N,N-dialkylamino)-
2,5-dihydrioimidazol-1-oxyl, with functional groups suitable for specific binding, were synthesized.
The dependence of the parameters of their EPR spectra on pH was studied. Several showed a pKa

close to 7.4, following the pH changes in a normal physiological range, and some demonstrated a
monotonous change of the hyperfine coupling constant by 0.14 mT upon pH variation by four units.

Keywords: nitroxide; spin label; spin probe; EPR; local pH; surface electrostatics; near-surface layer

1. Introduction

Interfacial phenomena and local protonation effects play an important role in bio-
physics, biochemistry, and in the chemistry of heterogeneous systems [1]. Catalytic and
sorption properties of various materials are dependent on the local acidity and electro-
static interactions inside the pores [2]. Measurements of the local acidity and electrostatic
potential of the inner pore surfaces represent a problem of great practical interest. Sev-
eral methods have been developed for the characterization of the acid–base properties of
different surface locations [3].

EPR spectroscopy of ionizable nitroxides is a convenient method for the investigation
of the above-mentioned phenomena [2,4,5], and is fully applicable to opaque or turbid
materials [5,6]. Nitroxide spin probes are small enough to penetrate directly into the pores
and to be adsorbed onto the surface of the material under study. The protonation of basic
centers in specially designed spin probes affects the hyperfine coupling A-tensor and g-
factor matrix, as well as the rotational dynamics of the nitroxide molecule in the proximity
of charged surfaces, and this is reflected in the EPR spectra [7]. An analysis of these data
gives information about the acidic centers in the material and the local surface electrostatic
potential. Recently, EPR studies using pH-sensitive spin probes were successfully used for
the investigation of binary TiO2-SiO2 xerogels [8].

Imidazoline nitroxides are the most commonly used pH-sensitive spin probes and
labels due to the high sensitivity of the parameters of the EPR spectra to pH changes, their
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small size, and their well-developed chemistry. A large number of pH-sensitive nitroxides
of the imidazoline series have been prepared [1,4,9]. Some of them are highly sensitive to
pH changes in physiologically important regions. The development of a convenient method
for the synthesis of 4-(N,N-dialkylamino)-2,5-dihydrioimidazol-1-oxyls from 4H-imidazole-
3-oxides [10] allowed for easy variation of the substituents in position two of the heterocycle
to prepare useful spin probes. Examples illustrating the benefits of this strategy include
the synthesis of nitroxides with two pKa values showing high sensitivity in a broad range
of pH [11,12], e.g., Scheme 1, label 1, and pH-sensitive alkylating spin, labels 2a–c [13–15],
which were used to prepare the hydrophilic spin probes from glutathione [13,14], thiol-
specific pH-sensitive spin, label 3, for site-directed labeling of proteins and lipids [16,17],
and siloxane-derived spin, label 4, capable of binding to silica or alumina surfaces [7].
Despite the significant advances in this area, the broad variety of potential research objects
produces a request for new pH-sensitive spin labels capable of specific attachment. Here we
describe a new set of pH-sensitive imidazoline nitroxides with various functional groups in
the side chain. Some of them may find an application in material science or in biophysics.
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Scheme 1. Structure of the nitroxides 1–4.

2. Results and Discussion

The high reactivity of 2 in nucleophilic substitution reactions offers easy access to new func-
tional derivatives. Expectedly, 2b readily reacts with sodium azide to produce 5 with a nearly
quantitative yield. Nitroxide azides can be used for the spin labeling of acetylene-modified
molecules via Huisgen 1,3-dipolar cycloaddition [18,19]. In analogy to the literature [20], a
reaction of 5 with tetraisopropyl but-3-yne-1,1-diyldiphosphonate 6 in the presence of Cu(II)
salt and ascorbic acid after subsequent re-oxidation produced 7 (Scheme 2).

The addition of nitroxides with a terminal acetylene group to azide-modified
biomolecules, e.g., nucleic acids, is another way to use the Huisgen-click reaction for
spin labeling. Terminal acetylenes can also be attached via Pd-catalyzed coupling [21]. A
spin label with a terminal acetylene group was prepared from 8 in two steps (Scheme 3).
The oxidation of benzyl alcohol 8 with the activated manganese dioxide in methanol
smoothly led to the formation of the corresponding aldehyde 9, with the nitroxyl group and
the amidine moiety being unaffected. Alternatively, 8 can be oxidized to the aldehyde 9
with 1-oxo-2,2,6,6-tetramethylpiperidinium chloride 10 with similar yield. The aldehyde 9
readily reacts with Bestmann-Ohira reagent to produce 11 with a yield of 84% [22]. The
structure of 11 was confirmed with X-ray analysis data (Figure S1).
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Scheme 3. Synthesis of the nitroxide 11.

Unless the attachment of a pH-sensitive nitroxide to a primary amino group is suc-
cessfully performed via alkylation with 2b [7], the acylation reaction is more selective,
allowing for the binding of a single nitroxide to the site. Carboxylic acids can be easily
prepared from 8. Here we used a convenient one-pot process, where the reaction of 8 with
an oxoammonium salt 10 was followed by the Lindgren-Kraus-Pinnick procedure [23]
(Scheme 4). The carboxylic acid 12 was isolated with a 95% yield. To activate carboxylic
group for acylation, the nitroxide 12 was treated with SOCl2 in the presence of pyridine.
The chloroanhydride formed readily reacted with ethanol to give ester 14. The reaction of
13 with N-hydroxysuccinimide (NHS) produced spin label 15.

Another nitroxide with a carboxylic group on a longer spacer was prepared in one
step from 8 via acylation with succinic anhydride (Scheme 5).

The EPR spectra of nitroxides 7, 11, 12, 15, and 16 are strongly pH-dependent with
∆aN > 0.1 mT, and a pKa between 6 and 6.7 (Table 1). The titration curves demonstrate
optimal sensitivity in slightly acidic media [14,15], but the sensitivity is not optimal in
the normal physiological range of 7.35–7.45 [24]. Similar structures without aromatic
substituents are known to show higher pKa values [11].

To prepare 2-functionalized nitroxides with a pKa above 7, the reaction of 4H-imidazol-
3-oxide 17 with Grignard reagents was used (Scheme 6). The treatment of 17 with alkenyl-
magnesium bromides produced nitroxides with a terminal ethylene bond 18a,b. The
hydroboration of 18a,b with 9-BBN, followed by oxidation with hydrogen peroxide, was
performed using the protocol developed by Hideg for 2-allyl pyrrolidine nitroxides [25].
The reaction produced alcohols 19a,b, which were then treated with carbonyldiimidazole
(CDI) to give 20a,b. To demonstrate the feasibility of the carbonylimidazole pH-sensitive
spin labels for binding to primary amino groups, 20b was allowed to react with N,N-
diethyl-1,3-diaminopropane.
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Table 1. Titration data for the pH-sensitive niroxides: HFC constants for protonated and unprotonated
forms, changes in hyperfine splitting between these forms, ∆aN,, and pKa values.

Nitroxide
aN, mT

∆aN, mT pKa
R·H+ R·

5 1.434 1.539 0.105 6.42

7 1.429 1.531 0.102 6.24

8 1.424 1.529 0.105 6.54

11 1.436 1.539 0.103 6.21

12 1.417 1.522 0.105 6.50

15 1.422 1.531 0.109 6.49

16 1.466 1.575 0.109 6.64

18a 1.479 1.586 0.107 7.14

18b 1.468 1.565 0.097 7.20

19a 1.493 1.589 0.096 7.25

19b 1.472 1.567 0.095 7.28

20a 1.459 1.555 0.096 6.95

20b 1.448 1.545 0.097 7.24 ± 0.05

21 1.472 1.565 0.093 7.19

22 1.468 1.562 0.094 7.64

23 1.471 1.569 0.098 7.09

24 1.434 1.529 0.095 6.81 ± 0.05

25 1.482 1.587 0.105 7.50
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The nitroxide 21 was isolated with a 60% yield. The oxidative cleavage of the ter-
minal double carbon–carbon bond in 18b with osmium tetraoxide–oxone system yielded
carboxylic acid 22.

The addition of 2-(1,3-dioxolan-2-yl) ethylmagnesium bromide to 17 is another con-
venient way to create 2-functionalized pH-sensitive spin labels. The reaction produced
nitroxide 23 with a high yield. The dioxolane protection group in 23 was readily removed
under relatively mild conditions to give the corresponding aldehyde 24, which can be either
oxidized to carboxylic acid 25 using the Lindgren-Kraus-Pinnick procedure, or reduced
with sodium borohydride to 19a. The sequence 17→ 23→ 24→ 19a gives a remarkably
higher yield of the target nitroxide than the addition of allylmagnesium bromide with
subsequent hydroboration. A titration of the nitroxides 20, 22, and 25 showed that they
may be valuable spin labels and probes with high sensitivities to changes of pH within the
physiological range (see Table 1, Figure 1 and Supplementary Materials).
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An investigation of the surfaces of many inorganic and organo-inorganic materials
(catalysts, sorbents, etc.) requires nitroxides with a high sensitivity to acidity changes
within a broad range of pH. A good example of such a spin probe is two-pKa nitroxide 1,
which was successfully used in numerous studies [8,26–31]. A covalent attachment of
similar nitroxides to the surface of a catalyst or a sorbent may provide a useful method for
studies of the near-surface layer in these materials. Here we designed analogs of 1 with a
functional group in a substituent at the exocyclic nitrogen atom of the amidine moiety.

N-(4-(1,3-dioxolan-2-yl)benzyl)-N-methylamine 26 was prepared in two steps from
tereftaldicarboxaldehyde 27 (Scheme 7).
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Scheme 7. Synthesis of N-(4-(1,3-dioxolan-2-yl)benzyl)-N-methylamine (26).

A reaction of the 5-cyano-4H-imidazole-3-oxide 29 with 26 resulted in cyanide substitu-
tion with the formation of 30, and the latter was treated with an excess of ethylmagnesium
bromide (Scheme 8). The nitroxide 31 was isolated after a quenching of the reaction mixture
with water and oxidation. To hydrolyze the dioxolane ring, 31 was heated to reflux in
0.5 M aqueous HCl. The resulting aldehyde 32 was reduced with sodium borohydride to
the corresponding alcohol 34, or oxidized with sodium chlorite to carboxylic acid 33 as
described above for 23. Similarly to 11, the nitroxide 33 was converted into succinimidyl
ester 35 via a reaction of in situ generated chloroanhydride with NHS.
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Titration of the nitroxides 32–35 showed a gradual monotonous increase of HFC on
the nitroxide nitrogen atom by ca. 0.14 mT upon a pH change from 1.5 to 5.5 (see Figure 2,
Table 2, and Supplementary Materials). The shape of the titration curve perfectly corre-
sponded to a two-step acid–base equilibrium, and fitting with the Henderson-Hassellbalch
function (Equation (2), see experimental part) gave two pKa values for each nitroxide
(Table 1), corresponding to the sequential protonation of the basic centers, amidine group
and pyridine nitrogen.
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Table 2. Titration data for the pH-sensitive niroxides: HFC constants for double protonated, mono-
protonated, and unprotonated forms, changes in hfi splitting, ∆aN, between these forms, pK values.

Nitroxide
aN, mT

∆aN, mT pK
R·H2

2+ R·H+ R

32 1.376 1.460 1.514 0.084
0.054

2.24 ± 0.02
4.73 ± 0.02

33 1.377 1.457 1.516 0.080
0.059

2.36 ± 0.02
4.86 ± 0.02

34 1.377 1.454 1.517 0.077
0.063

2.58 ± 0.02
4.85 ± 0.03

35 1.377 1.469 1.519 0.092
0.050

2.20 ± 0.01
4.89 ± 0.01

In accordance with the general concept of basicity, the pKa value of the amidine
fragment should be higher than that of the pyridine one. However, according to the
simulation, the protonation of the center with a more acidic pKa is accompanied by a
change in the hyperfine constant by 0.077–0.092 mT, which is typical of the amidine group
in 4-amino-2,5-dihydroimidazol-1-oxyls, while the higher pKa (4.73–4.89) corresponds to
a smaller change in the hyperfine constant (0.05–0.063 mT), which may correspond to
pyridine moiety protonation. Moreover, the basic pKa showed minor dependence on the
nature of the substituent at the exocyclic nitrogen, while the acidic pKa varies from 2.58 for
34 to 2.19 for 35. Meanwhile, a comparison of 34 and 35 shows that an increase in the
electron-withdrawing character of the substituent at the exocyclic nitrogen leads to an
increase of ∆aN in the more acidic region, and a decrease of that correspondent to higher
pKa. A comparison of the titration data for 1 and 36 [11] gives similar results. Data in
the literature show that pKa values for 4-amino-2,5-dihydroimidazol-1-oxyls are strongly
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dependent on substituents at exocyclic nitrogen and can go below four [32,33]. Thus, it is
obvious that the pyridine nitrogen and amidine group in 31–35 have similar basicity and
the contribution of different monoprotonated forms is varying depending on the electronic
effect of the substituents at the exocyclic nitrogen.

3. Conclusions

In this paper feasibility of the approach to synthesis of pH-sensitive spin labels of 4-
amino-2,5-dihydrioimidazol-1-oxyl series was once again demonstrated. We have showed
that various functional groups can be easily placed in the substituents both in position 2
and to exocyclic nitrogen to make the spin probe suitable for a specific purpose. The
potential of this synthetic scheme is still far from exhaustion.

4. Materials and Methods
4.1. General Information

The nitroxides and 4H-imidazol-3-oxides 2b, 8, 17 and 29 were prepared according to
the literature protocols [10,11,14]. 1,1′-Carbonyldiimidazole and Ohira-Bestmann Reagent
(dimethyl (1-diazo-2-oxopropyl)phosphonate, 10% solution in acetonitrile) were purchased
from TCI Europe N.V. (Zwijndrecht, Belgium); 2-(2-bromoethyl)-1,3-dioxolan and 9-BBN
0.5 M solution in THF were purchased from Acros Organics B.V.B.A. (Geel, Belgium).

The IR spectra were recorded on a Bruker Vector 22 FT-IR spectrometer (Bruker,
Billerica, MA, USA) in KBr pellets (1:150 ratio) or in neat samples (for oily compounds).
UV spectra were acquired on a HP Agilent 8453 spectrometer (Agilent Technologies, Santa
Clara, CA, USA) in ethanol solutions (concentration ~10−4 M). NMR spectra 1H and
13C were recorded on a Bruker AV-300 (300.132 and 75.467 MHz), AV-400 (400.134 and
100.614 MHz). 1H and 13C chemical shifts (δ) were internally referenced to the residual
solvent peak. The nitroxides were reduced to diamagnetic compounds with PhSH [34],
N2D4 [35], Zn/CF3COOH [36], or Zn/ND4Cl/D2O [37] prior to recording the 1H NMR
spectra. HRMS analyses were performed with High Resolution Mass Spectrometer DFS
(Thermo Electron, Brehmen, Germany). Reactions were monitored by TLC carried out using
UV light 254 nm or 1% aqueous permanganate. Column chromatography was performed
on silica gel 60 (70−230 mesh).

The X-ray diffraction experiment was carried out on a Bruker KAPPA APEX II (Bruker,
Billerica, MA, USA) diffractometer (graphite-monochromated Mo Kα radiation). Reflection
intensities were corrected for absorption by SADABS-2016 program [38]. The structure
of compound 11 was solved by direct methods using the SHELXT-2014 program [39] and
refined by anisotropic (isotropic for all H atoms) full-matrix least-squares method against
F2 of all reflections by SHELXL-2018 [40]. The positions of the hydrogen atoms were
calculated geometrically and refined in riding model. One of the geminal ethyl groups is
disordered due to thermal motion at approximate ratio 3:2. Crystallographic data for 11
have been deposited at the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC 2124865. Copy of the data can be obtained, free of charge, by appli-
cation to CCDC, 12 Union Road, Cambridge CB21EZ, UK (Fax: +44-122-3336033 or e-mail:
deposit@ccdc.cam.ac.uk; internet: www.ccdc.cam.ac.uk (accessed on 29 November 2021)).
The details are shown in Supplementary Materials.

4.2. Synthesis

2-(4-(Azidomethyl)phenyl)-2,5,5-triethyl-4-pyrrolidino-2,5-dihydro-1H-imidazol-1-oxyl (5)
A mixture of 2b hydrochloride [15] (320 mg, 0.82 mmol), sodium hydrocarbonate

(250 mg, 3 mmol), diethyl ether (30 mL), and water (20 mL) was vigorously stirred until
powder of 2b completely dissolved. The ether solution was separated and concentrated
in vacuum without heating. The residue was dissolved in DMSO (5 mL), a solution of
NaN3 (0.5 g, 7.7 mmol) was added, and the mixture was stirred at 60 ◦C for 10 h. The
mixture was diluted with water (20 mL) and saturated solution of NaCl (50 mL) and
extracted with diethyl ether. The extract was washed with saturated solution of NaCl and
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dried with Na2CO3, concentrated in vacuum, and the residue was separated using column
chromatography on silica gel, eluent chloroform, to give 5, yield 290 mg (95%), yellow
crystals, m.p. 63–65 ◦C (hexane). Elemental analysis, found: C, 65.33; H, 8.01; N, 22.47;
calcd. for C20H29N6O: C, 65.01; H, 7.91; N, 22.75%. IR (KBr) νmax: 2091 (N3), 1597 and 1574
(C=N, C=C).

Tetraisopropyl but-3-yne-1,1-diyldiphosphonate (6)
(In analogy to procedure by C. Li and C. Yuan [41]) Tetraisopropyl methylenediphos-

phonate (5 g, 14.5 mmol) was added dropwise to a stirred suspension of NaH (0.8 g 50%
content, 16.7 mmol) in dry THF (50 mL) under argon. After hydrogen evolution ceased,
propargyl bromide (1.1 mL, 14.5 mmol) was added dropwise under argon to the stirred
suspension. The mixture was stirred for 3 h, then the mixture was diluted with water
(50 mL) and pH was adjusted to neutral with hydrochloric acid. The mixture was extracted
with diethyl ether, the extract was dried with Na2CO3 and concentrated in vacuum. The
residue was separated using column chromatography on silica gel, eluent chloroform, to
give 6, yield 1.4 g (25%), colorless liquid. Elemental analysis, found: C, 50.35; H, 8.49;
P, 16.10; calcd. for C16H32O6P2: C, 50.26; H, 8.44; P, 16.20%; IR (neat) νmax (cm−1): 2122
(C≡C). 1H NMR (400 MHz; CDCl3, δ): 1.25 (24H, m, CH3), 1.93 (1H, t, J 2.3, ≡CH), 2.43
(1H, br tt, Jt1 24, Jt2 5.9, P−CH−P), 2.64 (2H, tdd, Jt 16, Jd1 5.9, Jd2 2.3, CH2), 4.7 (4H, m,
O−CH<); 13C{1H} NMR (150 MHz; CDCl3, δ): 15.87 (t, JP 4.8, CH2), 23.70 (dd, JP-1 5.8, JP-2
1.4, CH3), 24.05 (t, JP 3.5, CH3), 37.87 (t, JP 135.7, P2CH), 69.66 (s, ≡CH), 71.36 (dd, JP-1 5.7,
JP-2 6.5, OCH), 81.60 (t, JP 9.7, –C≡).

2-(4-((4-(2,2-Bis(diisopropoxyphosphoryl)ethyl)-1H-1,2,3-triazol-1-yl)methyl)phenyl)-2,5,5-triethyl-
4-pyrrolidino-2,5-dihydro-1H-imidazol-1-oxyl (7)

Ascorbic acid (140 mg, 0.79 mmol) was added to a mixture of 5 (241 mg, 0.65 mmol),
6 (259 mg, 0.67 mmol), EtOH (1.5 mL), H2O (1.5 mL), and saturated solution of CuSO4
in water (0.15 mL). The mixture was stirred for 2 h, then PbO2 (1 g, 4.17 mmol) was
added, the mixture was stirred for 1 h, then the precipitate was filtered off and washed
with ethanol. The combined solutions were evaporated in vacuum and the residue was
separated using column chromatography on silica gel, eluent chloroform, to give 7, yield
320 mg (65%), yellow oil. Elemental analysis, found: C, 57.23; H, 8.30; N, 10.98; P, 8.35;
calcd. for C36H61N6O7P2: C, 57.51; H, 8.18; N, 11.18; P, 8.24%; IR (neat) νmax (cm−1): 1595,
1576 (C=N, C=C). 1H NMR (300 MHz; CD3OD–CDCl3, reduced with Zn in ND4Cl/D2O,
δ): 0.76 (3H, t, J 7, CH3), 0.90 (3H, t, J 7, CH3), 1.04 (3H, t, J 7, CH3), 1.26 (24H, m, C(CH3)2),
1.45 (2H, m, CH2Me), 1.83 (1H, m, CH2Me), 2.12 (7H, br m, CH2Me and C-CH2CH2-C),
2.86 (1H (partly exchanged), tt, JP 23, JH 6, P–CH–P), 3.26 (2H, br t, JP 16.5, P2C−CH2−),
3.7 (4H, m, CH2−N−CH2), 4.69 (4H, septet, J 6, O−CH), 5.51 (2H, s, Ar−CH2), 7.32 (2H,
d, J 8, CH Ar), 7.39 (1H, s, OH), 7.52 (2H, d, J 8, CH Ar), 7.69 (1H, s, N−CH=); 1H NMR
(300 MHz; CD3OD–CDCl3, reduced with Zn/CF3COOH in CD3OD, 65 ◦C, δ): 0.85 (3H,
t, J 7, CH3), 0.89 (3H, t, J 7, CH3), 1.04 (3H, t, J 7, CH3), 1.19 (6H, d, J 6, C(CH3)2), 1.27
(6H, d, J 6, C(CH3)2), 1.33 (12H, d, J 6, C(CH3)2), 1.49 (2H, m, CH2Me), 2.02 (8H, br m,
CH2Me and C−CH2CH2−C), 2.99 (1H (partly exchanged), tt, JP 24, JH 6, P−CH-P), 3.26
(2H, m, P2C−CH2−), 3.7 (4H, m, CH2−N−CH2), 4.75 (4H, septet, J 6, O−CH), 5.56 (2H, s,
Ar−CH2), 7.37 (2H, d, J 8, CH Ar) and 7.60 (2H, d, J 8, CH Ar), 7.75 (1H, s, N−CH=); 31P
NMR (121.497 MHz; CD3OD-CDCl3, reduced with Zn in ND4Cl/D2O, δ): 20.44, 20.47.

2,5,5-Triethyl-2-(4-formylphenyl)-4-pyrrolidino-2,5-dihydro-1H-imidazol-1-oxyl (9)
Method A
Activated manganese dioxide (4 g, 46 mmol) was added to a stirred solution of 8 (0.4 g,

1.16 mmol) in methanol (50 mL). The mixture was stirred for 4 h, manganese oxides were
filtered off through celite 281, the solvent was distilled off in vacuum and the residue was
separated using column chromatography on silica gel, eluent chloroform, to give 9, yield
340 mg (85%), yellow crystals, m.p. 84–85 ◦C dec. (chroloform-hexane). Elemental analysis,
found: C, 70.20; H, 8.15; N, 12.31; calcd. for C20H28N3O2: C, 70.14; H, 8.24; N, 12.27%. IR
(KBr) νmax (cm−1): 1697 (C=O); 1593, 1570 (C=N, C=C); UV (EtOH) λmax (log ε): 229 (4.22),
253 (4.26).
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Method B
A powder of 2,2,6,6-tetramethylpiperidinium chloride (0.4 g, 2.03 mmol) was added to a

solution of 8 (0.5 g, 1.5 mmol) in chloroform (10 mL) and the solution was stirred for 2 h at room
temperature. The solvent was distilled off in vacuum, the residue was separated using column
chromatography on silica gel, eluent chloroform, to give 9, yield 440 mg (85%).

2,5,5-Triethyl-2-(4-ethynylphenyl)-4-pyrrolidino-2,5-dihydro-1H-imidazol-1-oxyl (11)
A solution of dimethyl (1-diazo-2-oxopropyl)phosphonate in acetonitrile (10%, 0.7 mL,

0.31 mmol) was added to a mixture of 8 (100 mg, 0.29 mmol), freshly annealed K2CO3
(84 mg, 0.61 mmol) and anhydrous methanol (5 mL). The mixture was stirred overnight,
methanol was distilled off in vacuum, the residue was triturated with ethyl acetate, the
precipitate was filtered off and washed with ethyl acetate, the combined solution was
concentrated in vacuum and separated by column chromatography on silica gel, eluent
diethyl ether–hexane 1:1 to give 11, yield 82 mg (84%), orange crystals, m.p. 156–158 ◦C
(hexane-ethyl acetate). Elemental analysis, found: C, 74.81; H, 7.97; N, 12.50; calcd. for
C21H28N3O: C, 74.52; H, 8.34; N, 12.41%. IR (KBr) νmax (cm−1): 3151 (≡C–H), 2094 (C≡C);
1587, 1554 (C=N, C=C).

2-(4-Carboxyphenyl)-2,5,5-triethyl-4-pyrrolidino-2,5-dihydro-1H-imidazol-1-oxyl (12)
A solution of 8 (0.5 g, 1.5 mmol) in CHCl3 (10 mL) was cooled to 0 ◦C and 2,2,6,6-

tetramethyloxopiperidinium chloride (10) (0.4 g, 2.0 mmol) was added in one portion. The
mixture was stirred for 2 h at 0 ◦C. Then 2-methylbut-2-ene (1.8 mL, 17.4 mmol) was added
to reaction mixture followed by addition of a solution of NaClO2 (0.9 g, 9.8 mmol) and
KH2PO4 (1.3 g, 9.8 mmol) in H2O (44 mL). The mixture was stirred for 2 h, the organic
layer was separated, washed with saturated aqueous solution of Na2CO3 (3 × 20 mL) and
concentrated in vacuum. The residue was separated by column chromatography on silica
gel using CHCl3–EtOH mixture (100:16) as an eluent to give light-yellow crystals of 12,
yield 463 mg (89%), m.p. 205–207 ◦C (AcOEt—i-PrOH 10:1). Elemental analysis, found:
C, 66.85; H, 7.87; N, 11.71; calcd. for C20H28N3O3: C, 67.01; H, 7.87; N, 11.72%. IR (KBr)
νmax (cm−1): 2974 (C–H), 1693 (C=O), 1591 (C=N), 1571 (C=C). UV (EtOH) λmax (log ε):
232 (4.41). 1H NMR (400 MHz; CD3OD–CDCl3, reduced with PhSH, δ): 0.78 (3H, t, J 7.3,
CH3), 0.85 (3H, t, J 7.3, CH3), 0.95 (3H, t, J 7.3, CH3), 1.00–1.12 (2H, m, CH2, Et), 1.36, 1.75
(2H, AB, CH2, Et), 1.85–1.99 (2H, m, CH2, Et), 2.00 (4H, m, 4CH2, Pyrr), 3.50–3.55 (4H, m,
CH2−N−CH2, Pyrr), 7.66 (2H, d, J 8, CH Ar), 8.01 (2H, d, J 8, CH Ar).

2-(4-(Ethoxycarbonyl)phenyl)-2,5,5-triethyl-4-pyrrolidino-2,5-dihydro-1H-imidazol-1-oxyl (14)
Pyridine (340 µL, 4.2 mmol) was added to a suspension of 12 (0.5 g, 1.4 mmol) acid in

dry CHCl3 (10 mL). The resulting solution was stirred at 0 ◦C, and SOCl2 (130 µL, 1.8 mmol)
was added dropwise. The stirring continued for 3 h, then ethanol (1 mL, 17 mmol) was
added in one portion. The mixture was stirred for 2 h, the solvent was removed in vacuum,
and the residue was separated using column chromatography on silica gel, eluent CHCl3–
EtOH 200:1, to give 14, yield 352 mg (65%), yellow crystals, m.p. 85–90 ◦C (hexane).
Elemental analysis, found: C, 68.60; H, 8.10; N, 10.80; calcd. for C23H32N3O3: C, 68.27; H,
8.35; N, 10.87). IR (KBr) νmax (cm−1): 2970 (C–H), 1718 (C=O), 1593 (C=N), 1571 (C=C).
UV (EtOH) λmax (log ε): 231 (4.45). 1H NMR (300 MHz; CDCl3-CD3OD, reduced with
Zn/CF3COOH in CD3OD, 65 ◦C, δ): 0.62 (3H, t, J 7.2, CH3), 0.68 (3H, t, J 7.4, CH3), 0.81
(3H, t, J 7.5, CH3), 0.88–1.12 (2H, m, CH2, Et), 1.17 (3H, t, J 7.1, CH3CH2O), 1.2, 1.60–1.84
(4H, m, CH2, Et2), 1.89 (4H, m, C−CH2CH2−C, Pyrr), 3.44 (4H, m, CH2–N–CH2, Pyrr),
4.15 (2H, q, J 7.1, CH2O), 7.44 (2H, d, J 8, CH Ar), 7.80 (2H, d, J 8, CH Ar).

2-(4-((2,5-Dioxopyrrolidinooxy)carbonyl)phenyl)-2,5,5-triethyl-4-pyrrolidino-2,5-dihydro-1H-
imidazol-1-oxyl (15)

Pyridine (100 µL, 1.2 mmol) was added to a suspension of 12 (0.138 g, 0.39 mmol) in
dry CHCl3 (5 mL), the resulting solution was stirred at 0 ◦C, and SOCl2 (30 µL, 0.4 mmol)
was added dropwise. The reaction mixture was stirred for 3 h, then N-hydroxysuccinimide
(44 mg, 0.39 mmol) was added in one portion. The mixture was stirred for 1 h, the solvent
was removed in vacuum, and residue was separated using column chromatography on
silica gel, eluent CHCl3–EtOH (100:1), to give 15, yield 102 mg (58%), yellow crystals, m.p.
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107–108 ◦C (Et2O—hexane 1:2). Elemental analysis, found: C, 63.09; H, 6.86; N, 11.92; calcd.
for C24H31N4O5: C, 63.28; H, 6.86; N, 12.30%. IR (KBr) νmax (cm−1): 2974 (C–H), 1774, 1743
(C=O), 1591 (C=N), 1571 (C=C). UV (EtOH) λmax (log ε): 235 (4.41).

2-(4-((3-Carboxypropanoyloxy)methyl)phenyl)-2,5,5-triethyl-4-pyrrolidino-2,5-dihydro-1H-imidazol-
1-oxyl (16)

Succinic anhydride (0.15 g, 1.5 mmol) was added to a solution of 8 (0.2 g, 0.6 mmol)
in CHCl3 (10 mL) and the reaction mixture was heated to reflux for 2 h. The resulting
solution was washed with H2O (10 mL), dried with Na2SO4, and the solvent was removed
in vacuum. The solid residue was triturated with ether, the crystalline precipitate of 16
was filtered off and washed with diethyl ether, yield 213 mg (80%), yellow crystals, m.p.
168–169 ◦C dec. (Et2O). Elemental analysis, found: C, 64.37; H, 7.52; N, 9.48; calcd. for
C24H34N3O5: C, 64.24; H, 7.71; N, 9.45%. IR (KBr) νmax (cm−1): 2969 (C-H), 1731 (C=O
ester), 1587 (C=N), 1569 (C=O carboxy). UV (EtOH) λmax (log ε): 220 (4.03). 1H NMR
(300 MHz; CDCl3-CD3OD, reduced with Zn/CF3COOH in CD3OD, 65 ◦C, δ): 0.66 (6H, m,
CH3), 0.81 (3H, m, CH3), 1.00, 1.24 (2H, m, CH2, Et), 1.56–1.81 (4H, m, 2 × CH2, Et2), 1.89
(4H, m, C−CH2CH2−C, Pyrr), 2.44 (4H, m, CH2CH2CO2H), 3.44 (4H, m, CH2–N–CH2,
Pyrr), 4.9 (2H, m, CH2O), 7.14 (2H, d, J 8, CH Ar), 7.31 (2H, d, J 8, CH Ar).

2-Allyl-2-ethyl-5,5-dimethyl-4-(pyrrolidino)-2,5-dihydroimidazol-1-oxyl (18a)
A solution of allylmagnesium bromide prepared from allyl bromide (1.69 mL, 20 mmol)

and Mg (0.5 g, 20.5 mmol) in diethyl ether (15 mL) under argon was added dropwise to
a stirred solution of nitrone 17 (0.83 g, 4.0 mmol) in THF (15 mL). The reaction mixture
was stirred for 1 h, then water (30 mL) was added dropwise under vigorous stirring. Then
manganese dioxide (5 g, 57 mmol) was added and the reaction mixture was stirred for
1 h. The manganese oxides were filtered off and the precipitate was washed with tert-
butylmethyl ether. The organic layer was separated, the water solution was saturated
with NaCl and extracted with tert-butylmethyl ether. The combined organic extracts were
concentrated in vacuum and the residue was separated using column chromatography on
Al2O3, eluent tert-butylmethyl ether–hexane (1:1) to give 18a, yield 630 mg (63%), yellow
crystals, m.p. 55–57 ◦C (hexane). Elemental analysis, found: C, 67.22; H, 10.23; N, 16.88;
calcd. for C14H24N3O: C, 67.16; H, 9.66; N, 16.78%. IR (KBr) νmax (cm−1): 2975 (C–H),
1645 (C=C), 1590 (C=N). UV (EtOH) λmax (log ε): 225 (4.17). 1H NMR (400 MHz; CD3OD,
reduced with N2D4, δ): 0.91 (3H, t, J 7, CH3), 1.47 (6H, d, J 2.2, CH3), 1.60–1.83 (4H, m,
CH2, Et), 2.01 (4H, m, CH2–CH2 (pyrr)), 2.39–2.63 (2H, m, CH2–CH=CH2), 3.56 (4H, s,
CH2–N–CH2), 5.08 (2H, m, CH2=CH), 5.97 (1H, tdd, Jt 7, Jd1 10.7, Jd2 17.2, CH2=CH).

2-Ethyl-5,5-dimethyl-2-(pent-4-enyl)-4-(pyrrolidino)-2,5-dihydroimidazol-1-oxyl (18b)
A solution of pent-4-enylmagnesium bromide was prepared from 5-bromopentene

(1.6 g, 12 mmol) and Mg (335 mg, 14 mmol) in THF (20 mL) under argon. This solution
was added dropwise to a stirred solution of 17 (1 g, 4.8 mmol) in THF (20 mL). The reaction
mixture was stirred overnight, then water (4 mL) was added dropwise under vigorous
stirring. The reaction mixture was vigorously stirred in air for 1 h, then organic layer was
separated, and the aqueous layer was extracted with Et2O–EtOH (100:1). The combined
organic extracts were dried with Na2SO4, solvents were distilled off in vacuum, and the
residue was separated by column chromatography on Al2O3 using hexane–CHCl3 mixture
(2:1) as an eluent to give 18b. Yield 931 mg (70%), yellow oil. Elemental analysis, found:
C, 68.93; H, 9.80; N, 15.00; calcd. for C16H28N3O: C, 69.02; H, 10.14; N, 15.09%. IR (KBr)
νmax (cm−1): 2973 (C–H), 1639 (C=C), 1594 (C=N). UV (EtOH) λmax (log ε): 225 (4.19). 1H
NMR (300 MHz; CDCl3-CD3OD, reduced with Zn/CF3COOH in CD3OD, 65 ◦C, δ): 0.65
(3H, m, CH3, Et), 1.16 (2H, m, CH2, Et), 1.23 (2H, s, CH3), 1.32 (4H, s, CH3), 1.36–1.64 (4H,
m, CH2–CH2–Allyl), 1.77 (2H, m, CH2–C=), 1.85 (4H, m, CH2–CH2–CH2–CH2), 3.23, 3.43
(4H, m, CH2–N–CH2), 4.60–4.76 (2H, m, CH2=), 5.48 (1H, tdd, =CH–, Jt 7, Jd1 10.3, Jd2 17,1).

2-Ethyl-2-(3-hydroxypropyl)-5,5-dimethyl-4-(pyrrolidino)-2,5-dihydroimidazol-1-oxyl (19a)
Method A
A solution of 9-BBN in THF (0.5 M, 8 mL, 4.1 mmol) was added dropwise to a stirred

solution of 18a (400 mg, 1.6 mmol) in THF (10 mL) under argon. The reaction mixture
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was vigorously stirred for 4 h, then cooled to 0 ◦C and cold (0 ◦C) aqueous NaOH (20%,
10 mL) and cold (0 ◦C) H2O2 (30%, 3 mL) were added dropwise successively. The mixture
was allowed to warm to room temperature upon stirring (ca. 2 h), organic layer was
separated, dried with Na2CO3, and the solvent was distilled off in vacuum. The residue
was dissolved in CHCl3 (25 mL), anhydrous Na2CO3 (1 g) was added, and mixture was
allowed to stand overnight in air. The solution was concentrated in vacuum and separated
by column chromatography on silica gel using CHCl3–EtOH mixture (100:4) as an eluent
to give 19a. Yield 150 mg (35%), yellow oil. Elemental analysis, found: C, 62.53; H, 9.49;
N, 15.45; calcd. for C14H26N3O2: C, 62.65; H, 9.76; N, 15.66%. IR (KBr) νmax (cm−1): 3386
(br., OH), 1592 (C=N). UV (EtOH) λmax (log ε): 225 (4.07). 1H NMR (400 MHz; CD3OD,
reduced with N2D4, δ): 0.94 (3H, t, J 7.2, CH3, Et), 1.43 (6H, s, CH3), 1.53–1.92 (6H, m,
CH2), 1.98 (4H, m, CH2-CH2-CH2-CH2), 3.52 (4H, s, CH2-N-CH2), 3.57 (2H, br. s, CH2O).
2-Ethyl-2-(5-hydroxypentyl)-5,5-dimethyl-4-(pyrrolidino)-2,5-dihydroimidazol-1-oxyl (19b) was
prepared similarly from 18b. Yield 42%, yellow crystals, m.p. 68–73 ◦C (Et2O). Elemental
analysis found: C, 65.17; H, 10.56; N, 14.08; calcd. for C16H30N3O2: C, 64.83; H, 10.20;
N, 14.18%. IR (KBr) νmax (cm−1): 3261 (br., OH), 1593 (C=N). UV (EtOH) λmax (log ε):
225 (4.1). 1H NMR (300 MHz; CDCl3–CD3OD, reduced with Zn/CF3COOH in CD3OD,
65 ◦C, δ): 0.62 (3H, m, CH3, Et), 1.06 (4H, br. m, CH2–CH2–(CH2)2OH), 1.21–1.28 (8H, m,
2 × CH3, CH2, Et), 1.40 (2H, m, CH2–CH2OH), 1.57 (2H, m, >C(Et)–CH2), 1.79 (4H, br. m,
C−CH2CH2−C, Pyrr), 3.20, 3.44 (4H, m, CH2–N–CH2, Pyrr), 3.26 (2H, t, J 6.5, CH2O).

Method B
Sodium borohydride (60 mg, 1.6 mmol) was added portionwise to a stirred solution

of 24 (400 mg, 1.5 mmol) in EtOH (10 mL) at 0 ◦C. The reaction was controlled with TLC,
Silufol UV-254, eluent CHCl3–EtOH (25:1). Inorganic residue was filtered off, the solution
was distilled off in vacuum, and the residue separated by column chromatography as
described above to give 19a. Yield 309 mg (72%).

2-(3-(1H-Imidazole-1-carbonyloxy)propyl)-2-ethyl-5,5-dimethyl-4-(pyrrolidino)-2,5-dihydro-
1H-imidazol-1-oxyl (20a)

Carbonyldiimidazole (80 mg, 0.49 mmol) was added to a solution of alcohol 19a
(114 mg, 0.43 mmol) in dry CHCl3 (5 mL) and the mixture was allowed to stand for 24 h.
The solution was washed with brine, dried with Na2SO4, and concentrated in vacuum.
The residue was separated by column chromatography on silica gel using CHCl3–EtOH
mixture (100:2) as an eluent, producing 20a as yellow oil. Yield 139 mg (90%). Elemental
analysis, found: C, 59.69; H, 7.72; N, 19.45; calcd. for C18H28N5O3: C, 59.65; H, 7.79;
N, 19.32%. IR (KBr) νmax (cm−1): 1760 (C=O), 1592 (C=N). UV (EtOH) λmax (log ε):
223 (4.17). 2-(5-(1H-Imidazole-1-carbonyloxy)pentyl)-2-ethyl-5,5-dimethyl-4-(pyrrolidino)-2,5-
dihydro-1H-imidazol-1-oxyl (20b) was prepared similarly, yield 80%, yellow oil. Elemental
analysis, found: C, 61.30; H, 8.26; N, 17.70; cacld. for C20H32N5O3: C, 61.51; H, 8.26; N,
17.93%. IR (KBr) νmax (cm−1): 1762 (C=O), 1593 (C=N). UV (EtOH) λmax (log ε): 226 (3.99).

2-(3-(3-(Diethylamino)propylcarbamoyloxy)propyl)-2-ethyl-5,5-dimethyl-4-(pyrrolidino)-2,5-
dihydro-1H-imidazol-1-oxyl (21)

N,N-Diethyl-1,3-diaminopropane (50 mg, 0.38 mmol) was added to a solution of
20a (126 mg, 0.35 mmol) in dry Et2O (5 mL), and mixture was allowed to stay for 24 h.
The solution was concentrated in vacuum, and the residue was separated by column
chromatography on Al2O3 using CHCl3 as an eluent to give 21 (Figure 3). Yield 82 mg
(60%), yellow oil. Elemental analysis, found: C, 62.21; H, 10.01; N, 16.51; calcd. for
C22H42N5O3: C, 62.23; H, 9.97; N, 16.49%. IR (KBr) νmax (cm−1): 1718 (C=O), 1593 (C=N).
UV (EtOH) λmax (log ε): 225 (4.19). 1H NMR (300 MHz; CDCl3-CD3OD, reduced with
Zn/CF3COOH in CD3OD, 65 ◦C, δ): 0.75 (3H, t, J 7.2, CH3), 1.11 (6H, t, J 7.3, 2 × CH3) 1.33
(6H, br., CH3), 1.40 (6H, br., CH3), 1.43–1.79 (8H, m, CH3CH2C, 1CH2, 2CH2, 5CH2,), 1.90
(4H, br. m, 10CH2, 11CH2), 2.87–3.03 (8H, m, 4CH2, 6CH2, 7CH2, 8CH2), 3.36, 3.52 (4H, m,
9CH2, 12CH2), 3.84 (2H, m, CH2O).
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2-(3-Carboxypropyl)-2-ethyl-5,5-dimethyl-4-(pyrrolidino)-2,5-dihydro-1H-imidazol-1-oxyl (22)
Osmium tetroxide (30 mg, 0.4 mmol) and oxone (1.77 g, 5.8 mmol) were added

successively to a solution of 18b (400 mg, 1.4 mmol) in DMF (20 mL) and the mixture was
stirred for 3 h. A powder of Na2SO3 (10 g, 63 mmol) was added in one portion. Inorganic
precipitate was filtered off and washed with EtOH, the combined solution was evaporated
to dryness in vacuum and the residue was separated by column chromatography on silica
gel using EtOH as an eluent to give 22, yield 90 mg (21%), yellow oil. M+ (cacld./found)
296.1969/296.1972. IR (neat) νmax (cm−1): 2977 (C-H), 1664 (C=O), 1592 (C=N). λmax
(EtOH)/nm: 225 (lgε 4.19).

2-(2-(1,3-Dioxolan-2-yl)ethyl)-2-ethyl-5,5-dimethyl-4-(pyrrolidin-1-yl)-2,5-dihydro-1H-imidazol-1-oxyl (23)
A solution of 2-(1,3-dioxolan-2-yl)ethylmagnesium bromide was prepared from 2-(2-

bromoethyl)-1,3-dioxolan (4.3 g, 24 mmol) and Mg (670 mg, 28 mmol) in 20 mL THF under
a stream of argon. This solution was added dropwise to a stirred solution of nitrone 17
(850 mg, 4 mmol) in 20 mL Et2O and 6 mL THF. The reaction mixture was stirred overnight,
then water (5 mL) was added dropwise under vigorous stirring. The reaction mixture was
allowed to air for 1 h, then organic layer was separated, inorganic residue was quenched
with Et2O–EtOH (100:1). An isolated organic layer was dried over Na2SO4, solvents were
removed in vacuum. The residue was separated using column chromatography on Al2O3
using CHCl3 as an eluent to give 23, yield 1.13 g (90%), yellow oil. Elemental analysis,
found: C, 62.08; H, 9.21; N, 13.43; calcd for C16H28N3O3: C, 61.91; H, 9.09; N, 13.54%. IR
(KBr) νmax (cm−1): 2972 (C-H), 1593 (C=N), 1143 (C–O). λmax (EtOH)/nm: 225 (lgε 3.90).

2-Ethyl-5,5-dimethyl-2-(3-oxopropyl)-4-(pyrrolidin-1-yl)-2,5-dihydro-1H-imidazol-1-oxyl (24)
A solution of oxalic acid (180 mg, 2 mmol) in water (6 mL) was added to a solution

of nitroxide 23 (250 mg, 0.8 mmol) in EtOH (4 mL). The reaction mixture was stirred
for 3 h under reflux, then ethanol was removed in vacuum, saturated aqueous KHCO3
(10 mL) was added to a residue. The product was extracted with CHCl3–i-PrOH mixture
(50:1) (3 × 15 mL). An isolated organic layer was dried over Na2SO4, the solvents were
removed in vacuum, the residue was separated using column chromatography on silica
gel using CHCl3-EtOH mixture (50:1) as an eluent to give 24, yield 161 mg (75%), yellow
oil. Elemental analysis, found: %: C, 63.08; H, 9.18; N, 15.63; calcd. for C14H24N3O2: C,
63.13; H, 9.08; N, 15.78. IR (neat) νmax (cm−1): 2972 (C-H), 1720 (C=O), 1593 (C=N). λmax
(EtOH)/nm: 225 (lgε 4.16).

2-(2-Carboxyethyl)-2-ethyl-5,5-dimethyl-4-(pyrrolidin-1-yl)-2,5-dihydro-1H-imidazol-1-oxyl (25)
Trimethylethylene (1 mL, 9.0 mmol) was added to a cooled (0 ◦C) solution of aldehyde

24 (200 mg, 0.8 mmol) in 10 mL CH3CN followed by addition of a solution of NaClO2
(480 mg, 5.3 mmol) and KH2PO4 (710 mg, 5.3 mmol) in H2O (20 mL). Progress of the
reaction was monitored by TLC (silica gel, CHCl3–EtOH (50:1), developing with 1% aq
KMnO4). CH3CN was removed in vacuum, the product was extracted from water by
CHCl3–i-PrOH mixture (100:1) (5 × 15 mL). An isolated organic layer was dried over
Na2SO4, the solvents were removed in vacuum, the residue was separated using column
chromatography on silica gel using CHCl3–EtOH mixture (5:2) as an eluent to give 25, yield
121 mg (57%), yellow oil, M+ (calcd./found) 282.1812/282.1811. IR (neat) νmax (cm−1):
2973 (C–H), 1729 (C=O), 1591 (C=N). λmax (EtOH)/nm: 223 (lgε 4.04). 1H NMR (300 MHz;
CDCl3-CD3OD, reduced with Zn/CF3COOH in CD3OD, 65 ◦C, δ) 0.75 (3H, m, CH3, Et),
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0.98–1.14 (2H, m, CH2, Et), 1.34, 1.40 (6H, m, 2 × CH3), 1.47–1.61 (2H, m, CH2CH2CO2H),
1.91 (4H, m, CH2–CH2–CH2–CH2, Pyrr), 2.14–2.27 (2H, m, CH2CH2CO2H), 3.36, 3.55 (4H,
m, CH2–N–CH2, Pyrr).

1-(4-(1,3-Dioxolan-2-yl)phenyl)-N-methylmethanamine (26)
p-Toluene sulfonic acid monohydrate (0.5 g, 74.6 mmol) was added to a solution of

terephthalic aldehyde 27 (10 g, 74.6 mmol) in 175 mL PhCH3. Water was distilled off with
Dean-Stark tube. The reaction mixture was then quenched with aqueous NaHCO3, dried
over Na2CO3, the solvent was remove in vacuum, and residue was dissolved in methanol
saturated with methylamine (20 mL). The resulting solution was added to the previously
maintained under vigorous stirring for 10 min in a solution of Ti(Oi-Pr)4 (14 mL, 47 mmol) in
methanol saturated with methylamine (30 mL). The mixture was stirred for 5 h, then NaBH4
(1.34 g, 33.6 mmol) was added portionwise, and mixture was stirred for 2 h. Water (7 mL)
was added dropwise, solvents were removed in vacuum, brine was added to a residue,
and the product was extracted by ether. Organic layer was dried over NaOH. Residue was
separated using column chromatography on silica gel using Et2O–EtOH mixture (10:1) as
an eluent, yield 12.24 g (85%), colorless oil. Elemental analysis, found: C, 67.84; H, 7.91;
N, 6.94; calcd for C11H15NO2: C, 68.37; H, 7.82; N, 7.25%. 1H NMR (300 MHz; CDCl3, δ):
2.38 (3H, s, CH3), 3.70 (2H, s, N–CH2), 3.95–4.09 (4H, m, –O–CH2–CH2–O–), 5.75 (1H, s,
O–CH–O), 7.29, 7.38 (4H, AA’BB’, C6H4)), 13C NMR (75 MHz; CDCl3, δ): 35.77 (N–CH3),
55.56 (N–CH2), 65.06 (O–CH2–CH2–O), 103.44 (O–CH–O), 126.31 (CH–C–CH2NHCH3),
127.89 (CH–C–CH), 136.32 (C–CH2NHCH3), 141.10 (C–CH). IR (neat) νmax (cm−1): 3325
(N–H), 1082 (O–C–O). λmax (EtOH)/nm: 210 (logε 3.94), 260 (logε 2.36).

5-((4-(1,3-Dioxolan-2-yl)benzyl)(methyl)amino)-4,4-dimethyl-2-(pyridin-4-yl)-4H-imidazole
3-oxide (30)

1-(4-(1,3-Dioxolan-2-yl)phenyl)-N-methylmethanamine 26 (6.72 g, 34.8 mmol) was
added to a solution of 5-cyano-4,4-dimethyl-2-(pyridin-4-yl)-4H-imidazole 3-oxide 29
(2.98 g, 13.9 mmol) in THF (25 mL) and the mixture was allowed to stand at r.t. for
24 h. The solvent was removed in vacuum, residue was triturated with ether and crystal-
lization from CH3CN to give 30, yield 3.97 g (75%), dirty-yellow crystals, m.p. 160 ◦C (dec.).
Elemental analysis, found: C, 65.81; H, 6.25; N, 14.41; calcd for C21H24N4O3: C, 66.30; H,
6.36; N, 14.73%. 1H NMR (400 MHz; CDCl3, δ) 1.66 (6H, s, 2 × CH3), 3.06 (3H, s, N–CH3),
3.86–4.16 (4H, m, O–CH2–CH2–O), 4.77 (2H, br. s, N–CH2–Ar), 5.75 (1H, s, O–CH–O), 7.26,
7.46 (4H, AA’BB’, C6H4)), 8.46, 8.70 (4H, AA’BB’, Py). 13C NMR (75 MHz; CDCl3, δ) 21.50
(2 × Me), 35.22 (N–CH3), 53.11 (N–CH2), 65.00 (O–CH2–CH2–O), 75.73 (Me2C), 102.82
(O–CH–O), 121.00 (3,5–Py), 126.77 (br., CH (C6H4)), 133.86 (Py, i), 136.36 (C–CH2NCH3),
137.47 (C–CH), 144.67 (C=N→O), 149.82 (2,6-Py), 172.33 (C=N). IR (KBr) νmax (cm−1): 1597
(C=N), 1082 (O–C–O). λmax (EtOH)/nm: 263 (logε 4.30), 389 (logε 3.78).

4-((4-(1,3-Dioxolan-2-yl)benzyl)(methyl)amino)-2-ethyl-5,5-dimethyl-2-(pyridin-4-yl)-2,5-dihydro-
1H-imidazol-1-oxyl (31)

A solution of ethylmagnesium bromide was prepared from ethyl bromide (2.73 g,
25 mmol) and Mg (630 mg, 26 mmol) in 35 mL Et2O under a stream of argon. This solution
was added dropwise to a stirred solution of nitrone 27 (1 g, 2.6 mmol) in 15 mL THF. The
reaction mixture was allowed to stand for 1 h. Then water (3 mL) was added dropwise
under vigorous stirring followed by MnO2 (3 g, 34.5 mmol) addition. Progress of the
reaction was monitored by TLC (silica gel, CHCl3–EtOH (100:3), developing with 1% aq.
KMnO4). The mixture was stirred vigorously for 2 h, the oxidant was filtered off and
the residue was washed by CHCl3 and MeOH. The solvent from filtrate was removed in
vacuum and the residue was separated by column chromatography on silica gel using
CHCl3-EtOH (100:3) as an eluent. The product 31 was isolated as a hydrochloride. Yield
797 mg (68%), yellow oil. Elemental analysis, found: C, 62.18; H, 6.83; N, 12.48; Cl, 6.70;
calcd. for C23H30ClN4O3: C, 61.94; H, 6.78; N, 12.56; Cl, 6.95%. IR (neat) νmax (cm−1): 1593
(C=N), 1082 (O–C–O). λmax (EtOH)/nm: 216 (logε 4.34).

2-Ethyl-4-((4-formylbenzyl)(methyl)amino)-5,5-dimethyl-2-(pyridin-4-yl)-2,5-dihydro-1H-imidazol-
1-oxyl (32)
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A solution of nitroxide 30 (1.8 g, 4.4 mmol) in 15 mL 0.5 M aq. HCl was refluxed for
4 h, then Na2CO3 added to the end of gas evolution. A product was extracted by mixture
of 20 mL CHCl3 + 1 mL i-PrOH three times, organic layer was dried over Na2CO3, the
solvents were removed in vacuum, and the nitroxide 29 was isolated from the residue by
column chromatography on silica gelusing CHCl3 as an eluent. Yield 1.14 g (71%), yellow
oil. Elemental analysis, found: C, 68.73; H, 6.88; N, 14.92; calcd. for C21H25N4O2: C, 69.02;
H, 6.90; N, 15.33%. IR (KBr) νmax (cm−1): 1701 (C=O), 1593 (C=N). λmax (EtOH)/nm: 252
(logε 4.29).

4-((4-Carboxybenzyl)(methyl)amino)-2-ethyl-5,5-dimethyl-2-(pyridin-4-yl)-2,5-dihydro-1H-imidazol-
1-oxyl (33)

Trimethylethylene (1.33 g, 19.2 mmol) was added to a cooled (0 ◦C) solution of alde-
hyde 29 (583 mg, 1.6 mmol) in 20 mL CHCl3 followed by addition of a solution of NaClO2
(1.02 g, 11.2 mmol) and KH2PO4 (1.5 g, 11.2 mmol) in H2O (50 mL). Progress of the reaction
was monitored by TLC (silica gel, CHCl3–EtOH (50:1), developing with 1% aq. KMnO4).
The organic layer was separated, the product was extracted from water by CHCl3—i-PrOH
mixture (20:1) (2 × 20 mL). A combined organic extracts were washed with brine, dried
over Na2SO4, the solvents were removed in vacuum, the residue was separated using
column chromatography on silica gel using AcOEt–EtOH mixture (10:1) as an eluent. Yield
285 mg (47%), yellow crystals, compound 33 was isolated as a crystal solvate 3 (33) ×
2 EtOH (ether–EtOH 100:2), m.p. 204 ◦C (dec.). Elemental analysis, found: C, 65.12; H, 6.42;
N, 13.12; calcd. for C67H87N12O11: C, 65.08; H, 7.09; N, 13.59%. IR (KBr) νmax (cm−1): 2474
(O–H), 1708 (C=O), 1597 (C=N), λmax (EtOH)/nm: 242 (logε 4.20).

2-Ethyl-4-((4-(hydroxymethyl)benzyl)(methyl)amino)-5,5-dimethyl-2-(pyridin-4-yl)-2,5-dihydro-1H-
imidazol-1-oxyl (34)

NaBH4 (54 mg, 1.4 mmol) was added portionwise to a cooled (0 ◦C) solution of
aldehyde 32 (511 mg, 1.4 mmol) in EtOH (20 mL). The reaction mixture was stirred until
the reaction was complete (TLC, Silufol UV-254, eluent AcOEt). The solvent was removed
in vacuum, the residue was separated using column chromatography on silica gel using
AcOEt as an eluent. Yield 308 mg (60%), yellow crystals, compound 34 was isolated as
a crystal solvate 2 (34) × 3 H2O (ether), m.p. 147–148 ◦C. Elemental analysis, found: C,
66.31; H, 7.12; N, 14.55; calcd. for C63H85N12O8: C, 66.47; H, 7.53; N, 14.76%. IR (KBr) νmax
(cm−1): 3178 (O-H), 1595 (C=N). λmax (EtOH)/nm: 220 (logε 4.30). 1H NMR (400 MHz;
CD3OD–CDCl3, reduced with Zn/CF3COOH in CD3OD, 65 ◦C, δ): 1.03 (3H, t, J 7.2, CH3
Et2), 1.29 (3H, br s, CH3), 1.79 (2H, q, J 7.2, CH2), 1.90 (3H, s, CH3), 3.20 (3H, br s, NCH3),
4.65 (2H, s CH2OH), 4.97 (2H, br s, N–CH2), 7.26 (2H, m, Ar), 7.46 (2H, m, Ar), 7.94 (2H, d,
J 6.5, Py), 8.73 (2H, d, J 6.5, Py)

4-((4-(((2,5-Dioxopyrrolidin-1-yl)oxy)carbonyl)benzyl)(methyl)amino)-2-ethyl-5,5-dimethyl-
2-(pyridin-4-yl)-2,5-dihydro-1H-imidazol-1-oxyl (35)

Pyridine (240 µL, 3 mmol) was added to a cooled (0 ◦C) suspension of acid 33 (228 mg,
0.6 mmol) in 10 mL of dry CHCl3 followed by addition of SOCl2 (90 µL, 1.2 mmol). The
reaction mixture was vigorously stirred for 3 h, then N-hydroxysuccinimide (138 mg,
1.2 mmol) was added and the mixture was allowed to stand for 24 h. The solvents were
then removed in vacuum, residue was separated using column chromatography on silica
gel using CHCl3–EtOH mixture (100:2) as an eluent to give 35, yield 123 mg (40%), yellow
crystals, compound 35 was isolated as a hydrochloride (hexane), m.p. 58 ◦C (dec.). Elemen-
tal analysis, found: C, 58.42; H, 5.47; N, 13.25; Cl, 6.56; calcd for C25H29ClN5O5: C, 58.31;
H, 5.68; N, 13.60; Cl, 6.88%. IR (KBr) νmax (cm−1): 2976 (C-H), 1770 (O=C-N-C=O), 1741
(C=O), 1593 (C=N). λmax (EtOH)/nm: 239 (logε 4.25)

4.3. EPR Experiments

EPR experiments were performed on X-band EPR (9.8 GHz) spectrometer Bruker
ER-200D. Titrations of the radicals (~0.2 mM) were performed in a buffer mixture of acetate-
phosphate-borate (0.5 mM of each) in a pH range of 2–10 starting from the acidic value.
Small aliquots of NaOH solution were used for titration to a higher pH. The observed hfi
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constants were measured as a distance between low field and central lines of nitroxide
triplet spectra.

Single proton exchange:

R·+ H+ � R·H+; pKa

was fitted with single pKa titration curve function:

aN (pH) =
aN(R·) + aN(R·H+)× 10pKa−pH

1 + 10pKa−pH

Double proton exchange implies the serial protonation,

R·+ H+ � R·H+; pKa1

R·H+ + H+ � R·H2+
2 ; pKa2

which results in the double pKa titration curve function:

aN (pH) =
aN(R·) + aN(R·H+)× 10pKa1−pH + aN

(
R·H2

2+)× 10pKa1−pH × 10pKa2−pH

1 + 10pKa1−pH + 10pKa1−pH × 10pKa2−pH

EPR settings. Microwave power, 5 mW; modulation amplitude, 0.08–0.12 mT.
SD for pKa, 0.05; for hfc, 0.005 mT.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/gels8010011/s1, Figure S1: “The molecular structure of 2,5,5-triethyl-2-(4-ethynylphenyl)-4-
pyrrolidino-2,5-dihydro-1H-imidazol-1-oxyl (11)”, IR and NMR spectra of synthesized compounds,
titration curves of pH-sensitive nitroxides.
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Abstract: Xerogels are advanced, functional, porous materials consisting of ambient, dried, cross-
linked polymeric networks. They possess characteristics such as high porosity, great surface area, and
an affordable preparation route; they can be prepared from several organic and inorganic precursors
for numerous applications. Owing to their desired properties, these materials were found to be
suitable for several medical and biomedical applications; the high drug-loading capacity of xerogels
and their ability to maintain sustained drug release make them highly desirable for drug delivery
applications. As biopolymers and chemical-free materials, they have been also utilized in tissue
engineering and regenerative medicine due to their high biocompatibility, non-immunogenicity,
and non-cytotoxicity. Biopolymers have the ability to interact, cross-link, and/or trap several active
agents, such as antibiotic or natural antimicrobial substances, which is useful in wound dressing and
healing applications, and they can also be used to trap antibodies, enzymes, and cells for biosensing
and monitoring applications. This review presents, for the first time, an introduction to biopolymeric
xerogels, their fabrication approach, and their properties. We present the biological properties that
make these materials suitable for many biomedical applications and discuss the most recent works
regarding their applications, including drug delivery, wound healing and dressing, tissue scaffolding,
and biosensing.

Keywords: xerogel; biopolymers; dried gels; porous materials; biomedical applications

1. Introduction

In the past few years, we have witnessed the development of various novel functional
materials from different precursors. Xerogels and aerogels are two examples of porous,
structured materials that result from the different drying techniques of wet gels [1]. The
attractive and unique properties of such porous materials arise from the extraordinary
flexibility and resilience of the sol–gel developing process, which is combined with either
ambient drying (xerogel) [2] or supercritical drying (aerogel) [3]. These materials have
been prepared from several precursors, including silica [4], carbon [5], synthetic [6], and
biopolymers [7]. Biopolymeric xerogels possess different physical, chemical, mechanical,
and biological properties, depending on several factors, including precursor material/s,
solvent medium, and drying conditions [7]. These factors also influence the shrinking of
the biopolymeric gels, leading to an increased density and reduced porosity [8].

The structure, shape, and morphology of xerogels can be controlled in both the syn-
thesizing and drying phases, but their porosity remains less than that of aerogels of the

Gels 2022, 8, 334. https://doi.org/10.3390/gels8060334 https://www.mdpi.com/journal/gels
169



Gels 2022, 8, 334

same materials [9]. Recently, xerogels have been widely synthesized from biopolymeric
materials such as cellulose, chitosan, alginate, and pectin [10–15]. Such precursor materi-
als are known for their biocompatibility and non-toxicity, which make them suitable for
many biomedical applications, such as drug delivery, wound healing and dressing, tissue
scaffolding, and biosensing applications [16]. Xerogels of the same material differ from
aerogels in terms of their shrinking ratio, density, porosity, and specific surface area [8,17].
Although aerogels are higher in porosity and specific surface area, the synthesis of the
xerogels under ambient pressure drying, which does not require energy-consuming instru-
ments, has made the xerogels desirable materials, especially in the cases of operational
risks and economic issues [18]. The intermediate porosity of xerogels is highly preferable
in sustained drug release; the high porosity of aerogels may lead to fast drug release,
which is not desirable in some cases, such as cancer drug therapy [19,20]. Several research
papers have been recently published regarding the fabrication and characterization of
biopolymeric xerogels for different medical and biomedical applications [21–23], which are
increasing by the day. However, to the best of our knowledge, a limited number of review
papers on the applications of biopolymeric xerogels in biomedical applications have been
published [24,25]. Salimian et al. [26] generally reviewed aerogel/polymer nanocomposites,
and our previous reviews also regarded the applications of aerogels, but not xerogels, for
biomedical applications [27]. In this review, we present, for the first time, an overview
of the xerogels, their fabrication approach, and their properties, including the biological
properties that make these materials suitable for many biomedical applications. We also
highlight the most recent works regarding the biomedical applications of biopolymeric
xerogels, including utilizing them for drug delivery, wound healing and dressing, tissue
engineering applications, and the development of smart biosensors.

2. Xerogel Functional Material

A xerogel is defined as a porous, structural material that can be obtained via the
evaporative drying of any precursor’s wet gel. Although the porosity and surface area of
xerogels are lower than the aerogels, they are characterized by their easy and unexpansive
fabrication, better mechanical stability, and higher density compared with aerogels [28].

2.1. Fabrication Techniques

The fabrication of xerogels generally consists of forming the polymeric hydrogel and
drying that hydrogel in a way that retains (at least in part) its porous texture after the
drying [29]. The process varies from one polymer to another, and drying conditions also
differ based on the used solvent and precursor material/s. Pectin xerogel has been prepared
from its alcogel. The authors used meld temperature (60 ◦C) for the drying purpose under
vacuum conditions for 4 days until the complete drying of the alcogel [12]. The authors
reported that in order to prevent a major collapse during the drying process, ionic gelation
is a necessary step. A massive shrinkage of around 90 vol% commonly occurs after
evaporative drying due to structural collapse, leading to an increase in the density of the
material and a reduction in its porosity. The attractive properties of the biopolymeric porous
hydrogels arise from their extraordinary flexibility during the sol–gel phase, which is mostly
combined with various drying techniques, leading to the formation of the desired xerogel.
Cellulose xerogel has been fabricated using a facile approach consisting of three steps: the
partial ionic liquid dissolution of cellulose suspension, non-solvent rinsing, and drying [30].
In a different study, cellulose nanofiber xerogels were fabricated by Toivonen et al. [31]
through a solvent exchange process (with octane), the vacuum filtration of their solvent
dispersion, and finally, ambient drying. The authors reported a mesoporous xerogel with
good porosity and surface area. Melone et al. [32] suggested a new, economically affordable
synthesization protocol for the design of novel xerogels based on the cross-linking of
TEMPO-oxidized cellulose nanofibers (TOUS-CNFs) and branched polyethyleneimine. The
xerogel exhibited high adsorption capability for different organic pollutants, indicating
its potential for water decontamination. In a different work, the authors were able to
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prepare different xerogels with attractive properties by cross-linking TEMPO-oxidized
and ultra-sonicated cellulose nanofibers [33]. The drying step is the most important in
most cases of biopolymeric xerogel fabrication. It directly affects most of the physical and
morphological properties of the material. Xerogels and aerogels are the two closest relatives
of polymeric substances, with slight differences in terms of fabrication approaches and
properties. Unlike aerogels, xerogels cannot be formed from pure nanocellulose or any non-
gel forming polymers [27,34]. Such biopolymers require cross-linking in order to form gels
in them, then drying these gels to obtain xerogels [35]. Chitosan-silica xerogel was prepared
by sol-gel and emulsification-crosslinking [36]. The addition of 20 wt% of SiO2 was found to
be enough to make the xerogels exhibit a regular spherical shape with sufficient dispersity
and a uniform microstructure for drug delivery applications. However, compared with
the pure chitosan xerogel-based microspheres, this hybrid showed significantly improved
in vitro bioactivity in addition to good drug loading capacity and sustained release. Figure 1
presents an illustration of biopolymeric xerogel fabrication and the difference between
biopolymeric xerogels and biopolymeric aerogels.
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Figure 1. Schematic drawing of biopolymeric xerogel fabrication process and the difference between
xerogels and aerogels.

2.2. Properties and Advantages of Xerogels

A xerogel is a solid, porous material resulting from the slow drying of hydrogels at
room temperature, with unconstrained shrinkage depending on the type of precursor/s.
Xerogels differ from aerogels in many aspects, including their shrinkage ratio, porosity,
specific surface area, and bulk density [37]. Xerogels generally possess higher shrinkage
than aerogels, and thus, they have lower porosity, lower surface area, and greater bulk
density. Groult et al. [12] compared the properties of pectin xerogels and aerogels and
found that in order to prevent a major collapse during the drying process, ionic gelation
is a necessary step. The xerogels had bulk density and porosity of 1.057 g/cm3 and
29.5%, respectively, compared with the pectin aerogels, which had 0.083 g/cm3 and 94.4%
for the bulk density and porosity, respectively. The xerogels exhibited a higher loading
efficiency of 94% compared with the aerogels’ loading efficiency, which was recorded to
be 62%. The mechanical properties of xerogels vary depending on the type of precursor
materials; in most cases, xerogels possess better mechanical properties than aerogels due to
their lower porosity and higher bulk density [38]. Similarly, Ganesan et al. [39] prepared
cellulose-based xerogels and aerogels and compared their characteristics, as presented
in Figure 2. The authors found that the aerogels possessed significantly higher porosity,
ranging between 92.7 and 96.4%, while the xerogels only possessed a porosity of 70.2 to
80.3%. The properties of biopolymeric xerogels are highly influenced by two main factors:
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the precursor material/s and the liquid–vapour interface, in addition to the solvent medium,
which affects the drying process [13]. Thus, changing these factors will lead to xerogels
with different physical and morphological properties.
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Solvents such as ethanol have similar surface tension values to isopropanol, and
research has reported that using these two solvents to prepare xerogel in the same condi-
tion could yield xerogels with different physical properties due to the change in vapour
pressures [40]. Pramanik et al. [9] used nanocellulose in different mass ratios to improve
the mechanical strength of polyvinyl alcohol xerogels. The authors reported that increas-
ing the nanocellulose content led to a significant enhancement in the thermal properties
of the xerogel. However, a xerogel rupture occurred in the case of a higher quantity of
nanocellulose (18%) due to the formation of weak cellulose-rich regions. The addition of
this much nanocellulose in the polymeric matrix increased the brittleness of the xerogels,
which is the main cause of xerogel fracture. Silk fibroin-based xerogels possess great water
absorption capacity, and Cheng et al. [23] reported that their xerogels were able to absorb
up to 90 times its own mass of water within a minute in addition to its great hemostatic
properties, making such material suitable for absorbing other body exudates. Several
attempts have been made to produce aerogel-like xerogels under ambient conditions to
minimize the shrinkage. However, the resulting xerogels in most of the cases inevitably
took the form of thin films with relatively low porosity [7]. Prakash et al. [41] developed
a unique approach to exchange the hydrogel’s solvent for a solvent with a lower polarity
than water, such as pentane or hexane, to reduce the capillary force and thus produce
xerogels with higher porosity. Other materials, such as organosilicons, have been intro-
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duced to the xerogels to enhance the optical transparency of the xerogels and make them
exhibit rubbery compression [42]. Cellulose nanofiber xerogels were fabricated through
a solvent exchange process with mesoporous and in a film-like shape [31]. The xerogel
possessed 60% porosity and 200 m2/g specific surface area, which is considered close to the
properties of aerogels. The characteristics of biopolymeric xerogels are highly influenced
by the preparation conditions, as they directly affect the shrinkage of the hydrogels.

2.3. Suitability of Biopolymeric Xerogels in Biomedical Applications

Toxicity evaluation is very important when it comes to any medical applications, and
the material will directly attach to the human or animal cells. Although many of the natural
materials did not show significant toxicity to living cells, the preparation conditions may
alter the chemistry of these materials and alter their biological effects [43,44]. Biopolymeric
xerogels are dried forms of the biopolymer/s precursor; they have the chemical and bi-
ological characteristics of that biopolymer/s [45]. Several xerogels have been prepared
without any need for further chemical addition or modification, but in other cases, natu-
ral compounds are added to extend the applications such as adding essential oils as an
antibacterial agent. Biopolymers are known for being biocompatible and non-cytotoxic;
they have been evaluated in several forms including the raw biopolymers [46], films [47],
membranes [48], composites [49], hydrogels [50], aerogels [51], and even xerogels [14]. Al-
though the number of cytotoxicity evaluations regarding biopolymeric xerogels is limited
compared with aerogels, despite the drying process, aerogels and xerogels are prepared
with the same principle, and thus, both of them are highly biocompatible, non-cytotoxic,
and allow the attachment and migration of cells [52]. Refer to Table 1 for a summary of the
cytotoxicity and biocompatibility evaluations of biopolymeric xerogels.

Table 1. Illustration of biocompatibility and cytotoxicity studies of biopolymer-based xerogels.

Type of Xerogel Experiment Type of Cells Conclusion Ref

Chitosan-gelatin xerogel Hemocompatibility,
cytotoxicity assays

Mouse embryonic
fibroblast cells

Good platelet activation, good
biocompatibility, and thrombin

generation activities.
[14]

Collagen-silica xerogel Cell culture
experiments Human monocytes

The xerogel promoted the
differentiation of monocytes into

osteoclast-like cells.
[53]

Carbon xerogel Cytotoxicity test Fibroblast cell
The xerogel was biocompatible; the

presence of carbon fibers increases the
cell’s proliferation.

[54]

Chitosan coated
mesoporous silica

xerogels
Cytotoxicity assays Mouse myoblast cells line

No obvious cytotoxicity was reported
for the xerogel even after 7 days of

the exposure.
[55]

Silk Fibroin Protein
Xerogel

Hemostasis
experiments

In-vitro and in-vivo
rabbit ear

Good hemostatic properties were
observed both in vitro and in vivo for

the xerogel.
[23]

Chitosan–poly(vinyl
alcohol) xerogel

Cytotoxicity and
migration rate

Mouse embryonic
fibroblast

The xerogel exhibited significant cell
proliferation & migration rates and

high biocompatibility.
[56]

Alginate-hydroxyapatite
aerogel

Cytotoxicity, viability,
and migration Mesenchymal stem cells Highly biocompatible, allowed

attachment and migration. [57]

Collagen–silica xerogel Cell proliferation assay Preosteoblast cells Good biocompatibility and high level of
osteoblast differentiation [58]

3. Biopolymeric Xerogels in Biomedical Applications

Biopolymeric xerogels are porous networks of many unique and desirable properties
that have been widely studied for different biomedical applications including controlled
and sustained drug delivery, wound dressing and healing applications, tissue engineering
scaffolds, and other applications [23]. Owing to the biocompatibility, non-cytotoxicity, and
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non-immunogenicity of the biopolymers, biopolymeric xerogels are considered to be a safer
option than inorganic and synthetic materials in medical applications [1,59].

3.1. Drug Delivery

Xerogels have been extensively studied for their potential use in drug delivery since
their discovery. Owing to their porous texture, their ability to control pore structure,
and their large surface area, they attracted the attention of scientists in many pharma-
ceutical applications. Such desirable characteristics are favoured by drug loading and
allow for better control of the drug release behavior [60]. Zhou et al. [16] used a poly
(ε-caprolactone)-chitosan-silica xerogel for tetracycline hydrochloride delivery by green
fabrication route. The presence of silica in the xerogel significantly enhanced the thermal
stability and endowed good in vitro bioactivity and drug release behavior for the xerogel.
The ability to modify the surfaces of biopolymers within the xerogel facilitates the drug
incorporation in higher loading capacity and more sustained release. In a recent study, an
alginate-based xerogel was modified using g-poly (methacrylic acid; AGM2S) for insulin
delivery toward wound care [61]. The authors reported significant improvement in the
physical stability, good swelling, and low degradation of the modified xerogel. More
than 70% of loaded insulin was released from the xerogel in two days, which modulated
the healing response [61]. In a different study, a novel xerogel was prepared from silica
and poly(ethylene glycol) by the facile sol–gel route and showed sustained release of an
enrofloxacin antibiotic drug [62]. The unique properties and facile fabrication of xerogels
permit the slow release of drugs, making them a better option for sustained drug delivery
applications. Different precursors consisting of naturally available diatomaceous earth
microparticles have been used for the first time in xerogel fabrication [20]. Such unique
xerogels were modified to enhance their drug loading capacity by using a facile sol–gel
method resulting in a pH-sensitive micro drug carrier, which was evaluated for diclofenac
sodium drug delivery. The authors reported a significant increase in drug loading capacity
and sustained drug release fitting the zero-order model. Križman et al. [63] fabricated
silk fibroin-based xerogels and evaluated their potential for long-acting hormone estradiol
delivery (Figure 3). Ethanol was used in the preparation process and acted as a dissolving
agent for the drug in addition to an accelerator for the gelation process. The authors were
able to achieve a sustained drug release of up to 129 days from the xerogel delivery system,
suggesting the great potential of such biopolymeric xerogel in the prolonged release of
hydrophobic drugs.
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3.2. Antibacterial and Wound Healing Applications

The process of wound healing is a complex and dynamic process consisting of several
stages that lasts days or even weeks depending on multiple factors, such as the type of
wound, its depth, microbial colonization, and the patient’s immune system, to enable the
injured skin to restore itself [64]. Hydrogels’ antibacterial materials [65–67] have been
widely used in wound healing applications, but they have the drawback of requiring
gauze or other adjuvants to be applied to a bleeding wound. Furthermore, the overly
moist environment caused by hydrogel is not conducive to promoting wound healing
and the scabbing effect, especially at the early stages of wound formation [68]. Deep
wounds may favor the growth of anaerobic bacteria, leading to severe inflammation and
suppuration [69]. Xerogels have been used to overcome these drawbacks, which can be
customized to be super-hydrophobic and/or super-adhesive functional materials [70]. In
a recent investigation, Huang et al. [71] fabricated a novel xerogel with good mechanical
properties, using silver nanoparticles as an antibacterial agent. The hybrid xerogel was
able to rapidly capture bacteria and kill 99.9% of E. coli and 99.85% of S. aureus through the
electrostatic interactions of the disulfide groups. Although silver nanoparticles have been
linked with minor adverse health effects, the authors reported the good biocompatibility
and non-toxicity results of the xerogel [72]. Natural antibacterial agents, such as plant
essential oils and extracts, could be also loaded into the xerogel and used for wound heal-
ing. Plant polysaccharide-based xerogels are characterized by their high biocompatibility,
large biodegradability, and high water absorption capacity [34]. Owing to the excessive
distribution of surface functional groups, they have the potential to cross-link with natural
antibacterial agents. Chitin and chitosan are the most used animal-based biopolymers in
terms of wound healing application due to their special properties, including bactericidal
and antifungal characteristics, high permeability to oxygen, and healing activities by stimu-
lating fibroblast proliferation [51]. Deon et al. [73] used a silica/titania magnetic xerogel to
immobilize chitosan-stabilized gold nanoparticles as an antibacterial system. Owing to the
synergistic effect of chitosan and gold nanoparticles, the surface reactivity of titania, and the
porous and magnetic response of silica, the xerogel system possessed strong antibacterial
activity, even at an extremely low gold content. Using two or more biopolymers in xerogel
fabrication was found to enhance the properties of the material and limit the shrinkage
after drying; a porous xerogel was fabricated using chitosan in combination with sodium
polyacrylate, polyethylene glycol wound treatment, and hemorrhage control [74]. Chitosan
was used as antimicrobial agent that always cross-linked with different organic or inorganic
materials, such as gelatin and tannic acid, which played a hemostatic role [75]. Gelatin is a
biopolymer that is extensively used in wound and skin care applications due to its ability
to activate platelet aggregation, and it can also act as an absorbable hemostatic agent [75].
Patil et al. [14] used the two biopolymers to prepare a highly porous xerogel for an efficient,
multimodal topical hemostat (Figure 4). The authors ionically cross-linked gelatin and
chitosan with sodium tripolyphosphate, and they were able to achieve in vitro >16-fold
improved blood clotting compared to the available commercial materials. The xerogel
content displayed good platelet activation and promoted the generation of thrombin, which
is very important in wound healing applications. The same authors conducted an in vivo
study of their xerogel on a lethal femoral artery injury and reported 2.5 min hemostasis,
which is significantly faster than the commercial Gauze (4.6 min) and Celox (3.3 min), in
addition to easy removal from the wound. Although xerogels have not been used for com-
mercialization purposes yet, in the coming years, we will witness the utilization of these
materials in wound healing applications, as they have great potential as topical hemostatic
agents and can be used to save precious lives.
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Figure 4. Chitosan-gelatin xerogel composite loaded with silica nanoparticles and calcium for rapid
halting blood loss, showing the interaction between the biopolymers and its wound healing properties.
Adapted with permission from Patil et al. [14]. Copyright 2022 Elsevier.

3.3. Tissue Engineering

Porous biopolymeric xerogels have been also used in tissue engineering scaffolds, as
the easy adjustment of pore size and structure, in addition to their high biocompatibility,
makes them a highly favorable form of the materials in such an application. A porous
chitosan/berberine hydrochloride composite xerogel was prepared for tissue regeneration
and hemostatic applications [76]. This biopolymeric xerogel exhibited good antibacterial ac-
tivity, hemostatic properties, and fast degradability after immersion in phosphate-buffered
saline. The authors reported good biocompatibility and strong hemostatic potential, as it
was only composed of natural materials, which implies that it is a promising material for
skin regeneration and hemostatic applications. The unique properties of some biopolymers,
such as the antimicrobial activity of chitosan and promoting cell growth in collagen and
silk fibrin, made their xerogels highly favorable in tissue engineering and regenerative
medicine [77]. Wu et al. [78] fabricated a novel bioactive hybrid xerogel based on silk
fibroin as precursor material, silica to enhance the mechanical properties, and CaO–P2O5 to
enhance the xerogel’s properties for bone regeneration applications. The authors reported
excellent porosity and pore structures for their xerogel and adding the silica significantly
enhanced the mechanical properties. The xerogel exhibited profound bioactivity once
immersed in a simulated fluid due to the hydroxyapatite layers on its surfaces. The xerogel
was biocompatible, although it showed little toxicity to MC3T3-E1 cells, which was due
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to the effect of silica on the cells. In a similar study, Lee et al. [58] fabricated a hybrid
xerogel from calcium, silica, and collagen for bone regeneration applications. The authors
used calcium to promote the bone cells’ proliferation and silica to enhance the mechanical
properties of collagen. Owing to the homogenous mixing and the incorporation of silica
in the collagen matrix, the xerogel did not form any by-products, and it showed excellent
bioactive characteristics. The hybrid xerogel expressed a better osteoblastic phenotype than
the xerogels of pure collagen and pure silica. Elshishiny & Mamdouh [56] reported the
fabrication of novel tri-layered, asymmetric, porous xerogel scaffolds for skin regeneration
applications. The xerogel scaffold consisted of two layers: an upper layer of electrospun
chitosan–poly(vinyl alcohol) and a lower layer of their regular xerogel. The authors fixed
the two layers together by using a third material, fibrin glue, as a middle layer. This
novel fabrication showed promising scaffold-swelling capability in addition to a high
absorption capacity in regard to wound exudates. The porosity of the xerogel provided
an optimum environment for the fibroblast cells’ migration and proliferation. In a recent
study, Rößler et al. [79] used the three-dimensional (3D) plotting of a silica and collagen
hybrid xerogel scaffold in another biopolymeric matrix consisting of alginate (Figure 5).
The authors used viscoelastic alginate as a matrix to enhance the biocompatibility and
binding properties of the xerogel scaffold, and they reported that alginate concentration is
the golden key to controlling the shape regularity of the xerogel granules.
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3.4. Biosensing

Biopolymeric xerogels have also been utilized in the sensing applications of many
medically important parameters such as glucose level, uric acid, cholesterol, etc. Xerogels
possess desired biosensor properties, such as porous structure and high surface area,
making them highly advanced detection tools [80]. Khattab et al. [13] developed an easy-
to-use, smart, microporous cellulose xerogel-based colorimetric sensor by immobilizing
bromocresol purple chromophore into a cross-linked carboxymethyl cellulose xerogel
matrix. Proton shifting from the hydroxyl group in the bromocresol purple dye to ammonia
nitrogen enabled the identification of ammonia gas. Unlike dense material and metal-based
xerogels, biopolymeric xerogels are distinguished by their non-toxicity, lighter weight, and
larger surface area; thus, they are suitable for the identification of different parameters
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both in liquids and gaseous analytes [81]. The home-based detection and quantification
of common analytes such as glucose monitoring, in addition to environmental routine
monitoring, is exceedingly challenging and requires high measurement accuracy. Xerogel-
based biosensors attracted attention for this purpose, as they are inexpensive, robust, and
reusable materials able to meet all the requirements of biosensors [27]. The fabrication of
xerogel-based biosensors began with the immobilization of active agents that are able to
detect the desired parameters. Numerous active compounds, such as antibodies, active
receptors, enzymes, cells, regulatory proteins, etc. have been used for this reason [82].
Figure 6 presents an illustration and several examples of active agents and their role in
xerogel-based biosensors.
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Three main approaches have been reported for the immobilization of active agents
in the xerogels, including entrapment, physisorption, and covalent attachment [83]. The
physisorption approach is the simplest, but it has the drawback of the random orientation
of active agents on the xerogel, which could lead to them being unable to access the target
molecule, thus lowering the accuracy of the xerogels [84,85]. To solve this issue, covalent
attachment, which generally forms more stable interfaces, was developed. However, this
approach also severs from the partial orientation of some kinds of active agents in addition
to being a more expensive and time-consuming approach [82]. Freeman et al. [86] pre-
pared the first generation of novel amperometric glucose biosensors, but they used several
synthetic materials instead of biopolymers, which has the drawback of toxicity. To solve
this issue, Alharthi et al. [87] recently used a nanocellulose acetate-based xerogel for the
colorimetric detection of urea. The authors reported that their sponge-like, microporous
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xerogel was highly sensitive to urea because it used a urease enzyme as a catalytic agent
and triarylmethane as a spectroscopic chromophore. The porous xerogel allowed for the
in-situ integration of the triarylmethane probe, which enhanced the detection process and
increased the accuracy of detection. Similarly, Abdelrahman et al. [88] developed a highly
sensitive, reversible, and cost-effective biopolymeric xerogel for ammonia vapor detection.
The microporous cellulose xerogel exhibited naked-eye colorimetric responsiveness im-
mediately upon exposure to ammonia vapour. The application of biopolymeric xerogel in
biosensing has not yet been extensively studied; limited works have been established, but
we believe that these materials have great potential in regards to this application.

4. Challenges and Future Prospective

Biopolymeric porous materials such as xerogels and aerogels are still in their initial
experimental stage in many biomedical applications. A limited number of materials
entered the clinical trials, and most of them are still in the developmental and laboratory
experimental phases. Although there are a significant number of studies that have proven
that biopolymeric xerogels are highly suitable for biomedical applications, clinical and long-
term evaluations of these materials are highly necessary before they can be commercialized.
Smart and controlled delivery has been achieved in some experiments, especially in the
case of cancer [89], but long-term evaluation and different cell evaluation have yet to
be explored. Numerous challenges remain for other pathologies, as most of the current
research focuses only on delivering specific drugs, particularly anticancer, anti-diabetic,
and antimicrobial agents, and many of them involve in vitro studies or only short-term
in vivo studies without considering the effect of these materials on other human bodies’
biological parameters. Toxicity and biocompatibility experiments are, in most cases, carried
out by using one type of cell in simulation conditions [90], and the real conditions inside
our bodies might be different, so such materials may not be as biocompatible as they seem.
The full effects of these biopolymeric materials on the human body have not yet been
determined. The future generation of therapeutic biopolymeric materials with antibiotics,
antibodies, hormones, peptides, genes, etc. should minimize undesirable side effects, not
increase them. The future of biopolymeric xerogels requires serious collaboration among
worldwide researchers, different industries, and regulatory agencies to maintain and ensure
the safety and effectiveness of these therapeutic platforms to evaluate the potential and the
possibilities of xerogel production in adequate quantities and of adequate quality to meet
the expected demands of society.
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