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Abstract: The ability to organize, separate and manipulate individual molecules and ions on a surface
opens up almost unlimited opportunities. However, it often requires complex techniques and a proper
support material. With this in mind, we show a new concept of 2D solid solvents and review a simple and
efficient procedure which is based on nanostructured forms of silica with anchoring units. We describe
silica supports, such as spherical nanoparticles and mesoporous silica structures, as well as review the
methods for chemical modification of the surface of silica with the functional groups. Finally, we present
a few particular examples of the immobilization of molecules and ions on the surface of 2D solid solvents
along with the experimental investigation of the obtained materials.
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1. Introduction

On 29 December 1959, American physicist and Nobel Laureate Richard Feynman gave a presentation
entitled “There’s Plenty of Room at the Bottom” at an American Physical Society meeting at Caltech [1].
By this title, he meant a molecular level of studies, including molecular engineering. In the early 1960s,
it was a melody of the future—no one could imagine how we can investigate and manipulate an individual
atom or a molecule. Presently, it becomes possible since there are numerous techniques with the ability
to observe even single atoms. Unfortunately, this does not mean that we have a suitable tool making for
atoms and molecules tractable and easily manipulated. Of course, techniques such as a scanning tunneling
microscope (STM) make it possible to manipulate atoms and small molecules; however, it is a complicated
task, and it is hard to imagine using it as a part of a manufacturing process.

Indeed, an atom-by-atom assembling is complicated by conventional scientific equipment.
Fortunately, it can be done by a bottom-up approach to nanotechnology [2]. According to the definition [3],
it refers to the fabrication of nanoscale structures (nanoparticles) and using them as building blocks to
assemble larger structures for desirable applications. We think that such a definition should be formulated
in a more general way. In our opinion, the key to the bottom-up approach for molecular engineering
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is the design of a synthesis in such a way that atoms create assumed molecular structures through a
self-organization process. This concept can be applied to manipulate the position of individual atoms and
molecules while preserving the assumed distribution of the building blocks (atoms) and controlling the
distance between them. Then, we can observe them as separate objects, investigate the interaction between
them as a function of intermolecular distance and use the properties of individual molecules, which often
differs tremendously from their bulk characteristics.

It sounds promising, but how to achieve this in practice? Let us imagine a solid material with regularly
distributed anchoring units, separated by a specific distance, which can catch specific atoms or molecules
and keep them separated. One association which comes to mind is some kind of a solvent which is able to
coordinate molecules in such a way that they are separated and to create a solvation complex. In the case
of a liquid, however, separated molecules are difficult to investigate since they are in a constant movement.
The compound we are searching for should allow for rigid immobilization of nano-objects. This way,
the objects could be used for specific purposes at specific time and place. It should be some kind of a “solid
solvent” as depicted in Figure 1.
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Figure 1. The scheme illustrating the proposed idea of a 2D solid solvent.

Nevertheless, such a material is not truly a solvent in the general meaning of this word since all
described processes occur on its surface (on a 2D level) whereas processes in an ordinary solvent happen
in its volume (or a 3D level). Thus, to understand the nature of such a material, we need to use instruments
from a world of 2D (surface) physics and chemistry.

Molecules on a surface may act like they are in a different state of matter—a 2D gas, liquid or solid.
Such a phenomenon can be observed on the surface of surfactant solutions in which surfactant molecules
are capable of the formation of a floating monolayer at the interface. This layer, under compression,
can self-organize and undergo several phase changes similar to the three dimensional gaseous, liquid
and solid states (Figure 2a) [4,5]. This floating monolayer (the Langmuir monolayer) can be transferred
onto a solid substrate once or multiple times which results in mono- or multilayered Langmuir-Blodgett
(LB) films (Figure 2b)—a 2D solid on a substrate. By using multiple surfactants, a film with a mixed
composition [6] can be obtained and, thus, such a film could be treated as a 2D solution (Figure 2c).

The material we present—a 2D solid solvent (Figure 2d,e)—is similar and, from our point of view,
can be treated as a 2D solution bound to a surface. Though in our case, it is much easier to obtain,
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more stable and is suitable for a broader range of materials. For such a material based on silica, we suggest
using the following assumptions:

e  asilica substrate, anchoring units and spacers are connected and must be treated as one part—a solid
solvent;

e the functionalized surface of silica is treated as a deposited layer of a 2D solution;

e the surface is made only (is covered by) of anchoring units and spacers;

e  spacers are treated as an analogue of a solvent and activated anchoring units—as an analogue of
a solute;

e the reaction of activation of anchoring units is treated as an analogue of the occupation of sites in
interstitial solid solutions but, for clarity, will be called activation.

Moreover, we emphasize that the term “solid solution” is already defined and, according to IUPAC
nomenclature [7], it is a crystalline solid containing a second constituent which fits inside and is distributed
in the lattice of the host crystal. Here, however, for the definition a “2D solid solvent”, we use a different
term describing our approach to the problem of a solid matrix to control the distribution of molecules
and the distances between them. This term can be understood as an inert solid material being able to
immobilize ions or molecules on its surface and keep them separated with an assumed concentration.
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Figure 2. The scheme illustrating the main principles of a 2D solid solvent concept (c—e) in comparison to
Langmuir monolayer (a) and Langmuir-Blodgett films (b).

Notably; it is possible to create such a material through the functionalization of a solid support material
such as silica-based materials. We consider it as a starting point for the solid solvent due to the unique
properties of its surface possessing numerous hydroxyl units that can be exchanged with specific anchoring
units [8,9]. Moreover, the multitude of its forms makes this material extremely useful.

In this focused study, we review a few types of nanostructured silica containing specific functional
units. The units can catch specific molecules and separate them from each other near the surface of the
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substrate. Additionally, we show an overview of possible functional units and the procedures of the
functionalization of silica.

2. Silica as a Support

An ordinary form of silica is unremarkable to be used as a support for anchoring units. This is mainly
because of the large size of individual grains which provide low specific surface area [10]. In its original
form, even with anchoring units, silica could not immobilize a significant number of molecules or atoms.
Fortunately, there are numerous nanostructured forms of a silicon dioxide with a more developed surface.

2.1. Spherical Nano-Silica

Ordinary silica became revolutionary for the first time in the Sixties when Werner Stober introduced
the procedure for the fabrication of nanostructured SiO, [11]. To this day, this wet-chemistry route of the
preparation of silica nanoparticles of a controllable and uniform size remains the most common synthetic
approach. Thanks to this method, it became possible to fabricate silica particles with diameters ranging
from 30 to 2000 nm depending on conditions and the proportions of reactants [11-14]. The resulting
spherical silica nanoparticles possess a significantly larger specific surface area than ordinary bulky silica
but not as large as the porous one which we will discuss in a different section. One can ask why such a form
of 510, is worth consideration as a solid solvent. A solid spherical form assures that all functional units
will be placed on the external surface of the material. This is important mainly for the separation of larger
molecules (with a diameter larger than 1 nm). In such a case, the distribution of attached molecules can be
directly observed using transmission electron microscopy (TEM). To roughly estimate distances between
the separated molecules, one can observe the horizon of the spheres as presented in Figure 3. This method
is not very accurate but is direct and can confirm the presence of separated molecules unambiguously.

Anchored molecules clearly visible
under magnification at the horizon of the
silica sphere (e.g. under TEM microscopy)

Spherical silica
nanoparticle ®
Lo} E p ®

\Anchored
molecules

Figure 3. The concept of direct observation of separated molecules at the horizon of spherical silica support.

The first attempt to obtain nanosilica with a uniform size distribution was made in 1956 by
Kolbe. As he described in his thesis [15], uniform spherical silica can be obtained in a reaction
of tetraethyl orthosilicate (TEOS) in an alcohol solution with water in the presence of certain bases.
The author emphasises the importance of high purity of the reagents for a successful synthesis.
Unfortunately, the presented reaction was not repeatable and did not lead to the formation of uniform
nanosilica. It was, however, a starting point for Stober and his colleagues to develop an efficient method for
fabrication of spherical nanosilica. In the reaction presented in the original article [11], ammonia was used
as the catalyst promoting the formation of spherical particles. Silica was created as a result of hydrolysis
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of alkyl silicates and subsequent condensation of silicic acid in alcoholic solutions. The authors used
tetramethyl orthosilicate (TMOS) and tetrapentyl orthosilicate (TPOS) as precursors of the silica and
various combinations of water and alcohols (propanol, n-butanol, ethanol and methanol). Depending on
the composition of the reactants, various nanoparticles were obtained with different size distributions.
The reaction was the fastest when methanol was used, whereas the slowest was in the presence of n-butanol.
The obtained particle size under comparable conditions was the smallest in methanol and the largest in
n-butanol. When the higher alcohols were used, the size distribution of the particles was wider than for
ethanol and methanol. As for the silica precursors, TMOS reaction was faster and resulted in smaller
silica spheres than TPOS. The systematic investigation of the influence of the initial sol composition on
the resulting nanoparticles can be found in their original article [11]. An optimized Stober protocol leads
to the fabrication of uniform 300-nm silica spheres, as presented in Figure 4. The detailed procedure is
shown in Supplementary Information.

)

klOO nm

Figure 4. TEM micrographs of spherical silica prepared according to the Stéber protocol.

The work of Stober was extended by Bogush et al. [16] who optimized concentration of the reagents
which resulted in the formation of monodisperse silica particles. The authors applied various proportions
between ethanol, ammonia, water, and TEOS. Moreover, various temperature conditions were tested
regarding the properties of the resulting nanoparticles. The obtained size of the nanoparticles was tuned
from 50 to 800 nm. The smallest standard deviation of the sizes was achieved for the average size greater
than approximately 300 nm. For the maximum achievable size, a broad or multimodal particle size
distribution was often obtained. The temperature effect was studied from 9 to 55 °C. Outputs indicated
that the particle size decreases monotonically as temperature increases. Interestingly, the stirring rate did
not influence the resulting material.

For the set temperature of 25 °C and concentration ranges of 0.1-0.5 M TEOS, 0.5-17.0 M H,O and
0.5-3.0 M NH3, the authors established an equation for the diameter of the obtained silica spheres (d—in
nanometers) in the following form:

d = A[H0] - 2exp (—B[H,0)])? 1)

In Equation (1), the constants are:

A = [TEOS)? (82 — 151[NHs) + 1200[NH3)? — 366[NH3]3) )

and

B = 1.05 + 0.523[N H3] — 0.128[ N H3]? 3)
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The reagent concentrations are in mol/L. In the same article, the authors presented the impact of
reagents on the synthesis [16]. With increasing particle size, however, the distribution of the particles size
was bimodal.

There were attempts to obtain larger silica particles (>800 nm) with homogenous distribution of their
sizes [17]. It was done by preventing the formation of secondary particles during the sol precipitation.
This was achieved by a slow rate of adding the reactant and a proper mixing rate. Interestingly, the
addition of higher volumes of TEOS (than those assumed by Stober) also resulted in large particles with a
uniform size [14].

The influence of the conditions, such as the level of ultrasonic stirring, on the resulting spherical silica,
were tested in [18]. By using an ultrasonic homogenizer during the reaction, the particles size is influenced
as follows: the particles grow larger with ultrasounds than when mechanical stirring is used. Moreover,
ultrasonic stirring induces the agglomeration of particles. This is an interesting effect and was investigated
by the authors on the basis of ultrasonic-enhanced collisions among spheres, as shown in Figure 5.

sonolysis of water
H,0->H- +OH

OH

OH OH
ultrasonic-
enhanced

collision

OH Hk

Oy 4y H—O

< x,
|OH " \‘ |OR
HO—Si—OH RO—Si—OR

| interaction with |R
OH tesidual silicates 0

Figure 5. Proposed mechanism for agglomeration of silica spheres through the ultrasonic-enhanced collisions.

The Nanostructure and the Mechanism of the Formation of Stober Silica Particles

The fabrication of monodisperse colloidal silica spheres follows the reactions:

Si(OCyHs )y + HyO —>ZNIZ3[ Si(OH)4 + 4C,HsOH @)
aikcono
. NHj .
si(0H)y Y 5i0, | +2H,0 )
alcohol

However, the chemical steps presented above are general and can be treated as an oversimplification.
The real mechanism of the formation of silica spheres is more complex. To this day, there is no agreement
concerning the mechanism of the formation of particles in the Stober solution. The first attempt to the
clarification of this mechanism and development of mechanistic models of particle growth was made
in 1988, and two extreme models were proposed: monomer addition and the controlled aggregation model.

The monomer addition model was proposed before the controlled aggregation model by Matsoukas
and coworkers [19,20]. Based on experimental results, the authors formulated a few important conclusions:
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e the rate of hydrolysis controls the silica growth process even for high water-to-orthosilicate ratios;

e reaction rates are faster in methanol than in ethanol;

e  particles grow larger in ethanol than in methanol under the same conditions;

e ammonia increases the reaction rate and promotes the formation of larger particles;

o low water concentration favors the production of larger particles, but the excess of water has the
opposite effect.

The authors concluded, that the growth is characterized by an incubation period during which the
nucleation takes place. After this period, no significant nucleation occurs [19]. Further growth of silica
depends on the addition of hydrolyzed monomers to the surface of oligomers.

The creation of kernels and the growth of silica spheres were described in details in [20]. Such a
model was claimed as a correct and fitted well to the experimental results presented in [14].

In the controlled aggregation model [16], the authors, based on experimental results, presented three
basic findings leading to the postulated mechanism:

e the growth mechanism is self-sharpening—small particles grow faster than large particles;

e the growth mechanism does not alter dramatically during the reaction—the density of the silica
particles and their external morphology are independent of the particle size;

o the growing particles must, at some point, achieve colloidal stability to obtain monodisperse particles.

On this basis, the authors postulated that particle growth occurs primarily through an aggregation
mechanism. Next, the monodispersity occurs due to size-dependent aggregation rates (the probability
of aggregation between two particles of the same size decreases while the particles grow). According to
Deryagin-Landau-Verwey-Overbeek theory [21], the repulsive interparticle potential has its origin in
charges bound to particle surfaces. On this basis, one can conclude that silica nuclei formed in a
supersaturated solution are colloidally unstable and thus aggregate. Since the growth mechanism is
self-sharpening, the distribution of the particle size shifts towards larger particles. At the same time, larger
particles do not agglomerate with each other and with smaller particles. A quasi mono-sized dispersion is
achieved. This mechanism was further developed in another article by Bogush et al. [22,23].

Preliminary tests of the structure of the particles were performed in 1988 [16]. The density
measurements of the material indicated micropores inside the particles. The calculated porosity of the
material was 11-15%. This finding was significant for the explanation of the mechanism of the formation
of spherical silica and its nanostructure. The porosity can be decreased by heating at 800 °C for 3 h or
longer in air [24].

The morphology of the particles was tested by means of 1>C and 2’Si nuclear magnetic resonance
spectroscopy (NMR) [25]. The main finding was that the siloxane structure of the silica particles was
composed of approximately 60% Q*, 35% Q?3, several percent Q?, and that several percent of the ethoxy
groups never leave the TEOS molecules (the notation of silanol groups is explained in Section 2.2.3).
This indicates that the synthesis is not as simple as presented in Equations (4) and (5). The same authors
in their different article [26] deliberated on the growth mechanism of silica spheres with a bimodal size
distribution. The main conclusion was that particle formation depends on the aggregation process of
tetraethyl orthosilicate. This process is strongly influenced by the surface potential of the silica particles
and by the ionic strength of the reaction medium.

Further development of the mechanism of silica formation was presented in [27,28] along with a
detailed analysis of the structure of spherical silica. As a starting point, the authors consider the opal
structure of, both the powder and its internal architecture (model) [29] as it is shown in Figure 6. It is
maintained, that the porosity derives exclusively from octahedral voids. The porosity measured for the
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silica dioxide spheres presented in the literature for various diameters [16,30] do not point at any particular
model. The authors concluded that silica particles could have different structures and density depending
on their size. Moreover, the authors established that large particles can contain a central core that is
composed of primary particles surrounded by several layers of secondary particles smaller than the core
(Figure 7a [28]).

Silica particles, obtained during the multistage Stober—Fink-Bohn (SFB) method [27], are characterized
by a more complex structure composed of a solid silica core and a few layers of secondary particles
(<100 nm) which are separated by solid shells (shown in Figure 7b).

However, scientists did not agree upon neither the exact structure of the Stober silica nor the formation
mechanism. The presented models still need to be verified experimentally, and it is a vital task of
modern science.

Opal matrix

of the spherical
silica powder
(SEM photograph)

Proposed internal
structures of the silica
spheres

O

a) b)
layers

of secondary
particles

layer
of secondary

dense particles

solid layers

solid core

Figure 7. A schematic representation of the multi-layer structure of silicon dioxide particles: a two-layer
model of the large particle (a), and a shell-like model of the silica grown by the multistage SFB method (b).
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2.2. Mesoporous Silica Structures

2.2.1. A Brief Review of Porous Silica Types and Structures

Porous silica-based materials belong to a large group of inorganic materials which have an open-pore
structure and are characterized by a sizeable surface area. Based on the IUPAC classification [31], porous
silicates are classified based on a pore diameter d and can be divided into microporous (d < 2 nm),
mesoporous (2 < d < 50 nm) and macroporous (d > 50 nm) materials. Zeolites are well-known
representatives of the class of microporous materials [32] which provide excellent catalytic properties
due to their crystalline aluminosilicate network. However, the dimensions of pores in zeolites and their
accessibility are limited to the sub-nanometric scale (<1.3 nm). Due to the small pores, their application
is limited only to the small molecules. Macroporous materials, such as traditional ceramics and cement,
mostly have an unordered structure—channels or pores are irregular and have no long-range ordering.
Therefore, the most promising material, with controlled pore size and their arrangement seems to be
mesoporous silica. The presence of mesopores provides selectivity in size and shape for guest molecules
enhancing host-guest interactions and, thus, can be applied in numerous fields.

Mesoporous materials originate from the first research in 1969 by the group of American scientists
from Sylvania Electric Products Inc. in which the procedure for the preparation of low-density silica was
described [33]. However, the main goal of the original patent was only to show the formation of low
bulk density silica and not its porosity. Only a few of the remarkable properties of the material were
discovered [34]. In the late 1980s and early 1990s, independent studies on the synthesis of mesoporous
silica materials were performed by a Waseda University group (Japan) [35]. The authors obtained a
three-dimensional silica network with a uniform pore-size distribution. Their synthesis was based
on a layered silicate, kanemite (NaHSi;O5-3H;0) and using a quaternary ammonium surfactant as
a template. Based on this work, S. Inagaki succeeded in the synthesis of highly ordered mesoporous silica
with hexagonal symmetry (also derived from the kanemite) named FSM-16 (Folded Sheets Mesoporous
materials) [36,37]. By using templating with surfactant aggregation and precise pH control, the authors
could produce materials with a tailored mesoporous structure.

Around the same time, parallel to the Japanese group, researchers in Mobil Corporation independently
synthesized mesoporous materials with hexagonal (p6mm), cubic (Ia3d) and lamellar (p2) symmetry [38,39].
The family of mesoporous molecular sieves was named M41S. It is believed that the report of M41S
materials and especially the discovery of the MCM-41 (Mobil Composition of Matter No.41) gave rise
to an active research and aroused wide interest in mesoporous structures. The most studied MCM-41
silica exhibits a two-dimensional hexagonal array of uniform channels with the diameter, which can be
controlled, between 1.5 and 10 nm. In contrast to FSM-16 materials, for which a “folded sheet” formation
mechanism from a layered silicate is proposed, the Mobil group developed a “liquid crystal templating
mechanism” (LCT). Instead of traditionally used in zeolite synthesis single-molecular or cationic templates,
organized assemblies of molecules were first used as templates which made it possible to create a material
with favorable characteristics: the pore walls of about 0.8 nm in thicknesses, the specific surface area
between 1000 m? /g to 1200 m? /g and pore volume of approximately 1 cm?/g. The MCM-41 material
could be synthesized in the form of spherical particles, as it was shown in Figure 8.
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Figure 8. TEM micrographs of MCM-41 silica.

However, the mechanical properties of MCM-41 were not satisfactory [40]. Due to the thin walls,
the specimens were not durable, and the structure was prone to damage [41]. Moreover, after the removal
of a surfactant, the structure could deform in time. For this reason, virtually since the discovery of
M41S, many scientific groups are involved in the investigations of new synthesis pathways which led
to more stable and more complex nanostructures with a wider compositional range. Various other
types of mesoporous silica nanomaterials have been developed. P. T. Tanev et al. proposed the synthesis
of HMS (Hexagonal Mesoporous Silica) using neutral amines as templates [42]. S. A. Bagshaw et al.
synthesized the disorganized mesoporous materials MSU-1 (Michigan State University) using polyethylene
oxide (PEO) [43]. However, the most exciting novel development, after the discovery of the initial
pathways, was made by the Santa Barbara group at the University of California [44]. The hexagonal
well-ordered mesoporous silica SBA-15 (Santa Barbara Amorphous) significantly expanded the application
of mesoporous materials. Before this discovery, the pore size of an ordered mesoporous silicon dioxide was
limited to approximately 10 nm with the wall thickness of about 1 nm. The use of Pluronics type triblock
copolymers, such as P123 (poly(ethylene glycol),p-poly(propylene glycol)7o-poly(ethylene glycol)s)
as a surfactant, noticeably expanded the available range of parameters of the obtained mesoporous
materials [45]. This method made significantly larger pore size, from 4 nm to about 40 nm, the wall
thickness of up to 6 nm, and the specific surface area of 800-1000 m?/g possible. The structure of SBA-15
silica is shown in Figure 9. Moreover, the resulting material, the SBA-15 silica, is characterized by high
mechanical, thermal (>900 °C) and hydrothermal stability [41,46]. Since this initial publication, numerous
researchers used SBA-15 instead of MCM-41 in their investigations.

Figure 9. TEM micrographs of SBA-15 silica.
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2.2.2. Formation Mechanism and Structure

The LCT mechanism, proposed by Mobil Corporation scientists, is a typical synthesis for the formation
of mesostructure materials which initially included two basic approaches, such as True Liquid Crystal
Templating [47] and Cooperative Self-Assembly mechanism [48,49], but also could have several variations.
In general, the necessary components for such structures are inorganic precursors (as a source of a
silica framework), organic template molecules (a surfactant) and a solvent with an acid or basic catalyst.
An important factor that plays a crucial role in forming of the final structure, pore sizes and surface areas
of mesoporous material is a surfactant. The formation of an organic-inorganic liquid-crystal mesophase is
the result of surfactant molecules and inorganic species self-assembly that polymerize (or condense) under
certain conditions.

The characteristic molecular structure of surfactants consists of a structural group that has very
little attraction for the solvent (the lyophobic group) and a group that has a strong attraction for the
solvent (the lyophilic group). Such structure is known as an amphipathic [50]. Surfactants are classified
depending on the nature of the hydrophilic group. They may be anionic (the surface-active portion of
the molecule possesses a negative charge), cationic (the surface-active portion bears a positive charge),
amphoteric (both positive and negative charges may be present in the surface-active part) and nonionic
(the surface-active portion bears no apparent ionic charge) (Figure 10).

The fundamental property of a surfactant lies on the formation of a micelle—an organized
auto-assembly formed in a liquid and composed of amphiphilic macromolecules [51]. The formation of
the micelles, as well as the aggregation into the corresponding structure, depends on the concentration of a
surfactant. It is characterized by a critical micelle concentration (CMC) [52]. At a low micelle concentration
(below CMC), molecule ordering is not possible. Spontaneous assembly of micelles can happen at slightly
higher (above CMC) concentrations. When a sufficient number of micelles in the solution is reached,
they start to build a structure in several ordered geometric arrangements depending on the shape of the
individual micelles [53]. Because of, both the ordered molecular arrangement of solid crystals and the
mobility of liquids, these packing arrangements were called liquid crystals. The formation of micelles, their
shape and the aggregation into liquid crystals depend on the concentration of a surfactant [54]. Spherical
micelles arrange into cubic liquid crystals, cylindrical micelles into hexagonal liquid crystals and lamellar
micelles form lamellar liquid crystals (Figure 10). Spherical geometry is the most favorable arrangement
because of the most efficient minimalization of surface energy.

Hydrophilic head  Hydrophobic tail

O/\/\/\/\

Nonionic

Anionic % %
Catnionic
Spherical Reverse Cylindrical Lamellar
Amphoteric
LSurfactant monomersj [ Micellar structures ]

Figure 10. Types of surfactants and micellar structures.

The first ordered mesoporous materials, such as MCM-41 and FSM-16, were prepared from cationic
surfactants, such as quaternary alkylammonium ions, under alkaline conditions. The formation of the
inorganic-organic hybrid mesophase is based on electrostatic interactions between the positively charged
surfactant molecules and the negatively charged silicate species in solutions. The primary synthetic
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route involves the direct co-condensation of anionic inorganic species (I~) with a cationic surfactant
(ST) and is abbreviated as STI~ interaction [49,55] (Table 1). The most widely used surfactant is CTAB
(cetyltrimethylammonium bromide). Optimal CTAB concentration is needed for the formation of a
liquid-crystal mesophase. In the presence of silica anions, the micellar solution of CTAB transforms into
a hexagonal lyotropic phase (MCM-41) or cubic phase (MCM-48) [56]. The pH of the synthesis media
can be from very basic (the optimum pH value is in the range of 9.5-11.5) to near neutral. The silicon
resource may be either organic silicon compounds, such as TEOS, TMOS or tetrabutyl orthosilicate (TBOS),
or inorganic compounds such as amorphous silica, soluble silicate.

The morphology SBA-15 depends directly on the conditions of a synthesis. The typical synthesis of
SBA-15 is performed by using nonionic surfactants (typically containing EO block) as templates. One of the
widely used templates is the family of poly(ethylene oxide)-poly(propylene oxide)—poly(ethylene oxide)
(PEO-PPO-PEO) triblock-copolymers. One of them is Pluronic P123, EOy0PO7 EOy (with the average
molecular weight of 5800). Other surfactants (P104, P85, P65, L65, etc.) are also applicable, but they require
a higher reaction temperature. P123 is an amphiphilic molecule where the PEO parts are hydrophilic, and
PPO part is hydrophobic. The amphiphilic character of P123 results in the formation of spherical micelles
in water with EO chains towards the water and PO chains in the direction of the core of micelles.

In contrast to the cationic surfactants used in the preparation of MCM-41, the nonionic surfactants
have a higher concentration in the synthesis media. In general, the use of triblock copolymers expands the
accessible range of pore sizes. Mesoporous silica obtained with the use of triblock copolymers possesses
large uniform pores and thick walls, the latter providing high thermal stability and improved hydrothermal
stability compared with mesoporous silica prepared by using low-molecular-weight surfactants. In a
basic environment, it is difficult to prepare SBA-15 with nonionic surfactants. For this, a strongly acidic
medium, such as 2.0 M of HCl solution, and the optimum pH value lower than 1.0 value is required.
At such conditions, protonated PEO chains of surfactants interact with cationic silica species by weak
electrostatic interactions mediated by the negatively charged chloride ions. This pathway is termed
SYH*TX~I* [57,58] (Table 1). Here, the surfactant-silica interaction is mediated by the counterion X~
neutralizing the repulsion between positively charged surfaces through hydrogen bonding. TEOS or
TMOS, in combination with a diluted acidic aqueous solution of Pluronic-type triblock copolymer, are used
as silica precursors. In comparison to MCM-41, SBA-15 has a more complex framework structure [59].
In the preparation of SBA-15, the EO segments of the PEO-PPO-PEO template can enter the silica walls
and form hybrid inorganic-organic composite frameworks. Upon removing the template by calcination,
micropores and small mesopores, of the size of about 1-3 nm, are generated in the framework connecting
the main pore channels. That is why the framework structure of SBA-15 and MCM-41 is quite different.



Int. ]. Mol. Sci. 2020, 21, 8137 13 of 38

Table 1. Example types of mesoporous materials with different interactions between the surfactant and the
inorganic framework. (Notation: S, N—a surfactant, [—an inorganic precursor, X—a counter ion).

Mesophase (Structure)  Surfactant Interaction Interaction Scheme
Pathway

MCM-41
(2D hexadonal P6mm), St~
MCM-48 CTAB (electrostatic
(3D cubic Ia34d), (cetyltrimethylammonium force)
FSM-16 bromide) oree
(2D hexagonal P6mm)
SBA-1
(Cubic Pm3n),
SBA-2 ..
@D hexagonal GS (gemini surfactant) STX-I+
P63/mmc) (electrostatic
force)
SBA-3
(2D hexagonal P6mm) CTAB
S01°
HMS (hexagonal-like) DDA (dodecylamine) (hydrogen
bond)
PEO (poly(ethyl NI
MSU (hexagonal-like) . (poly(ethylene (hydrogen
oxide)-based)
bond)
0+ x— [+
SBA-15 . (SSHT)XT
(2D hexagonal Pémm) Pluronic P123 (weak
exago electrostatic
force)

2.2.3. The Surface of Silica

An active silica surface characterized by a large specific area is of great importance for numerous
applications. However, since different silica compositions and structures are very diverse, the surface and
framework properties are also extremely varied.

When viewed on the inside of the silica framework (bulk), the Si-O-Si bonds are dominant
when four other silicon atoms surround one silicon atom. However, a completely different situation
occurs on a surface of silica where framework coordination may be partly changed to Si-OH bonds.
The classification of the diverse silica surface could be done according to the number of silanol and
siloxane functionalities [54]. Silicon atoms are referred to as Q" groups (1 < n < 4), where n defines the
number of neighboring silicon atoms (Figure 11). Thus, a Q* group corresponds to a structure like TEOS
where all four oxygen atoms are bound to another silicon atom; in Q® group, a silicon atom is linked to
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three other silicon atoms through the oxygen and have one “single” silanol. In the Q? group, a silicon
atom is oxygen-linked only to two other silicon atoms, and two isolated silanols are present. There is also
the possibility of the formation of vicinal or bridged silanols where two isolated silanol groups attached to
two different silicon atoms are bridged by H-bond [60].

H-bonded ;@_©

adjacent

o._ 0o o 0 _0® 50 >5)-0
(Si] S —-0—51—0—® S e) \® ) = Vicinal
o Mo 7o 0" 00 x50 750 o

R

Siloxane Isolated Geminal Terminal -
bridges (Q") silanol (Q°) silanol (Q?) silanol 50

( Vicinal silanol )

Figure 11. Various types of the surface of silica.

The understanding of the surface structure of nanosized silica is the critical point for the synthesis of
functionalized materials since silanol groups may act as functional groups in chemical reactions or can be
used to attach molecules having other functional groups. Moreover, the knowledge of the exact number of
silanols on the silica surface is essential in areas such as catalysis [61,62] and adsorption [63,64]. The nature
and distribution of silanol groups on silica surfaces are highly sensitive to the synthetic route and strongly
dependent on the temperature of any post-synthesis treatment [65].

There are different methods which can be used to characterize and quantify the density of silanol
groups of both amorphous and mesostructured silica materials. Among others, the methods include
thermogravimetric analyses, diffuse reflectance Fourier transform infrared spectroscopy (DRIFT), 2Si and
'H NMR, microcalorimetry and their combinations [66-71]. For example, the first study of the surface of
mesoporous MCM-41 [72,73] and SBA-15 [44] identified the presence of different types of silanol groups in
template-free samples: isolated silanols, geminal silanols and interacting vicinal pairs. However, there is a
possibility for the formation of other vicinal chains, such as H-bonded adjacent silanols, terminal silanols
in H-bonded chain or vicinal chains containing more than one pair of mutually H-bonded OH groups
(Figure 11). Some of them, however, are less reactive due to a strong interaction with neighbouring silanols.
By comparing MCM-41 with SBA-15, it was found that the latter possess a larger amount of surface silanol
groups due to the microporous framework structure [74]. However, more than half of these groups are
located in the micropores in the pore walls and are not available either for surface modification or small
silane. Cubical pore systems, like SBA-16 and MCM-48, systematically have a larger amount of silanol
groups on the surface in comparison to MCM-41 and SBA-15. This is explained by the fact that a cubical
pore system is accessible from three dimensions while a hexagonal pore system just from one.

3. Chemical Modification of Silica Surface

In order to transform the nanostructured silica into a 2D solid solvent, its surface needs to be modified
to selectively adsorb desirable ions or molecules. In other words, we need to convert the surface hydroxyl
units (see: Section 2.2.3) into the appropriate anchoring groups. Since a larger surface leads to the possibility
of placing more anchoring units with a homogenous distribution, the role of nanostructurization is essential.
Moreover, apart from the external surface of nanoparticles, also the inner structure can be functionalized,
which will increase the available locations to attach ions and molecules.
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In this section, we present the methods for the modification of silica surface with organic units which
could be used to obtain the 2D solid solvents. In the literature, all methods in which organic functional
groups can be attached to the surface of silica are divided into two main groups:

e through a reaction between pristine/modified silica surface functions and organosilanes or organic
molecules (grafting);
e incorporation of functional groups via sol-gel material synthesis methodology (co-condensation).

Moreover, the already attached organic groups can also be modified, or even grafting can be performed
to them [75]. In this section, we present a short review of both primary connection of organic groups to
silica surface and their post-attachment modification in order to obtain highly reactive units which enable
the immobilization of ions and molecules.

3.1. Grafting

Grafting is a broad term for post-synthesis modification techniques where, in contradiction to
co-condensation, the material for a further functionalization is synthesized during a separate step. Grafting
of silica is based on the modification of material surface through the reaction of free —-Si-OH (silanol)
groups which are present on the surface with a typical density of approximately 2-3 Si-OH groups
per nm2 [76]. There are two main ways in which grafting of a silica surface can be done, namely:

e  direct grafting of silanol groups of silica—in this approach, organic or silica-organic reagents are
attached to the surface via a condensation process;

e  grafting of non-silanol groups—first, silanol groups of silica are modified with other chemical groups,
such as Si-Hal or Si-H, and afterwards, a standard grafting is performed with desired molecules.

Grafting became widely used due to (but not limited to) the following advantages:

e alarge variety of functional groups can be introduced to a material;

e for mesostructured silica, the original structure of the silica phase is usually retained—one can use
pre-prepared samples with well-known structures (in the case of co-condensation, the introduction
of some trialkoxysilans in the existing preparation technique could affect the formation of the
assumed mesostructure);

e there is no strict requirement in the synthesis of complex silica matrix—numerous silica matrices can
be purchased from commercial sources.

However, grafting has some disadvantages as well. In the case of porous structures, the obtained
materials can have their porosity decreased after the process. Moreover, since on the initial stages of
the reaction, grafting reagents react preferentially at the external surface of silica particles (near the pore
openings), the diffusion of farther molecules into the pores can be restricted. As a result, it can lead to
a non-homogeneous distribution of organic groups in the pores or, in extreme cases of large functional
groups and small pores, pore blocking.

3.1.1. Grafting of the Silanol Groups

Usually grafting of silica surface is done with the use organosilanes (RSiX3, RySiX;, or R3SiX, where R
is a desirable organic group and X is a leaving group). In traditional techniques for surface modification,
alkoxy- or chloro- groups are used as leaving groups. The examples of the possible organosilanes usage
are depicted in Figure 12.
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Figure 12. Grafting of silanol groups with various organosilanes.

Commercially available silanes, which can be used for grafting of the silica, are based mostly on
trichlorosilanes (CI3Si-R), trimethoxysilanes ((CH30)3Si-R), or triethoxysilanes ((C2Hs50)35i-R). From the
reagents above, trichlorosilanes are more reactive than the trimethoxy- and triethoxysilanes [77]. Another
standard reagent is trimethylsilyl chloride—TMSCI ((CH3)3SiCl) which is used for silanization of silica
and glass surfaces including the silanization of laboratory glassware to make it more hydrophobic. Due to
its common usage in organic chemistry to protect some of the functional groups, TMSCl is one of the most
accessible reagents for the functionalization of the surface of silica.

Nevertheless, chlorosilanes and alkoxysilanes are most commonly used, there are also numerous
different reagents, which were investigated for modification of silica surface, namely mono- di- and
trisilazanes [78], allylsilanes [79], methallylsilanes [80], arylsilanes [81] and other [82]. The number of
leaving X groups in the reagent is typically equal to one or three with the most common composition of
R(CH3);Si-X or R-5iX3.

Monofunctional organosilanes have only one leaving group in the molecule and, as a result, only one
type of bonding is possible. This results in better reproducibility of the surface grafting. On the other hand,
when using these reagents, the overall surface coverage is lower due to the sterical hindrance from three
functional R groups absent in the case of trifunctional organosilanes. In the last ones, possessing only
one R group, all three leaving groups can react both with surface silanol groups and other organosilanes.
This can be beneficial due to the formation of intra-monolayer cross-linking. It can also be detrimental
because of the possibility of homocondensation (oligomerization) in a solution [83].

The main advantage of using silane precursors is their commercial availability and strong connections
with the surface of silica they could make in addition to the great variety of the functional moieties which
can be attached to the silane “core” [77].

Nevertheless, using silane-based reagents involves several practical problems [84], since these
reagents are:

e  susceptible to competing side reactions,

e responsive to moisture,

e tend to undergo intermolecular polymerization/polycondensation,
e can form multilayers.

As an alternative to the silane-based reagents to modify the surface of silica, various simple organic
molecules were proposed [83] such as alcohols [85], alkenes [86], isocyanates [87] and carboxylates [88] with
the possible formation of corresponding Si-O-C or Si-O-CO- bonds (see: Figure 13). Nevertheless, due to
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the possibility of hydrolysis in the presence of water, they can only be used in relatively dry environments
which significantly limits their usage.

0 [0} (0] (0]
)A\K R-COOH R-OH )/I\K

M
R-NH-C=0  0=C-NH-R R-CH,-CH R-CH-CH,
doon R-N=C=0 R-CH=CH, | on |

RN JREY

Figure 13. Grafting of silanol groups with simple organic compounds.

3.1.2. Grafting of Chlorinated Silica

Condensation via chlorination is another type of post-synthesis modification of silica. Unlike ordinary
grafting, in this method, the modification of silica surface consists of two stages, as presented in Figure 14.
The first stage is a chemical activation through the formation of active Si-Cl (Si-Hal) bonds via the reaction
with thionyl chloride — SOCI; [89] or another halogenation agent such as CCly [90] and (COCl); /POPh; in
CHCl;3 [91]. During the second stage, grafting of previously obtained Si-Cl groups with corresponding
organics is performed. Since halogenation agents are extremely reactive with water, this reaction must
be carried out in an anhydrous environment. From the practical point of view, it means that before the
reaction, silica must be dried (up to 350 °C) to remove the adsorbed water. The obtained activated material
must be kept in an enclosure with no access to humidity.

In the next stage, it can be modified in a dry diethyl ether using desired Grignard reagent or
other organometallic reagents, obtaining stable Si-C bonding [92,93]. Another possible reaction is the
modification with amines via Si-N bond formation [94]. Their good availability and low cost (in comparison
with trialkoxysilane-based reagents) are the main advantages of this approach. On the other hand,
this method also has a wide list of drawbacks, such as the necessity of hazardous reagent usage as well as
the formation of dangerous side-products (HCl, SO3, Cl3CO) and a limited range of functional groups
which can be introduced [95,96].
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Figure 14. Grafting of chlorinated silica.

3.1.3. Grafting of a Silica Hydride

Silica-hydride materials, which are also known as Type C silica—are based on ordinary silica with
one fundamental difference—their surface is covered with less polar silicon-hydride (Si-H) groups which
replace 95% of the polar silanol Si-OH groups on their surface. Type C silica is known as promising
chromatographic support materials [97] as well as an intermediate in the synthesis of organically modified
silica. This modification can be done via the hydrosilation process producing a bound stationary phase in
which desirable organic moiety is bound to the surface of silica by a stable Si—C bond.

Generally, the attachment of organic moieties via this method is a two-step process [98], as depicted
in Figure 15. During the first step, a monolayer of a hydride is obtained on the surface. Unlike the
chlorinated silica, the hydride silica, due to its greater stability, can be stored for long periods without
noticeable decomposition. On this stage, there are two main synthetic approaches to obtain a silica hydride
monolayer [99]:

e  the reduction of chlorinated silica Si-Cl groups to Si-H using lithium aluminium hydride LiAIH,4 [100]
in completely dry conditions to avoid Si—Cl bond hydrolysys;

e the single-step grafting of hydride monolayer on ordinary silica using the condensation of silane
reagents (most commonly with triethoxysilane (C,H50)3Si-H) [101].

CH, 2
1) SOClp
R-CH=CH,
2) LiAlH,

on OH on WoOH W ]

R-C=CH g =
__>
[l [l

Figure 15. Grafting of a silica hydride.
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The second step consists of the catalyzed attachment of a desired organic group to the silica-hydride
surface via a hydrosilation reaction. The most common groups for this reaction are terminal olefins.
Nevertheless, there are also works on the attachment of different groups with multiple bonds such as
nonterminal alkenes, alkynes [102], nitriles [103] (with the formation of Si-N bonding) and others.

3.2. Co-Condensation

As it was mentioned before, to form a mesoporous silica structure, it is necessary to have two primary
reagents—a structure-directing agent (a surfactant) and a silica source (Figure 16).

._fi(OEt)a *r— %’ Surfactant a g a ’

Si(OEt), Surfactant % % extraction a a

Figure 16. A general scheme of co-condensation.

Generally, only one surfactant and only one source of silica are used during the process. The most
commonly used are tetraalkyl orthosilicate (TMOS, TEOS, TPOS or TBOS), fumed silica or a sodium
silicate [104-106]. Nevertheless, using different combinations of both structure-directing agents and silica
agents, at the same time, can be profitable giving brand new fields of opportunities for the researchers
trying to tune properties of their materials. Different surfactants or their mixtures can strongly influence
pore ordering or pore diameters in the three-dimensional structure of the material completely changing its
character [107,108] while different silica sources impact the chemical properties and the composition of a
final material.

It is possible to incorporate selected molecules during the formation of nanostructured silica in such
a way that a proper functional unit will be present at the surface even after the removal of a surfactant.
This method is called co-condensation (a one-pot synthesis or a direct synthesis) and, in most cases,
depends on the condensation of tetraalkoxysilanes (RO)4Si (usually TEOS or TMOS) with one or more
terminal trialkoxyorganosilanes (RO)35i-R* in the presence of a corresponding surfactant. This approach
uses the fact that due to the formation of the mesoporous structure, the obtained materials are characterized
by a large surface-area-to-mass ratio. On the atomic level, it means that a large fraction of silicon-based
groups remain unreacted after polycondensation (in the case of using only TEOS, its =SiOH, =Si(OH),
and -Si(OH)3; groups). Therefore, it is not necessary that all silica “building blocks” form four bonds with
other blocks in the matrix. In the case of a co-condensation with a mixture of (RO)4Si and (RO)3Si-R,
the process leads to materials with organic R groups bound covalently to pore walls. Thus, additional
-5i-R, =5i(OH)-R and -5i(OH),-R groups are present. However, all this concerns only terminal organosilica
precursors. For bridged-organosilanes, which have two trialkoxysilyl groups connected by a functional
organic bridge, the process of polycondensation leads to the so-called Periodic Mesoporous Organosilicas
(PMOs) (invented independently in 1999 by three research groups [109-111]) in which organic groups of
an organic bridge are incorporated homogeneously in the pore walls of the obtained material. This topic is
not covered in this article but is well described in the literature [112-114].

For trialkoxyorganosilanes, corresponding organic functions are mainly located at the surface of pores.
This phenomenon can be explained by:

e the hydrophobicity of some organic R groups which tend to avoid interaction with polar
silanol/siloxane groups;
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e the hydrophobicity of organic residues; in some cases, they can interact with micelles. In this
case, (RO)3Si-R* molecules act not only as silica agents but also as weak structure-deriving agents.
Moreover, they often slightly change pore sizes in the obtained material. Additionally, the silica
source and the main surfactant can also be in the form of a single molecule [114]. For example,
cetyl triethoxysilane can also condense into a lamellar solid in a concentrated acidic solution
without any other silica source or a surfactant. Both MCM-41 and MCM-48 can be synthesized
by using n-tetradecyldimethy(3-trimethoxysilylpropyl)Jammonium chloride as the covalently bound
surfactant-silica source [115];

e in a basic medium, an organosilane component undergoes lower hydrolysis and at a decreased
condensation rate, in comparison to the pure inorganic precursor, which leads to retarded participation
in the polycondensation process [76].

Generally, this method has a few noticeable advantages in comparison with other methods:

e since it is a one-pot synthesis, this method saves time due to the decreased amount of stages in the
synthesis route—the synthesis and functionalization occur at the same time;

e no material loss during the process of isolation and purification of the product between its synthesis
and functionalization;

e condensation occurs at the same time with the 3D structure formation. Thus, pore blocking does not
occur, and pores are filled with a surfactant. In contrast to this, in post-synthesis methods, when the
concentration of trialkoxysilanes is too high and the time of reaction is too long, pores can be filled
with a new formed silica-based substance and be blocked;

e generally, the organic functionalities are distributed more homogeneously than in materials
synthesized with the grafting process.

As for the disadvantages of the method, we can list the following:

e  The main problem with this method is related to the limitation of the maximal achievable density of
the functional groups without the loss in the structure mesoscopic ordering. As it was mentioned
before, not all silica agents need to have the possibility to form all four -5i-O-Si- bonds and some
fraction of a silica agent can form only three (or less) bonds. However, in reality, when the amount
of an agent, which cannot form all four bonds, increases, it starts to disrupt the mesoscale structure
ordering. In practice, the content of organic functionalities in the modified silica phases does normally
not exceed 40 molls, and typical values are even lower (5-15 molls).

e  Due to the different hydrolysis and condensation rates, a part of the silica source and trialkoxysilanes
can take part in homocondensation reactions and resulting in a lower number of bound organic groups.

e  The increase in the concentration of a modification agent can lead to decreased pore diameter, pore
volume, and specific surface area of the obtained mesoporous silica.

e Surfactants are often removed from the pores by calcination. However, this method cannot be
used here since the process can destroy organic functional groups. Nevertheless, surfactants can be
effectively removed by extractive methods.

3.3. Functional Groups and Their Reactions

In this section, we show a few examples of commonly used trialkoxyorganosilane reagents due to
their common usage and practical benefits. Trialkoxyorganosilanes are readily available and, because of
their trialkoxy-group, they can be readily and effectively chemically bound via the condensation process,
both to a silica surface (grafting) and different silica-based molecules (co-condensation).

The chemistry of the synthesis and reactivity of trialkoxyorganosilanes is a separate topic, and herein
we would like to show only prominent representatives of this group. In previous sections, we focused
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on various methods of the synthesis and showed how silica surface could be modified with the use of
different classes of organic and silica-organic compounds. Below, we listed different functional groups
which can be implemented on the surface of a modified material. Generally, this group can be divided into
two groups—passive and reactive functional groups [75], as shown in Table 2.

In this context, passive functional groups characterized by low reactivity and alkyl chains or phenyl
groups can be included here. Due to their low reactivity and high hydrophobicity, they are used to increase
the hydrophobicity of a surface via the formation of the hydrocarbon-based hydrophobic layer. Here, the
passivation of silanol groups occurs and, since the surface of silica is chemically bound and separated from
the solution with a hydrophobic layer, the silica framework is protected from hydrolysis. Moreover, it has
increased stability towards moisture and mechanical compression.

Table 2. The most used trialkoxyorganosilanes for silica surface functioanalization.

Class Formula Substituent

Passive functional groups

(RO)3Si-CH3 methyl
(RO)3Si-CoHs5 ethyl-

(RO)3Si-C3Hy propyl-

Alkanes (RO)3Si-CH,-CH-(CH;), isobutyl-
(RO)3Si-CgHyz octyl-

(RO)3Si-CraHps dodecyl-

. CF
(RO);Si TN 3,3,3-trifluoropropyl-

Fluorinated alkanes FFRFFRF

F

(RO)3Si
F
FF FF F 1H,1H,2H,2H-perfluorooctyl-
(R0)33i~O
cyclopentyl-
Cycloalkanes
(RO)ﬁiO
cyclohextyl-
(R0)3Si—©
phenyl-
Aromatic rings (RO)Si

5

2-phenylethyl-

Reactive functional groups

(RO) 38i~\
Alkenes (RO)sSi _\_

(RO)Si— S NF

=

vinyl-

allyl-

7-octen-1-yl-
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Class Formula Substituent
(RO)3SI Cl 3-chloropropyl-
Halogen-based NS
g (RO)3Si Br 3-bromopropyl-
(RO);3Si TN 3-iodopropyl-
NN
(RO)5Si SH 3-mercaptopropyl-
. . RO)sSI” > NH, 3-aminopropyl-
Simple terminal heterogroups NN
(RO)5Si CN 3-(Triethoxysilyl)propionitrile
(RO)sSi” " PO(OE), 1
) N2
(RO)Si 7NN N-ethylenediamino-
. /\/N H
RO)sSI7T T N N, N-diethylenetriamino-
Complex terminal organics (RO) 3Si/\/\o/¥
% 3-glycidyloxypropyl-
(@]

(RO)3Si/\/\O)v

3-propyl acrylate

In contrast, active functional groups possess greater chemical reactivity, including the possibility of
further functionalization, the formation of charged fragments, the adsorption of metal ions or different
molecules, hydrogen bonding, etc. Thus, the materials functionalized with active functional groups can
be applied in numerous fields such as precursors for novel materials, materials for medical application,
stationary phases in chromatography, adsorbents for metal concentration and separation, catalysts and
many others.

By using active functional groups as modifiers, instead of synthesizing several specific reagents with
different functional groups, it is more convenient to use a small number of “standard” reagents for silica
functionalization and subsequently perform reactions on materials modified by them [116]. Additional
advantages of using those groups are high yields obtained under mild reaction conditions, the compatibility
of different functional groups, no required catalytic activation and the absence of byproducts [117,118].
The following table (Table 3) include a short review of some of the possible reactions. For a more detailed
look at those and other reactions, we recommend the source articles [77,116,119].

The last row of Table 3 shows the formation of salts with active functional groups. In this case, the
ions of metals are immobilized. Those reactions can be extended to molecules which we will show in the
next section.

Although active functional groups seem to be more beneficial in comparison with their passive
equivalents, the latter can also play an important role. The passive functional units may be used in
tuning the concentration of the active functional groups and, thus, adjust the concentration of our
2D solid solution”.
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Table 3. Selected reactions on different functional groups

Reaction Type Reaction Reference
AX
Hal —_— X
Nucleophilic substitution X=0OH, NHR, N3, SCN, SR, SO,H A=H,Na,K [77,117]

[
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|

lwz bh
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\ \ /)

z-z Z~g
Py Pyl

“Click” alkyne-azide cycloaddition [118,120]
s
R—SH ~
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_
R
@pre =L (et
Thiol-Ene “click” [121,122]
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5|2
(@]
o}
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Oxidation o [123-125]
OR e OH
F’\=0 E— J\IU‘—P=O
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Hydrolysys [126,127]
COOH COOMe
0]
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/OH
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Salt formation Me"" - desired metal cation " - corresponding anion [128,129]

4. The Immobilization of Ions and Molecules by a 2D Solid Solvent: A Few Examples

In previous sections, we showed how to modify the surface of silica with functional units. We also
presented what kind of functional molecules allow for homogenous immobilization of ions or molecules
at a surface converting silica into a 2D solid solvent. Here, we show a few practical examples of such
modifications along with experimental results confirming the success of the applied procedure. We also
explain why specific matrix architectures were chosen for the purpose.

4.1. Grafting of Spherical Silica

Despite a relatively low specific surface area (in comparison to mesoporous silica) of approximately
13 m?/g[130], the spherical silica is vital for the immobilization of some molecules especially
single-molecule magnets. In this case, the shape of the silica support is more critical than a specific
surface area. Relatively small silica spheres can be precisely observed with the use of a TEM microscope.
There are no hidden areas in this material (such as internal channels in mesoporous silica), therefore larger
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molecules (>1 nm) are visible at the surface of such a matrix, especially at the horizon of the sphere. Such
a feature can be employed for direct observation of the immobilized molecules to gain knowledge about
the attachment with no necessity of applying expensive and sophisticated techniques [131].

The synthesis of soluble single-molecule magnets (SMMs)—Mn;,-stearate was carried out according to
the protocol shown by Park and his coworkers [132]. The spherical silica (prepared according to the optimized
Stober protocol—see: Supplementary Information) can be functionalized with propyl-carboxyl units to
anchor the aforementioned magnetic molecules: stearic acids ligands readily react with a carboxylic acid
resulting in a stearic acid molecule and Mnj,-stearate bound via carboxyl group. It must be emphasized
that such molecules can be attached via one, two, three or even four such bonds [133]. The modification
of the surface of silica with proper anchoring units can be easily achieved by grafting method [130].
It would seem that a grafting method does not allow modifying the concentration of the functional units
at the surface. However, this can be done with the use of the spacer units method [134,135]. A surface
with anchoring units distributed with controlled statistical distances reflects the 2D solid solvent for
Mn;;-stearate SMMs since it can separate and keep them at the assumed concentration and distances from
each other (see: Figure 17).

The procedure of the functionalization of silica involves the following steps (for details see
Supplementary Information):

1. grafting the spherical silica by the precursors of anchoring (butyronitriletriethoxysilane—BNTES) and
spacer (tetraethyl orthosilicate - TEOS) units: in this step, the statistical distances between anchoring
units can be tuned by changing the proportion between TEOS and BNTES (defined by the n number
in Figure 17);

2. the silanation of the surface hydroxyl units with the solution of chlorotrimethyl silane (CITMS):
this step is necessary to avoid unwanted side reactions between carboxylic acid groups and surface
hydroxyl units during the hydrolysis;

3. acidic hydrolysis of cyano units into carboxylic acid groups.

After the procedure, presented concisely in Figure 18, the functionalized silica can play a role of the
2D solid solvent. It can be used for materials such as silver ions or the aforementioned Mnj,-stearate
single-molecule magnets. Here, we present the latter example since it can be observed directly in a
transmission electron microscope.

spacer/separator

propyl chain
-
. (oW; "

spherical silica substrate

Figure 17. A schematic illustration of the spherical silica acting as a 2D solid solvent for the Mnj,-stearate
single-molecule magnets; n denotes the number of spacer units, separating single-molecule magnets
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Figure 18. A schematic illustration of the synthesis of spherical silica containing carboxylic anchoring
units distributed with the assumed statistical distances. Abbreviations: TEOS—tetraethyl orthosilicate,
BNTES—butyronitriletriethoxysilane, CITMS—chlorotrimethylsilane, Me—methyl groups, Et—ethyl units.
The number 7 deneotes the density of anchoring units.

The route is realized by the treatment of the functionalized silica by the solution of Mnj,-stearate
in dichloromethane, as shown in Figure 19. After this procedure, the anchoring units bond SMMs at the
surface. The type of immobilization (the number of bonds between silica surface and SMMs) and the
density of magnetic molecules depends only on the density of the anchoring units on the surface.

.
AT )
Mem§Me Ou e OH Me=si-yge N O..on Me~siyge
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& PN s 5 PN si
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M N
2D solid solvent:

silica with carboxylic acid units

Figure 19. A schematic illustration of the immobilization of the Mnj,-stearate magnetic molecules by

functionalized silica.

The TEM micrograps (Figure 20) confirmed our assumptions:

e  Mny;-stearate single-molecule magnets attached to the surface of silica can be directly observed with
the use of TEM;
e we are able to tune the way of SMMs immobilization and their concentration at the matrix.

S .

100m I§iiS-Mn,, n=9

ey

" |'SilS-Mn,, n=15

Figure 20. TEM micrographs of the Mn;;-stearate molecules attached to the spherical silica-based materials
containing various concentrations of the anchoring units separated by spacer groups. The n denotes the
number of spacer units per single anchoring molecule.
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In this case, we observed an interesting dependency. At first glance, the concentration of SMMs
does not change with an increasing number of spacer units up to six spacers per single anchoring
unit (sample SilS-Mnj; n = 6). However, for larger amounts of spacer units, the concentration of the
magnetic molecules significantly decreases. An Mnj,-based molecule has 16 attaching points: eight at the
circumference, four at the upper side and four at the bottom. As we proved earlier [130], Mn;,-stearate
molecules attach in an umbrella-like configuration to the surface and, thus, SMMs can be attached via 14
points. With the decreasing density of anchoring points, we decrease the number of bonds between the
surface and SMMS. Next, when the density of anchors is sufficiently low, the density of anchored magnetic
molecules decreases as well. The additional confirmation of this finding and a quantitative analysis of the
number of anchored molecules at the silica was obtained by means of differential pulse anodic stripping
voltammetry (DPASV) and was in great accordance with our assumptions. It is important to note, that the
number of bonds between the silica and SMMs also may influence on their magnetic properties [133].

We confirmed that the spherical silica with carboxylic acid groups separated by spacers can play an
essential role of an efficient 2D solid solvent for Mnj,-based molecules. In this case, we can tune not only
the concentration of the immobilized molecules but also the type of their immobilization. Moreover, due to
the thermal and mechanical stability of silica substrate there is a possibility for study of magnetic ageing
effects of deposited SMMs [136].

In this place, one can ask about the applicative potential of such a solution. However, the technology
of the controlled grafting of Mn, -stearate molecules in combination with the procedure of preparing
vertically aligned porous silica thin films functionalized at the pores bottom [137] can result in the system
of molecular neurons [138,139] or a super-dense magnetic memory storage [140]. Thus, the approach
presented here can be essential for emerging technologies.

4.2. Mesoporous Silica for the Immobilization of Metal lons and Molecules

The SBA-15 silica is an excellent candidate for a matrix in our 2D solid solvent concept. As it was
mentioned in previous sections, 2D hexagonally distributed channels result in an enormous specific surface
area. Over 700 m?/g is available for a homogenous distribution of the ions or molecules. This feature
gives to the functionalized SBA-15 silica huge applicative potential as an absorbent for heavy metals
in natural environment. The SBA-15 silica with proper anchoring units can be pressed into some kind
of removable cartridge (pellet) and be a kind of filter /absorber for remediation of the groundwater or
soil. The immobilization of metals can do it in a given place of the environment, i.e., transformation
into insoluble or sparingly soluble compounds, making it less available or unavailable to plants, which
contributes to for their further migration into the soil profile [141]. Such a cartridge can be later removed
from the soil and replaced to another one.

The synthesis procedure enables both grafting and a direct synthesis to attach surface anchoring
units. In this case, the co-condensation method seems to be more profitable because of a homogenous
distribution of functional units and the lack of pore blocking.

In this section, we present the SBA-15 silica containing propyl phosphonate and propyl carboxylic
acid groups (presented schematically in Figure 21). Both functional molecules can be attached in
co-condensation of TEOS with various precursors in the presence of P123 surfactant. Both materials
can be used as a 2D solid solvent for different ions and molecules.

The synthesis of both materials is similar, as presented in Figure 22. In the first
step, the co-condensation of tetraethyl orthosilicate (TEOS) with precursors of anchoring units
(phosphonate propyl diethyl triethoxysilane—PPTES for the silica containing phosphoric acid or BNTES
for SBA-15 with carboxylic acid units) is performed in the presence of triblock copolymer Pluronic P123
(EO20PO79EOyy, where EO poly-ethylene oxide and PO is poly-propylene oxide) as the structuring agent
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in acidic conditions. The final concentration of the functional units can be adjusted by changing the
proportions of the precursor of silica (TEOS) and the precursors of functional units (PPTES or BNTES,
depending on the aimed material). These proportions can be set by n number describing the molls number
of tetraethyl orthosilicate per single moll of a precursor of functional units. In the next step, surface
hydroxyl units are eliminated by silylation. Finally, the anchoring of the units is performed by hydrolysis.
The detailed description of syntheses can be found in Supplementary Materials.

L a) @ propyl . iD @ propyl
: ©§<1',)/ phosphoric o | : ©§©/ carboxylic @
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Figure 21. A schematic presentation of the SBA-15 silica functionalized with propyl phosphoric acid (a)
and propyl carboxylic acid groups (b).

The SBA-15 with propyl phosphoric acid units can be applied as a 2D solid solvent for two-valence metal
ions such as copper, nickel, iron or cobalt [126,127,142]. However, we must remark that it is difficult to
confirm the presence of homogeneously distributed anchored ions. Nevertheless, we proposed an efficient
procedure based on the vibrational spectroscopy supported by numerical simulations [128].

Ions dissolved inside a silica matrix can be applied in photonics: by choosing a particular concentration
of ions, it is possible to tune the nonlinear optical response of such a material [143]. Powders containing
copper ions distributed at deficient concentrations are efficient biocidal material [144].

Such materials can also act as a starting point for the preparation of nanocomposites containing
nanocrystals inside silica pores. Those crystals can be treated as quantum dots [145,146]. In this case,
a proper “dilution” of metal ions inside a matrix is crucial to obtain the assumed final effect.

The SBA-15 with propyl carboxylic acid units can efficiently dilute single-valent ions (such as silver)
and magnetic molecules (like various derivatives of Mny;) on its surface. Attaching magnetic molecules
based on Mn;y; at specific concentrations and distances between each other, enables the investigation of
the properties of separated single-molecule magnets [129,147] which is a no small achievement. However,
using our proposed 2D solid solvent, it is achievable by a simple wet-chemistry process by correctly
setting of the dilution rate, and adjusting the proportions between precursors (number 7 in Figure 22).
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Dulski and others [148] presented the immobilization of silver ions by SBA-15 silica and used the material
as an antimicrobial agent. Moreover, the calcination of such material resulted in a novel silica-based

nanocomposite containing silver or silver oxide nanocrystals inside pores.

STEP1: - ) STEP 2: STEP 3:
co-condensation of the precursors of silica and functional silylation - elimination hydrolysis of precursors of anchoring units
units in the presence of P123 surfactant. SBA-15 silica formation |  of the surface hydroxyl units. into proper functional molecules
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Figure 22. A diagram of the routes of the syntheses of the SBA-15 silica containing anchoring units:
a propyl phosphoric acid (upper route) and a propyl carboxylic acid (bottom route). The number # denotes
molls the number of tetraethyl orthosilicate (TEOS) per single moll of the precursor of functional units
(phosphonate propyl diethyltriethoxysilane — PPTES or butyronitriletriethoxysilane—BNTES depending
on the desired material).

All of the aforementioned materials owe their properties to treating the functionalized SBA-15 silica
as a 2D solid solvent and the possibility of adjusting the dilution rate of the incorporated species.

4.3. Mesoporous Silica Functionalized with Cyclam for Chelating of Chlorides

The cyclam (1,4,8,11-Tetraazacyclotetradecane) is a strongly chelating molecule which can be
incorporated in the SBA-15 silica. Interestingly, such molecule can either be attached inside silica pores or
built inside silica walls, as presented in Figure 23.

As with the previously presented material, also in this case, one can notice the tremendous applicative
potential in water and soil remediation. In this case, however, the material can absorb chlorides of heavy
metals—this function seems to be complementary to the case presented in the previous section. Due to the
possibility for functionalization inside pores and in the walls structure, one can obtain great capacity for
chelation of chlorides. It is possible to obtain the material possessing functional units inside channels and
walls at the same time.
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Figure 23. A diagram of the structure of silica modified by cyclam (1,4,8,11-Tetraazacyclotetradecane)
molecules: anchored inside silica pores (left side) and incorporated inside the walls along with the schematic
molecular structure (right side — dashed lines represent the continuation of the structure).

Despite the same functional molecule, the synthesis routes for both types of the materials
are different. For cyclam inside the pores of the SBA-15, the procedure consists of a few steps:
firstly, the co-condensation of TEOS and chloropropyl triethylsilane (CIPTES) is performed in acidic
conditions in the presence of the P123 surfactant. In the next step, the chlorine is substituted by cyclam
dissolved in acetonitrile and triethylamine (TEA). The SBA-15 containing cyclam incorporated in silica
walls is fabricated in a one-step reaction: the co-condensation of TEOS with tetrasilylated cyclam (1,4,8,11
trietoxysilane propyl 1,4,8,11-tetraazacyclotetradecane). Both reactions are presented in Figure 24. In both
cases, the concentration of cyclam units can be finely adjusted by the modification of the proportions
between precursors of silica and cyclam during co-condensation (the # number describing the number
of the molls of tetraethyl orthosilicate per a single moll of the precursor of functional units). A detailed
description of syntheses can be found in Supplementary Materials.

Both kinds of the material can play the role of a 2D solvent for the same molecules: metal (II) chlorides
(copper, nickel, iron, or cobalt). Chlorides are chelated by cyclam molecules and are immobilized in
this form. The efficiency of this process was unambiguously confirmed by the electron paramagnetic
resonance (EPR) technique. For both materials treated by nickel chloride, the super hyperfine coupling
was observed. This phenomenon proved that nickel chlorides are separated from each other and regularly
distributed inside pores [149] and within the walls of silica structure [150]. Considering the importance of
such materials, we can quote environmental protection and recycling. Silica is insoluble in most solvents
(except for the extreme solvent, a hydrofluoric acid, and strong bases). Thus, it can be used as an adsorber
for chlorides from polluted water which can then be removed by filtration. Because of the large specific
surface area, further extended by the possibility of functionalization inside walls, its capacity to adsorb
chlorides is enormous. Thus, efficiency is expected to be high. Again, in this case, the 2D solid solvent
concept resulted in the fabrication of a functional nanomaterial with high applicative potential.
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Figure 24. The synthesis routes for the SBA-15 silica containing cyclam molecules attached inside silica
pores via propyl chains (a) and incorporated inside the structure of silica (b).

5. Conclusions

In this work, we proposed the concept of a 2D solid solvent—a novel class of materials to capture and
separation of ions or molecules. Such materials can be fabricated based on functionalized nanostructured
silica and used to immobilize at the surface particular species at a specific concentration with the desired
distance from each other. We reviewed its fabrication process, possible applications and explained the way
of incorporating selected molecules and ions in its volume or surface.

Indeed, in some cases, a similar effect can be achieved by other techniques. However, the procedure
to capture of ions or molecules by the 2D solid solvent proposed here in numerous examples is easy to
apply, time-efficient and reliable (in terms of repeatability). Moreover, most of the steps of the process
and required reagents proposed in this focused review are low-cost and efficient. This research field is
open for new investigations with numerous horizons of applicability. We believe that this review can be of
particular aid for researchers wanting to add this promising class of materials to their research repertoire.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1422-0067/21/21/8137/s1.
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Abbreviations

The following abbreviations are used in this manuscript:

TEOS  tetraethyl orthosilicate

TMOS  tetramethyl orthosilicate

TPOS tetrapentyl orthosilicate

TBOS  tetrabutyl orthosilicate

PPTES  phosphonate propyl diethyl triethoxysilane

BNTES butyronitrile triethoxysilane / cyanopropyl triethoxysilane

P123

(poly(ethylene glycol)-poly(propylene glycol)7o-poly(ethylene glycol)zg

CTAB  cetyl triethyl ammonium bromide
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