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Abstract—The formation of a mesostructured silicate material of the MCM-41 type is studied. The influence
of the replacement of components in a reaction medium is investigated experimentally. Analysis of the results
obtained and the data available in the literature suggests that the process under investigation is based on the
approximate stoichiometric supramolecular interaction between [Si4O, , (OH)y_ ]! *¥ silicate polyanions
and C,¢H13(CH;3);N* cetyltrimethylammonium cations with the formation of supramolecular aggregates, which
condense to a mesostructured organosilicate composite. A further evolution of the product involves hydrolysis
of the inner surface and the polymerization of the inorganic component. It is demonstrated that the properties
of the product are determined, to a large extent, by the components of the reaction medium, which control the
relative reaction rates in the process. The inference is made that an alcohol-ammonia medium is the most opti-
mum for alkaline synthesis. This medium provides good preparation of the initial components for the reaction
and the high rate of hydrolysis of pore walls, minimizes the osmotic effects during hydrothermal treatment, and,

eventually, favors the formation of a highly structured hydrothermally stable material.

INTRODUCTION

The wide variety of silica species described by Iler
in his well-known monograph [1] is associated with the
easy formation of metastable states that have close
energies, are stable in time, and arise from a set of par-
allel, reversible and irreversible, competitive processes
during the evolution of a product. Although the chemi-
cal composition of such systems is relatively simple,
there is little point in believing that their behavior can
be thermodynamically and kinetically described in
detail. More likely, researchers use a set of empirical
reasonable intuitive notions rather than correct con-
cepts. A prominent example of such a situation is pro-
vided by the modern history of research into mesostruc-
tured mesoporous silicates.

There is no doubt about the joint priority of scien-
tists of the Mobil Research and Development Co. [2, 3]
and Japanese researchers [4], who, in the early 1990s,
for the first time systematically investigated the synthe-
sis, structure, and properties of mesostructured meso-
porous silicates belonging to the M41S and FSU fami-
lies. However, it should be noted that a number of data
for similar materials were obtained far in advance of
those reported in the above works. In particular, a
strong flocculating effect of small additives of cetyltri-
methylammonium chloride on silica sols with the for-
mation of lamellar aggregates was described in 1957
[5]. More recently, Chiola et al. [6] observed a similar

phenomenon. However, all researchers before publish-
ing the works [2, 3] could not recognize the signifi-
cance of the prepared compounds, and their unique
properties governed by the crystallographically ordered
(on a nanoscale) porous structure with a pore surface up
to 1000 m?/g were not studied in depth.

Ten-year investigations of mesostructured silicate
materials have revealed radically new promising poten-
tialities of liquid-crystal templating for preparing new
inorganic materials [7—16]. The interaction of surface-
active organic molecules with inorganic polyanions
under specific conditions leads to the formation of
supramolecular particles condensed from a solution to
a mesastructured mesophase with a structure formed
according to the laws of liquid-crystal media. The
resulting composite consists of regularly alternating
organic and inorganic regions. The nontraditional term
“mesophase” (whose meaning is not universally
accepted) is used because the nature of compounds
themselves corresponds to a boundary between organic
and inorganic materials, on the one hand, and the prod-
uct 1s in the state of an active evolution, on the other
hand. Hydrothermal treatment in an autoclave (for the
most part, resulting in polymerization of the inorganic
component) and subsequent burning of the organic
component in air at temperatures above 300°C lead to
the formation of the mesostructured mesoporous mate-
rial, which, as judged from the chemical composition,
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Fig. 1. (a) Electron microscope image [17], (b) X-ray diffraction pattern, and (c) electron density map obtained from the X-ray dif-
fraction pattern [18] for the MCM-41 mesostructured mesoporous silicate material.

is an inorganic polyanion that has a geometrically reg-
ular surface with a very large area.

The silicate material, historically referred to as
MCM-41 [2, 3], has been most thoroughly investigated
to date. Figure 1 shows the electron microscope image
(Fig. 1a) [17], the X-ray diffraction pattern (Fig. 1b),
and the electron density map (Fig. 1c) obtained from
the X-ray diffraction pattern [18] for the MCM-41
mesostructured silicate material. The researchers of the
Mobil, who obtained this material for the first time,
described a rather large number of initial reagents that
allow one to prepare the mesostructured material. Orga-
nosilicon compounds (tetramethyl orthosilicate, tetra-
ethyl orthosilicate, etc.), different products of colloidal
silica, and soluble silicates were proposed to use as a
silica source. Surface-active agents (SAA) belonging to
the class of quaternary ammonium compounds, for
example, alkyltrimethylammonium hydroxide, and
salts of these compounds can serve as structuring
agents. Specifically, compounds with C,,—C,, alky
chains are used for the MCM-41 materials. The most
popular structuring agent is the C,¢Hs3(CH;3);NBr
cetyltrimethylammonium bromide surfactant or other
salts with the same cation. A number of organic com-
pounds, such as mesitylene and different alcohols, are
introduced into a reaction mixture as additional compo-
nents [2]. The pH value of the medium is maintained by
ammonia solutions, quaternary methylammonium or
ethylammonium hydroxides, sodium hydroxide, sulfu-
ric and acetic acids, etc.

A large number of combinations and concentration
ratios of components, variants of their interactions, and
stages and conditions of synthesis have been described
in the literature. In all cases, the interaction results in
the formation of mesostructured porous products,
which can differ in structural perfection and other char-
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acteristics. A great deal of information is available in
the literature. For example, the variation in the
SAA/SiO, molar ratio over a wide range from 0.08 to
2.0 was analyzed in [10, 19]. However, specific features
of synthesis procedures not only have been described in
insufficient detail but have appeared to be somewhat
incorrect in many cases. Most likely, this circumstance
explains the absence of a comprehensive review of dif-
ferent variants for synthesizing materials with the anal-
ysis of chosen compositions. By disregarding business
factors, it should be noted that clear concepts regarding
the role of components and their reactivity in the pro-
cesses under consideration, as well as a general concept
of the mechanism of processes responsible for the for-
mation of materials, have not been offered up to now.
This problem has become topical, because a large num-
ber of works have been concerned with applications of
mesostructured mesoporous materials. The require-
ments to the reproducibility, the stability in different
media, the reactivity of the inner surface, and the mor-
phology have been the focus of attention [19-23]. One
of the goals of the present work was to examine the
reproducibility of geometric characteristics of pores
and their arrangement. Even when the synthesis proce-
dure is repeated carefully, the lattice parameter can vary
by 1 A and more. Moreover, even larger variations in
the lattice parameter can be observed after hydrother-
mal treatment and annealing. The stability of materials
in corrosive media, in particular, the hydrothermal sta-
bility, is the most acute problem [8, 11, 24-28]. It was
found that many MCM-41 samples are stable at high
temperatures but do not withstand boiling in water [25,
26], they lose a mesostructure and transform into an
amorphous state. However, Yu et al. [24], Kruk et al.
[25], and Mokaya [29] succeeded in preparing hydro-
thermally stable materials. Researchers have directed
their efforts toward finding the methods for eliminating
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the above disadvantage. Attempts have been made to
solve this problem by using the so-called salt effect [27,
30-33], coating pore walls with organosilicon com-
pounds [28, 34, 35], increasing the thickness of pore
walls in the course of hydrothermal treatment [23], and
preparing element silicate materials with other ele-
ments [16, 29]. Undeniably, solving hydrothermal sta-
bility problem provides a way of extending the field of
application of these promising materials.

In our opinion, the aforementioned situation is asso-
ciated with the fact that all processes occurring in the
course of material preparation and their duration are
difficult to take into account and a detailed mechanism
of formation of compounds, their molecular structure,
and the role played by different components of a reac-
tion medium in these processes are poorly understood.

In the works devoted to the problem of stability [8,
11, 24-28, 30-33], it has been repeatedly shown that
the hydrothermal stability of MCM-41 samples pre-
pared in amine or ammonia media is higher than the
stability of similar samples synthesized in water—alco-
hol media. The products in both cases are characterized
by a high structural ordering, and materials with the
most perfect structure of a silicon—oxygen framework
have been prepared in alkaline media [18, 36, 37].
Therefore, the quality of materials is affected by
medium components that do not enter into the compo-
sition of the final product.

The aim of the present work was to elucidate the
role of different components in the synthesis. For this
purpose, we performed a series of experiments on
sequential replacement of functional components in
such a way as to change over from an alcohol-ammonia
medium to a water—alkali medium. It is evident that a
simple replacement of one component by another com-
ponent does not lead to the formation of a material with
optimum properties. In order to attempt to reveal the
role of a particular component, we determined qualita-
tive changes in the structural ordering due to the
replacement of this component by another component.
The structural ordering of a material was determined by
X-ray diffraction analysis at each stage of its prepara-
tion, namely, after condensation, hydrothermal treat-
ment, calcination, and test for the hydrothermal sta-
bility.

SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The materials under investigation were prepared
from the following initial reagents: cetyltrimethylam-
monium bromide C,cH;;(CH;);NBr (CTABr, Aldrich,
no. 85.582-0), tetraethoxysilane Si(C,Hs0), (TEOS,
analytical grade), sodium silicate Na,SiO; - 9H,0O
(REAKhIM), ammonia NH; (13.4 M, p = 0.905 g/cm?,
analytical grade), sodium hydroxide NaOH (analytical
grade), ethanol EtOH (96 wt %, rectified), and concen-
trated sulfuric acid H,SO, (analytical grade). The sto-
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ichiometric ratios of the components used in the syn-
thesis are presented in Figs. 2-7.

Cetyltrimethylammonium bromide was dissolved in
water or a water—alcohol solution at room temperature
with stirring for 30 min. The pH value of the surfactant
solution was provided by adding an ammonia or NaOH
solution. Tetraethoxysilane was added dropwise to the
surfactant solution or the preliminarily prepared
sodium silicate solution with vigorous stirring on a
magnetic agitator. Introduction of the silicon-contain-
ing component almost immediately results in the
hydrolysis, turbidity, and the formation of a suspension.
The pH value of the medium was equal to 12.5 prior to
introduction of tetraethoxysilane and 11.5 within 10
min after introduction. In this work, the time during
which the product was formed was limited by 2 h.
Then, the major portion of the product with a mother
solution was placed in a Teflon autoclave in order to
perform hydrothermal treatment at a temperature of
110°C for 2 h. A small portion of the product (for the
test) was separated by filtering, washed with water to
the neutral pH value of washed waters, and dried in air
at room temperature. The same procedure was used for
separating the product after hydrothermal treatment.
Thereafter, the material was subjected to calcination in
air at 550°C. The heating rate during calcination was
equal to 3 K/min, and the calcination time at the final
temperature was 3 h. In a number of experiments, the
sodium silicate was used as the silicon source. In these
experiments, the required pH value was ensured by
acidification with a sulfuric acid solution.

The test for the stability was carried out by holding
the material in water heated on a water bath at the boil-
ing temperature for 2 h, followed by the examination of
the change in the X-ray diffraction patterns.

After condensation, hydrothermal treatment, calci-
nation, and test stages, portions of the material were
withdrawn for X-ray diffraction analysis. The X-ray
diffraction patterns were recorded on a DRON-4 auto-
mated diffractometer (CuK|, radiation, graphite mono-
chromator, reflected beam). At small angles, the stan-
dard optical scheme of the diffractometer was comple-
mented by a collimation slit (0.25 mm) in a primary
beam at a distance of 90 mm from a tube focus and a
modified Soller slit (the distance between plates was
equal to 0.2 mm). Scanning was performed in the angu-
lar range 20 = 1°-7° with a step of 0.04° and an accu-
mulation time of 10 s per point.

RESULTS AND DISCUSSION

Figures 2—7 show the X-ray diffraction patterns of
the analyzed products at different stages of the evolu-
tion. The evolution of the product with the optimum set
of the components for the alcohol-ammonia synthesis
(Fig. 2) is not accompanied by a substantial change in
the lattice parameter. The largest jump (increase) in the
parameter a by approximately 1.5 A is observed after
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Fig. 2. X-ray diffraction patterns of products of series 1. The interplanar distances corresponding to the most intense line are shown.
Wherever possible, the lattice parameters are calculated.

Series 2 ITEOS - 21.73 NH; - 0 EtOH - 0.2 CTABr - 475 H,O
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Fig. 3. X-ray diffraction patterns of products of series 2 (see capture to Fig. 2).

the product is quite perfect. However, the X-ray diffrac-
tion pattern involves indications that the framework is
inhomogeneous: the (100) line has a weak shoulder,
and the (110) and (200) peaks are smoothed. Hydro-
thermal treatment leads to a more homogeneous struc-

hydrothermal treatment. However, after calcination, the
material virtually regains its initial structure. Boiling in
water does not result in a noticeable change in the lat-
tice parameter. The X-ray diffraction pattern contains
as large as five peaks. Immediately after condensation,
No. 4
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Series 3
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Fig. 4. X-ray diffraction patterns of products of series 3 (see capture to Fig. 2).
Series 4 ITEOS - 0.43 NaOH - 0.2 EfOH - 0.2 CTABr - 475 H,0
Condensation Hydrothermal Calcination Test
at T,yom for 2 h treatment at 550°C for 3 h at 100°C for 2 h
at 110°C for 2 h
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Fig. 5. X-ray diffraction patterns of products of series 4 (see capture to Fig. 2).

ture. Boiling results in a slight degradation of the struc-
ture. This manifests itself in an insignificant broadening
of the peaks and a decrease in the intensity of far lines.

As can be seen from the X-ray diffraction pattern,
the use of the reaction medium without ethanol leads to
an increase in the structural inhomogeneity of the con-
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densed product (Fig. 3a). However, the material
unquestionably has a hexagonal structure. The (100)
line involves a shoulder in the range of small angles,
and the (110) and (200) lines become more smeared.
These specific features indicate that, apart from the
main phase, the product contains a phase that is charac-
terized by a larger lattice parameter and a lower order-
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1Si0, - 1.5 NaOH - 51 EtOH - 0.2 CTABr - 475 H,O
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Fig. 6. X-ray diffraction patterns of products of series 5 (see capture to Fig. 2).
Series 6 1Si0, - 1.5 NaOH - 0 EtOH - 0.2 CTABr - 475 H,0
Condensation Hydrothermal Calcination Test
at Tyoom for 2 h treatment at 550°C for 3 h at 100°C for 2 h
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Fig. 7. X-ray diffraction patterns of products of series 6 (see capture to Fig. 2).

ing. Possibly, the inhomogeneous product contains
both phases. The unit cell parameter of the main phase
is 1.5 A larger than that of the reference product
(Fig. 2a). Judging from the shape of the lines in the
X-ray diffraction pattern (Fig. 3b), hydrothermal treat-
ment results in an increase in the degree of crystallinity
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of the structure. In this case, the lattice parameter
increases by 4 A. The shoulder in the main line in the
X-ray diffraction pattern of the condensed product sug-
gests that there were prerequisites for an increase in the
lattice parameter. Most likely, this circumstance pre-
vented the transition from the hexagonal phase to the

No. 4 2005



SYSTEM APPROACH TO ANALYSIS OF THE ROLE

cubic phase. The result obtained does not confirm the
inference made by Romannikov er al. [43] that the alco-
hol serves as a swelling agent, which leads to an
increase in the volume (swelling) of the mesophase.
After calcination, the lattice parameter also drastically
decreases and becomes nearly equal to the initial value.
The stability to boiling in water is considerably weaker.
In the X-ray diffraction pattern of the material after
boiling (Fig. 3d), the primary beam of the diffractome-
ter is broadened noticeably. This suggests the appear-
ances of small-sized particles. Consequently, boiling is
attended by breaking initial particles into smaller sized
particles.

The effect of the replacement of ammonia as the
reagent responsible for the alkalinity of the medium by
NaOH in an equivalent amount (initial pH 12.5) is illus-
trated in Fig. 4. According to Tolbert et al. [38], the
product already at the condensation stage begins to
transform into a form that is intermediate between the
MCM-41 and MCM-48 materials and has cubic sym-
metry. This follows from a decrease in the interplanar
distance corresponding to the main diffraction line and
the splitting of this line after hydrothermal treatment. A
perfect product with cubic symmetry is not formed
most likely due to an insufficient time of hydrothermal
treatment or other kinetic factors. Subsequent calcina-
tion of the product does not result in a more perfect
structure that, however, becomes more similar to a
cubic structure. The prepared material is unstable upon
boiling in water.

At the next step, we decreased the alcohol content in
the reaction medium (Fig. 5). This leads to the effect
similar to that observed in the second series of experi-
ments, namely, to a decrease in the degree of crystallin-
ity of the primary product due to the insufficient prepa-
ration of the surfactant to the reaction. According to the
interplanar distance determined from the main reflec-
tion (d/n =49.9 A) the condensed material can be con-
ventionally assigned to a hexagonal form. A decrease in
the ratio d/n to 43.7 A after hydrothermal treatment cor-
responds to the onset of the transformation into the
cubic phase [38]. Calcination results in a further con-
siderable decrease in the interplanar distance (d/n =
38.1 A). The final product is not stable to boiling in
water.

The influence of the replacement of the silica source
was studied in series 5 and 6. In this case, instead of tet-
raethoxysilane, we used one more popular silicon-con-
taining compound, namely, the sodium silicate at the
ratio Na,O/Si0, = 0.5. The samples of series 5 and 6
(Figs. 6, 7) differ in the presence of ethanol. In series 5,
condensation results in the formation of a rather struc-
tured product with hexagonal symmetry. The unit cell
parameter (a = 42.2 A) corresponds to the reference
product (series 1). Hydrothermal treatment results in
the onset of the structural transformation (Fig. 6b): the
(110) and (200) lines virtually disappear, and the main
reflection is shifted toward the large-angle range. Cal-
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cination leads to the development of the structural
transformation (Fig. 6¢). The product loses a mesos-
tructure upon boiling.

A similar behavior is observed in series 6. The differ-
ence lies in a certain time lag as compared to series 5.
After hydrothermal treatment, the product has a more
perfect structure with hexagonal symmetry. Note that
the lattice parameter increases from 43.2 to 45.4 A.
This is inherent in hexagonal structures. However, a
very sharp change in the position of the main line after
calcination (from 39.7 to 31.2 A) indicates that the
cubic phase is probably formed. The material is unsta-
ble upon boiling in water.

Therefore, the replacement of the reagents leads to
substantial changes in the quality of the formed prod-
uct. Since the final products have the same chemical
composition, the observed changes are associated with
the changes in the kinetic parameters of individual pro-
cesses. The results obtained and the role of particular
components in these processes can be interpreted by
constructing a hierarchy of the main processes occur-
ring during the formation of the material.

At present, many researchers have believed that the
main process responsible for the formation of a meso-
porous material can be represented by the supramolec-
ular interaction between cetyltrimethylammonium cat-
ions and silicate polyanions [7, 10, 11, 15, 19]. The type
and size of polyanions are not known.

The careful thermogravimetric investigations per-
formed by Kleitz et al. [39] revealed that the weight
loss upon calcination of the MCM-41 is somewhat less
than 50%. This is in good agreement with our data.
According to Jaroniec et al. [19], the weight loss during
calcination varies from 37 to 42%. Kawi and Shen [26]
obtained a weight loss of 53.8%, which in their opinion
corresponds to the molar ratio Si/N = 3.79. These data
disagree with the inference made by many authors that
an excess amount of the surfactant should be used in the
synthesis (0.4 M SAA and more per 1 M SiO,). It
should be noted that the same is also true for MCM-48
materials, even though, according to the universally
accepted practice [2, 3, 9], they should be synthesized
using different proportions of the organic and inorganic
components. The above scatter in the thermogravimet-
ric data can be explained by two factors. First, hydro-
thermal treatment leads to extraction of the surfactant
from pores, especially in the case when the pH value is
controlled by acids. Second, the polymerization of the
silicon—oxygen framework is accompanied by a change
in its composition and the loss of water.

The stoichiometry of the SiO,/SAA ratio is indi-
rectly corroborated by results of investigations into
mutual transformations of mesostructured silicate
mesophases [38, 40-42]. These results suggest that the
cubic structure is formed from the hexagonal phase in
the course of hydrothermal treatment.

A large number of works devoted to the search for
an optimum ratio of components that can provide the
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Fig. 8. A bilayer fragment of the SiO, tridymite structure.

formation of products with a perfect structure (accord-
ing to X-ray diffraction patterns) are available in the lit-
erature (see, for example, [17, 43, 44]). The analysis of
the data obtained demonstrates that the optimum molar
ratio SiO,/SAA falls in the range 4 : 1-6: 1.

Direct and indirect evidences in favor of this
Si0,/SAA ratio can be found in structural investiga-
tions. In many works [23, 34, 36, 37, 45], the authors
analyzed geometric structural aspects of materials,
such as the thickness and density of pore walls, the size
of “heads” of surfactant molecules, and the density of
—Si—OH silanol groups on the surface of calcined mate-
rials [46]. These quantities, on the whole, correlate
well. We estimated the geometric characteristics of
pore walls with the use of the tridymite structure (a
structural fragment containing two layers, Fig. 8). The
estimates show that the density of silanol groups at the
points of attachment of surfactant molecules (this cor-
responds to each fourth silicon atom) is equal to
2.2 nm~2. According to the °Si NMR data [34, 46], the
corresponding density of silanol groups is equal to 2.5—
3.0 nm™. Taking into account that walls involve frac-
tures in which silanol groups can be located, the above
densities are in good agreement. The fact that one-
fourth of the silicon atoms are bonded to surfactants is
confirmed by experiments on silylation of the MCM-41
surface with chloromethylsilane [46], in which it was
demonstrated that approximately one-fourth of the sili-
con atoms transform into the state Q, (characterized by
four —Si—O-Si bonds).

An important argument in support of the above
inference is that a double-layer fragment composed of
vertex-shared [SiO,] tetrahedra and cut from the
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tridymite structure (Fig. 8) has a thickness of 8.2 é,
which corresponds to the pore wall thickness (8-9 A)
measured by different methods for MCM-41 materials
[36, 37]. It should also be noted that the calculated wall
density at a characteristic pore volume of 0.8-0.9 cm?/g
agrees well with the tridymite density (2.08 g/cm?).

In our opinion, similar thicknesses of pore walls in
MCM-41 and MCM-48 materials are also associated
with the component ratio in initial composites [46, 47].
An excess amount of the surfactant that leads to the for-
mation of the MCM-48 material is the unquestionable
experimental fact. However, the corresponding process
most likely proceeds through a somewhat different
mechanism (see below).

One more feature significant for the analysis of the
component ratio is that the highest condensation rate
of the material is observed in a limited pH range (11.5—
12.5). This can be explained by the highest concentra-
tion of polyanions required for condensation. Outside
this range, for example, when using the sodium silicate
(pH more than 13), the reaction rate is low. Note that
an increase in the pH value leads to a decrease in the
condensation rate of the solid phase and a decrease in
the pH results in the precipitation of an amorphous
product.

As follows from the results of in situ 2Si NMR
investigations into silicate solutions [20], a limited set
of silicate anions, among which [Si,] anions are domi-
nant (the designation reflects the number of silicon
atoms in a particle), are formed upon condensation. In
these anions, silicon atoms are in the state Q5 (the sili-
con atom has three contacts with the nearest silicon
atoms).
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A good agreement between the density data, a
bilayer thickness, and a high degree of connectivity of
[SiO,] tetrahedra suggest that pore walls have a suffi-
ciently ordered structure. It seems likely that the case in
point can be only a distortion of the geometrically reg-
ular arrangement of [Si0O,] tetrahedra. Although direct
data on the arrangement type are absent, the aforemen-
tioned bilayer tridymite fragment (Fig. 8) can be treated
as a justified model.

Therefore, summing up the foregoing, we can argue
with a high degree of confidence that the interaction
should occur with components in stoichiometric or
close-to-stoichiometric ratios. The corresponding reac-
tion can be described by the following equation:

CTA" +[Si,0,, (OH), "

ey
—= CTA[Si,0,. (OH), ]

The value of x lies in the range 0—1 and depends on
the pH of the medium. The resulting supramolecular
fragments condense (crystallize). The term “self-
assembling” used in this situation most likely has the
same meaning as the term “crystallization.” However,
the mechanism of crystallization in the given case
involves processes characteristic of constructing an
energetically favorable surface (as in liquid crystals),
including the spatial orientation of supramolecular
fragments embedded in the condensed material. The
crystallization mechanism of condensation of the
mesostructured material through small-sized frag-
ments, unlike the “micellar” mechanism (through
large-sized cylindrical micelles) proposed even in the
pioneering works by Beck et al. [2, 3], is supported by
a regular hexagonal pore shape (Fig. 1c) found in the
as-precipitated product in our earlier works [18, 36].

The most probable geometry of the
[Si4,04, (OH)y_ 1" *¥ polyanion is illustrated in
Fig. 9. The “trifolium” shape is very convenient for
assembling the wall. On the one hand, an approximate
mechanism of incorporation of a small-sized fragment
into a growing wall is clear. On the other hand, this pro-
vides the formation of a close packing that, in the
course of further polymerization, is convenient for
forming six-membered rings, which are main structural
units of the pore wall. A fragment of the growing wall
is depicted in Fig. 10. The described mechanism is
hypothetical but is supported by the transformation of
the material into the tridymite structure at 1100°C.
Finally, back-to-back joining of two silicate trifoliums
in the wall can be represented as a step of silica coagu-
lation, which is characteristic of the system under con-
sideration.

The cross-linking of the wall or the silica polymer-
ization is the longest process, which, chemically, can be
represented by the equation

=Si-OH + HO-Si= — =Si-0-Si=+ H,0. (2)
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Fig. 9. An [Si40,(] fragment of the tridymite structure sim-
ulating a silicate polyanion.

The main barrier to polymerization is a high charge
of the wall as compared to the charge of compensating
surfactant cations. Furthermore, a high charge is also
responsible for the formation of defects in the arrange-
ment of trifoliums due to repulsion. Highly charged
polyanions require neutralization, which is associated
with the diffusion of neutralizing agents. Their role can
be played by water and ammonium ions. For ammo-
nium ions, the total reaction of neutralization and poly-
merization can be written in the form of the equation,
in which the equilibrium is shifted toward the right;
that is,

=Si-O™ + HO-Si=+ NH,

3)

The sequential processes of neutralization and poly-
merization of the wall in water are described by the
equations

=Si-O" + H,0 — =Si-O-H + OH ,
=Si~OH + HO-Si= — =Si-O-Si= + H,0.

“)
®)

In this case, it is suggested that sodium cations (or
other counterions), which neutralize the wall charge,
are located in the vicinity of the wall. Since a strong
base is formed in the reaction zone, the hydrolysis pro-
cess is reversible and the polymerization rate becomes
lower. A decrease in the polymerization rate is also
favored by hindered diffusion of sodium and hydroxide
ions from channels of the mesoporous material and also
by purely geometrical (steric) factors, which will be
considered below.

The presence of sodium ions in pores can cause an
osmotic effect. The charge of the silicate framework of
the material is distributed over the surface. Since the
inner surface area is larger than the outer surface area
(sometimes, by a factor of several tens), the corre-
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Fig. 10. Model of the wall (perpendicular section) illustrating the orientation of surfactant ions with respect to the pore wall in the

organosilicate composite.

sponding number of compensating counterions should
be located inside pores. This leads to the redistribution
of ions in the system. A part of the charge according to
the stoichiometry is compensated for by surfactants,
and the other charge should be compensated for by
ammonium or sodium cations. If the ratio of the initial
components results in the situation when, for example,
the concentration of sodium ions inside pores is higher
than that in the reaction solution, heating can induce the
osmotic pressure within pores. The osmotic pressure
can not only increase the pore size but also lead to the
structural transformation of the material. The osmotic
pressure can be induced by ammonium and excess sur-
factant ions. The use of salt additives for improving the
hydrothermal stability of materials is described in the
literature [27, 30-33]. It was revealed that introduction
of additional sodium ions in the reaction solution after
phase precipitation (but before hydrothermal treatment)
leads to an increase in the stability of the material. This
can be easily explained within the osmotic hypothesis:
excess sodium ions decrease disbalance of their con-
centrations outside and inside pores.

Sodium ions are very strong transforming agents
with respect to the structure. They have a double effect.
On the one hand, these ions hinder polymerization of
the framework of the material and remain it in a mobile
state. On the other hand, sodium ions induce the
osmotic pressure of the solution inside pores. A positive
effect of the osmosis manifests itself in the ordering of
pores and equalization of their size. In particular, this
reflects in a higher quality of the X-ray diffraction pat-
tern of the product after hydrothermal treatment. A neg-
ative effect manifests itself in a too strong expansion of
pores. The lattice parameter increases by several ang-
stroms. The expansion is caused by the local elonga-
tions of the wall in regions that do not undergo cross-
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linking (polymerization). In these regions, the distances
between polysilicate anions become so large that there
arise spatial hindrances to polymerization. The
described phenomenon is characteristic of the experi-
ments in series 3—6.

The proposed scheme of the processes permits us to
find the reasonable explanation for the results obtained
and the role of each reagent used in these processes.

The alcohol (ethanol) in the process serves as a sol-
vent of the surfactant rather than as a swelling agent. It
should be remembered that, when the surfactant is in
excess, there arises a phenomenon similar to osmosis in
nature but associated with the alcohol. A relatively
small addition of ethanol to the aqueous solution of the
surfactant leads to the complete dissolution of cetyltri-
methylammonium bromide. As a consequence, the sur-
factant turns out to be better prepared to the interaction
with silica. It is apparent that this is ensured by solva-
tion of organic components of surfactant molecules. It
is interesting to note that, upon a considerable increase
in the alcohol concentration, the surfactant—alcohol lig-
uid phase begins to precipitate from the aqueous solu-
tion.

In series 2, as was noted above, the inhomogeneous
material is formed in the absence of the alcohol. In this
case, the formation of the phase is due to crystallization
of normal aggregates and also aggregates in which
bound surfactant molecules are solvated by “free” sur-
factant molecules. There is a probability that the latter
aggregates initially crystallize with the formation of a
distorted lattice. Then, normal aggregates crystallize on
these grains. During hydrothermal treatment, surfactant
molecules nonbonded to walls are redistributed over
channels, resulting in a substantial expansion of pores.
This expansion leads to the formation of fractures in
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walls and, eventually, to a decrease in the stability of
the material.

In series 3 and 4, we observed the influence of
replacement of the alkali agent. Although the alkali
does not enter into the composition of the final product
and the alkalinity (acidity) is maintained at the same
level, the alkali agent has a very substantial effect.
Hydrolysis of tetraethoxysilane, unlike sodium silicate,
rapidly leads to the formation of well-arranged silicate
polyanions suitable for the interaction with the surfac-
tant. This is associated with the kinetic characteristics
and the path of the process, which begins with individ-
ual silicate anions. When using the strong alkali agent,
polyanions have a high charge. This circumstance man-
ifests itself at the first stage of the product formation; as
a result, the material has a tendency to the transforma-
tion into the cubic phase. As the sodium hydroxide con-
tent decreases with respect to SiO, (series 4), it follows
from the interplanar distance corresponding to the main
line that the product after condensation is more similar
to a phase with a hexagonal structure. However, already
in the course of hydrothermal treatment, the material
starts to transform into the phase with cubic symmetry
[38]. In both cases, the synthesis time appears to be
insufficient for completing the process. An increase in
the time that it takes for the process to be completed is
caused by the decrease in the hydrolysis rate in the case
of strong alkali agents. Since the formation of products
is not completed, their structure is characterized by a
low degree of polymerization and, correspondingly, by
a low hydrothermal stability.

If instead of tetraethoxysilane (series 3, 4), sodium
silicate (series 5, 6) serves as the silicon source, the
equilibrium between the species of dissolved silica is
reestablished more slowly after exhausting Si, species
for the formation of the mesoporous product because of
the aforementioned difference between the hydrolysis
rates. Therefore, the formation rate of the mesoporous
materials becomes slower. As a result, the condensation
process is completed at the stage of forming the hexag-
onal phase. However, a further evolution during hydro-
thermal treatment proceeds toward the transformation
into the product with the cubic structure. The evolution
of the material in series 5 leads the evolution of the
material in series 6, in which ethanol is absent in the
initial reaction mixture. In the latter case, the excess
amount of the surfactant in pores most likely goes to
neutralize the inner surface, which retards the structural
transformation.

CONCLUSIONS

Thus, the formation of a mesostructured mesopo-
rous material is due to a number of processes that differ
in the onset and the rate. At preliminary stages, silicate
polyanions with a necessary shape arise and the surfac-
tant dissolves with the formation of individual anions.
Then, supramolecular particles are formed in silicate
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polyanion—surfactant cation complexes. Thereafter, the
particles condense to a mesophase. Hydrolysis and
polymerization of the inorganic component occur in the
mesophase. Hydrothermal treatment has a twofold
effect. On the one hand, this treatment promotes the
polymerization processes. On the other hand, if there
are conditions for osmosis, hydrothermal treatment ini-
tially results in the expansion (equalization) of pores
and, at a high osmotic pressure, the expansion can be so
large that polymerization is retarded or completely ter-
minated due to geometric hindrances. When osmotic
processes lead polymerization, the material transforms
into the phase with a cubic structure. The reagents used
affect the rate of the processes. Ethanol participates in
the dissolution of the surfactant. The alkali agents pro-
vide the hydrolysis, polymerization, and osmosis pro-
cesses.
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