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Abstract

For the example of sequential replacement of equivalent reagents, the effect of the reaction medium on
the formation of mesostructured silicates of MCM-41 type is studied. It is shown that the reagents providing
pH of the medium, solubility of the main interacting reagents can substantially affect the rates of hydrol-
ysis and polymerization of silica, as well as enhance or weaken osmosis in the pores thus affecting the forma-
tion of the structure of a substance and finally its hydrothermal stability.

INTRODUCTION

A ten year history of the investigations of
silicate mesostructured materials has demonstrat-
ed a powerful potential of the method of liquid
crystal templating for the formation of new in-
organic materials [1—9]. These materials are of
interest for many areas of chemistry because of
their unique properties based on large, regular-
ly arranged internal surface. The interaction of
the molecules of a surfactant with inorganic poly-
anions leads under definite conditions to the for-
mation of supramolecular particles which are
condensed from solution and form a mesostruc-
tured mesophase arranged according to the laws
of a liquid crystal medium. After hydrothermal
treatment in autoclave and subsequent calcina-
tion in air for removing of organic template, a
mesostructured porous material is formed; its
composition corresponds to silicon oxide with a
surface arranged in regular geometry; the sur-
face reaches 1000 m*/g and more.

A broad range of combinations, ratios of
components, mixing modes, stages and condi-
tions of synthesis have been already described.
In the recent years, the problem concerning

the accuracy of reproducibility of the sub-
stance becomes urgent because research area
develops toward the application of mesopo-
rous mesostructured materials. The most im-
portant problem is that involving the stability
of a material in rigid reaction media, in par-
ticular the problem of thermohydrostability
[2, 5, 12—16]. It was revealed that the samples
of MCM-41 material [10, 11] lose their meso-
structure under exposure to boiling water [13,
14] and pass into the amorphous state. Some
works were published the goal of which was
to search for a recipe for eliminating this draw-
back. In particular, among the items under in-
vestigation were the so-called salt effect [15,
17—20], processes involving the growth of or-
ganosilicon fragments on pore walls [16, 21],
increase in pore wall thickness during hydro-
thermal treatment [22].

Variety of results and published considera-
tions concerning the reasons of low thermohyd-
rostability of materials was probably induced
by a complexity of their formation processes,
insufficient knowledge of the substance mo-
lecular structure and the lack of clear ideas
of the role of reaction components.
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TABLE 1
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Molar ratios of the reagents used to synthesize the materials of 1-6 series, and some radiographic structural

characteristics of the obtained samples at each stage of treatment

Series Molar ratio a/d(100), A
1 2 3 4
1 1TEOS/21.75NH,/52EtOH/0.2CTABr/475H,0 42.30/36.80  43.72/37.97 42.48/36.79  42.22/36.71
2 1TEOS/21.75NH,;/0EtOH/0.2CTABr/475H,0 44.02/38.17 47.42/41.34 43.82/38.14 —/37.33
3 1TEOS/0.78NaOH/52EtOH/0.2CTABr/475H,0  41.40/35.04 —/34.53 -/- -/-
4 1TEOS/0.43NaOH/0EtOH/0.2CTABr/475H,0 —/49.87 —/43.66 —/38.05 -/-
5 1Si0,/1.5NaOH/52EtOH/0.2CTABr/475H,0 42.22/36.83  44.02/38.17 —/32.84 -/=
6 1Si0,/1.5NaOH/0EtOH/0.2CTABr/475H,0 43.18/3756  45.48/39.62 —/31.12 -/=

Notes. 1. a is the lattice parameter, A; d (100) is the interplanar space (100), A. 2. Materials: 1 — obtained at the
stage of synthesis at room temperature; 2 — subjected to HTT at 110 °C; 3 —calcinated at T = 550 °C; 4 — subjected

to stability test.

The present investigation is aimed at more
detailed examination of the roles of different
synthesis-involved components in the forma-
tion of material’s properties. The initial infor-
mation included our preliminary experimental
data on hydrothermal stability of MCM-41 sam-
ples obtained alcohol-ammonia and aqueous-
alkaline media. The products are comparable
in geometric perfection the silica framework;
however, in the first case we obtained a mate-
rial presenting rather high stability in boiling
water, while in the second case the material
was unstable. The plan of investigation involved
sequential replacement of the corresponding
components, so that a transition from alcohol-
ammonia medium to aqueous alkaline one could
be carried out. It is evident that a simple re-
placement of one component for another can-
not lead to obtaining a material with optimal
properties. However, such a goal was not put
forward. The problem was to fix qualitative
changes arising when a component was re-
placed, thus revealing the role of this compo-
nent. The state of the materials at each stage
of their formation was characterized with the
help of X-ray diffraction patterns. At the final
stage, the substances were subjected to testing
for stability in boiling water.

EXPERIMENTAL

The initial reagents were: cetyltrimethylam-
monium bromide (CTABr) C,¢H;3(CH;);NBr —
Aldrich (Cat.:85.582-0); tetraethoxy silane

Si(C,H;0), (TEOS) of “ch.d.a.” grade (pure for
analysis) (TU 6-09-3687—74); Na,SiO;[9H,O
(Reakhim 130 159, GOST 4239-77); NH; —
13.4 mol/l, p = 0.905 g/cm® (ch.d.a.); NaOH
(ch.d.a.); EtOH rectificate 96 % by vol.; con-
centrated H,SO, (ch.d.a.). Stoichiometric ratios
of the components taken for synthesis are list-
ed in Table 1.

CTABr was dissolved in water or water-
ethanol solution at room temperature under
intensive stirring. In order to make up the de-
sirable medium, ammonia or NaOH were add-
ed to the surfactant solution. Either TEOS or
preliminarily prepared sodium silicate solution
were added dropwise to the solution under vig-
orous stirring with a magnetic mixer. Hydroly-
sis, turbidity and the formation of a suspen-
sion were observed almost immediately after
adding the source of silica. The medium ex-
hibited pH 12.5 before introducing TEOS and
11.5 after its introduction (after 10 min). In this
investigation, the time for the formation of
the product was restricted by 2 h, which is
considered to be optimal formation time in etha-
nol-ammonia medium. In two hours after hav-
ing poured the solutions together, the suspen-
sion is either filtered, washed with water till
the washing water exhibits neutral pH and
dried in air, or is transferred into a Teflon
autoclave for hydrothermal treatment (HTT)
at the temperature of 110 °C for 2 h. After
filtration, washing and drying at room tem-
perature, the material is subjected to calcina-
tion in the air at 550 °C. The rate of tempera-
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ture rise during calcination was 3 °C/min. Af-
ter having achieved the final calcination tem-
perature, the sample stayed in the furnace for
3 h. No corrections for changes in the volume
of the mixture due to the removal of ethanol
were made (see Table 1, series 2, 4 and 6).
Sodium silicate was the source of silicon in the
5th and 6th series of experiments. The neces-
sary pH was achieved in these experiments by
acidifying with sulphuric acid solution.

Tests for stability were carried out exposing
the substance in boiling water for 2 h, with
subsequent qualitative analysis of changes in
the X-ray diffraction patterns.

After the stages of precipitation (1), HTT
(2), calcination (3), boiling in water (4) the
materials were sampled for diffraction patterns.
They were recorded with an automatic dif-
fractometer DRON-4 (CuK, radiation, graphi-
te monochromator in a reflected beam). For
recording at small angles, a standard optical
scheme of the diffractometer was supplement-
ed by the collimation slit (0.25 mm) at the pri-
mary beam at a distance of 90 mm from the
tube focus; in addition, a modified Soller slit
was mounted (the distance between plates was
0.2 mm). Scanning was carried out within the
angle range 1-7° 20 with a step of 0.04° and
time of accumulation in a point 10 s.

RESULTS AND DISCUSSION

The X-ray diffraction patterns of the syn-
thesized products at different stages of forma-
tion are shown in Fig. 1, a—f.

The evolution of the product with the op-
timal set of components for the ethanol-am-
monia synthesis (see Fig. 1, a, curves 1—4) is
not accompanied by strong changes in the lat-
tice parameter. The largest change (by about
1.5 A) occurs after HTT in autoclave; however,
after calcination the framework returns prac-
tically to the initial state. No noticeable chang-
es in the lattice parameter occur during boil-
ing the product in water. The diffraction pat-
terns contain up to five peaks. Immediately
after condensation the product has a perfect
structure; however, some insignificant details
are present in the diffraction patterns evidencing
non-uniformity of the framework: a weakly

noticeable shoulder of (100) line, planarity of
the summits of (110) and (200) peaks. Hydro-
thermal treatment renders uniformity to the
material. Boiling leads to hardly noticeable deg-
radation which is exhibited in small broaden-
ing of the peaks and a decrease in the intensi-
ty of far-off lines.

A sharp decrease in ethanol concentration
in the reaction medium causes noticeable non-
uniformity of the primary product (see Fig. 1,
b, curve 1). The (100) line acquires a shoulder
from the side of smaller angles. Correspond-
ingly, the (110) and (200) lines somewhat broad-
en and lose intensity. It is likely that a phase
with larger cell size and possibly with larger
pore size is present along with the main meso-
phase. The size of unit cell of the main pro-
duct is larger by 1.5 A than that of the refe-
rence product (see Fig. 1, a, curve 1). Hydro-
thermal treatment improves the hexagonal
structure; the unit cell parameter increases by
4 A. The obtained result is in contradiction with
the existing notions about the role of ethanol
and other organic additives as swelling agents
leading to an increase in volume (swelling) of
the main component. After calcination, the lat-
tice parameter sharply decreases, too, almost
reaching its initial value. The stability of the
material in boiling water decreases substan-
tially. The X-ray diffraction patterns of the
product after boiling (see Fig. 1, b, curve 4)
exhibits noticeable broadening of the primary
beam of the diffractometer (the background
of the patterns in the region of the primary
beam), which is an evidence of the formation
of the small-sized particles. So, boiling is ac-
companied by fragmentation of the primary
particles into smaller ones.

The result of replacement of ammonia as
a pH-forming agent by an equivalent amount
of NaOH (according to the initial pH 12.5) is
shown in Fig. 1, ¢, curves 1—4. As early as the
stage of condensation, we observe the start
of the conversion of the product into a state
which is intermediate between MCM-41 and
MCM-48 with cubic symmetry. This is evidenc-
es by a decrease in the interplanar spacing for
the main diffraction line and its splitting dur-
ing HTT. A perfect product of cubic symmetry
was not observed in this case, which is likely
to be due to insufficient HTT time or some
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Fig. 1. Diffraction patterns of the synthesized materials (see Table 1): a—f — series 1—6, respectively.

other kinetic reasons. Further calcination does
not lead to the formation of a perfect pro-
duct, however, the formed structure approach-
es a cubic type. The obtained material is not
stable toward boiling in water.

Further on, changes in the medium are fol-
lowed in series 4 by replacing ethanol with
water (see Fig. 1, d, curves 1—4). The effect is
to a definite extent similar to that observed in
the 2nd series: the arrangement of the prima-
ry product worsened due to insufficient readi-
ness of the surfactant for the reaction. As sug-
gested by the interplanar space of the basic

reflection (d/n = 49.9 A), the condensed sub-
stance can be referred to the hexagonal form. A
decrease in the interplanar distance of this re-
flection till d/n = 43.7 A during HTT is most
likely caused by the start of transformation of
the product’s structure into the cubic form. Cal-
cination is accompanied by further very strong
decrease in the interplanar spacing (d/n = 38.1 A).
The final product is unstable toward boiling in
water.

The effect of replacement of the silica source
was studied in series 5 and 6. In these experi-
ments, sodium silicate was used instead of tetra-
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ethylorthosilicate. The indicated series (see
Fig. 1, e, and f) differ by the presence of etha-
nol. In series 5, rather well structurized pro-
duct with hexagonal symmetry is formed. The
lattice parameter (a = 42.2 A) corresponds to
the reference version (series 1). The result of
HTT (see Fig. 1, e) can be interpreted as a start
of the structural rearrangement: the (110) and
(200) lines disappear almost completely, and
the basic reflection shifts toward larger angles.
The starting changes enhance during calcina-
tion (see Fig. 1, e, curve 3). The formed prod-
uct, which is unstable in boiling water, cannot
be related to any definite structural type.

A similar behaviour is observed in the 6th
series. A difference from the 5th series is some
lag in time. After HTT, the product achieves a
more perfect state characterized by the hexago-
nal symmetry. An increase in the lattice pa-
rameter from 43.2 to 454 A can be stressed,
which is typical for the application of rigid
(weakly polarizable) alkaline agents. However,
during calcination, an active rearrangement,
presumably to the cubic phase, starts. The pro-
duct is similarly unstable to boiling in water.

So, noticeable changes in the quality of
the formed product are observed under repla-
cement of the reagents. Since chemical compo-
sition of the final substance is the same in all
cases, the changes are to be due to the changes
in kinetic characteristics of separate process-
es, which causes their mutual deregulation and
finally results in the products with imperfect
structure. The obtained results, and especially
the role of separate components, can be ex-
plained on the basis of building up an hierar-
chy of the basic processes taking place during
the formation of the substance.

Many researchers agree at present in un-
derstanding the main process in the formation
of a mesoporous substance as a supramolecu-
lar interaction between the cetyltrimethylam-
monium ions and the silicate polyanions [1, 4,
5, 9, 23]. No necessary specificity exists so far
in the problem concerning the kinds and size
of polyanions; nevertheless, the data are be-
ing accumulated which suggest that the inter-
action is fully or nearly stoichiometric in its
character. This can be represented by the fol-
lowing equation:

CTA" + [Si,0, ; , (OH),_,J ¢ * 9
~ CTA[Si,0, ; , (OH), I (1)

where CTA™ is C;4H;5(CH;);,N . The formed su-
pramolecular fragments condense. The princi-
ple that governs crystallization is the forma-
tion of a surface profitable from the energy
viewpoint according to the liquid crystal prin-
ciple. After that, cross-linking of polyanions
in a wall occurs, or polymerization of silica,
which is the most lengthy process occurring
according to the reaction

=Si—OH + HO-Si= - =Si—0-8i= + H,0 (2)

The main reason hindering polymerization is
the charge of the wall, which is larger than
the charge compensated by the surfactant ca-
tion. In addition, large charge leads to the for-
mation of defects in polyanion packing due
tot heir repulsion. Additionally charged poly-
anions require neutralization, which is com-
bined with the transport (diffusion) of a neu-
tralizing agent. Besides water, ammonia can
also act as a neutralizing agent. With ammonia,
the products are neutral similarly, and the
equilibrium is shifted to the right:

=Si-O~ + HO-Si= + NH]
~ =Si—O-Si= + NH, + H,0 3)

Hydrolysis of the silicon-oxygen wall by
water is described by the equation

=Si-O~ + HO-Si= + H,0
- =Si—O-Si= + OH~ 4)

Sodium cations (or other counter-ions) near the
wall compensate the charge of the wall. Since
a strong base is formed in the reaction region,
hydrolysis is reversible, and polymerization
rate decreases. Hindered diffusion of sodium
and hydroxide ions from the channels (pores)
of a mesoporous body also helps deceleration.

The presence of sodium ions in the pores
can also cause osmosis. The charge of the sili-
cate skeleton of the material is located on its
surface; since the inner surface is larger than
the outer one (the difference reaching several
times in some cases), the corresponding amount
of compensating counter-ions is to be present
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inside the pores. This is the reason of re-distri-
bution of the ions inside the system. A definite
part of the charge, in agreement with stoichi-
ometry, is compensated by the surfactant,
while the rest relates to ammonium or sodium
cations. If the ratio of the initial reagents leads
to the situation when the concentration of so-
dium ions (for example) inside the pores is larger
than that in the external solution, osmotic pres-
sure arises inside the pores; it is able not only
to increase pore size but also to cause the trans-
formation of the structure. A likely reason of
osmotic pressure can be also an excess surfactant
concentration. This phenomenon is known as
swelling. The application of salt additives in
order to improve the stability of the material
to hydrothermal treatment has been already
described [15, 17—20]. It was discovered that
the introduction of additional sodium ions into
the reaction solution after precipitation of the
phase (but before HTT) causes improvement
of the material’s structure. The phenomenon
receives a simple explanation on the basis of
the hypothesis involving osmosis.

Sodium ions are very strong transformers
of the structure. Their action is twofold: on
the one hand, they prevent polymerization of
the framework leaving it in a mobile state; on
the other hand, they cause osmotic pressure
inside the pores. A positive result of the action
of osmosis is ordering and alignment of pores.
In particular, this is exhibited by more perfect
diffraction patterns of the products after HTT.
A negative consequence is exhibited as too large
broadening of the pores, when polysilicate ions
in the walls move aside each other, so that
polymerization becomes spatially hindered. The
described behaviour accompanied to a substan-
tial extent the experimental series 3—6.

CONCLUSION

The scheme of processes under considera-
tion allows to give a reasonable explanation
of the obtained results and of the role of
each of the reagents used. The formation of
mesostructured mesoporous material occurs as
a result of a number of processes differing by
their start time and rate. The formation of the
necessary forms of silicate polyanions and dis-

solution of the surfactant with the formation
of solitary anions occur at the preliminary stages.
This is the basis for the formation of supramo-
lecular particles (silicate polyanion — cation —
surfactant). Then the formed particles condense
and form a mesophase in which hydrolysis and
polymerization of the wall material takes place.
The role of an alcohol (ethanol) is just a solvent
for the surfactant. Alkaline reagents provide
hydrolysis, polymerization and osmosis.

The investigation has been supported by INTAS
(Project No. 01—2283) and RFBR (Project No. 03—03—
32127).
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