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The electron density maps calculated from X-ray diffraction patterns of the mesoporous silica material
MCM-41 present averaged mesostructure images which in contrast to transmission electron microscopy
(TEM) images are exceptionally repeating and represent the whole sample. It was shown that the aver-
aged mesostructure parameters such as a unit cell parameter, a pore diameter, a wall width, a pore shape
estimated from the X-ray powder diffraction data in combination with the continuous electron density
function approach allow monitoring continuous set of the silica framework states at different stages of
the material synthesis.

The mentioned technique supplemented by N2-adsorption measurements and transmission electron
microscopy was applied for consideration of the MCM-41 hydrothermal stability. Attention has been given
to the variations of the synthesis conditions affecting the hydrothermal stability, in particular the maintain-
ing the basicity of the synthesis solution as well the substitution of the synthesis solution with water or a
salt solution at hydrothermal treatment. The averaged pore shape was observed to be changed from cylin-
drical to hexagonal-prismatic form. The observed wall thickness was in the range from 0.75 to 1.25 nm. The
competition of silica polycondensation and surface hydrolysis was shown to be responsible for the variety
of framework geometry and hydrothermal stability. It has been established that the pore diameter
increases generally due to the osmotic pressure of water. If the pores acquire the average prismatic hexag-
onal shape, the sample has low hydrothermal stability. Under the conditions favorable for the polyconden-
sation the pores have averaged cylindrical shape and material demonstrates higher hydrothermal stability.
Cooperative mechanism of mesostructure destruction under hydrothermal conditions was observed using
TEM data and was discussed in connection with irregular polycondensation.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction The detailed analysis of the differences between zeolites and
The development of template synthesis methods used in
obtaining zeolites and aluminophosphate having a framework
structure [1–2] has provided the discovery of mesostructured mes-
oporous silicates known also as ordered mesoporous silica (OMS)
[3–4]. Crystallographically ordered empty space in OMS is orga-
nized in uniform shaped and sized pores. The possible range of
the pore diameter is within 2–15 nm. The specific surface of the
silicate materials reaches up to 1200 m2/g. These characteristics
determine the perspective of applying OMS in industry and new
branches of technology [5–9]. The detailed description of OMS
can be found in a number of comprehensive reviews [10–14].

The low OMS hydrothermal stability (HS) hinders material
applications. It was intensively discussed in literature [15–26].
OMS including HS can be found e.g. in [14]. However the modern
understanding of the OMS nature does not enable one to answer
the question how to obtain OMS with the zeolite stability [15].
The efforts made to increase HS followed two directions. The first
direction deals with the methods without changing the chemical
composition of the final material. They include pH control during
the synthesis and hydrothermal treatment procedure [16–21],
the control of the ionic strength of the synthesis solution
[18,20,22,23], varying the time and changing the temperature of
the hydrothermal treatment [20,24–26], changing the conditions
and techniques for removing the template [27], the application of
more thermo-resistant fluorinated templates and creation of more
severe conditions of the hydrothermal treatment [28]. The second
direction is connected with doping silica by different chemical ele-
ments [13–14,16,17,20,29–31]. Numerous literature data indicate
that the synthesis conditions can significantly change the proper-
ties of the materials.
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The substance structure in the final as well as intermediate
points of the synthesis can give substantial basis for understanding
the material properties. Modern research methods: nuclear mag-
netic resonance, transmission electron microscopy (TEM), X-ray
diffraction, N2-adsorption allow in some extent to control the
OMS structure on molecular and mesoscale level. The most flexible
method to investigate the transformation route seems to be X-ray
diffraction. There are a number of papers studying mesophase
transformation ‘‘in situ’’ [32–40]. The hexagonal mesophase was
shown to form within the first three minutes of the reaction [39].
The time-resolved X-ray diffraction was applied to follow phase
transitions in silica/surfactant composites under hydrothermal
conditions [37]. The energy-dispersive X-ray diffraction was used
to investigate ‘‘in situ’’ formation of the mesoporous silica FSM-
16 and MCM-41 in [40]. There are also some details concerning
SBA-15 mesophase formation [33,36,41].

However experimental X-ray diffraction data without process-
ing provide only evidences regarding a substance transformation.
The question is to transform these data to the information suit-
able for discussion of chemical processes. The solution is in
application of X-ray structure analysis or more specifically
X-ray mesostructure analysis. Four approaches were reported
in literature for the quantitative description of X-ray diffraction
from mesostructure [3,42,43–49]. Beck et al. in their pioneer
work [3] simulated the X-ray pattern of MCM-41 in two ways.
In the first approach the model structure was built from the
atoms similar to the zeolite framework. The simulated X-ray
pattern was rather similar to the experimental one. The atom
position refinement was not provided due to the inconsistency
of the numbers of structural parameters and reflections. In fact,
this approach implements the trials and errors method. The sec-
ond approach is based on the honeycomb structure resulting
from the close packing of hollow cylindrical micelles. Each
cylinder was considered to be a scattering unit according to
the equation obtained earlier by Oster and Riley [42]. Later, this
approach was developed in a number of papers [43–47] with the
pore structure described by a set of coaxial cylinders with
varying radius and wall density. The method of molecular
dynamics applied to amorphous silica packed as hexagonal pores
in a two-dimensional lattice was demonstrated in [48]. This
approach was not developed further, likely due to the increased
requirements for calculation resources.

A more flexible approach to refine the averaged parameters of
the mesostructure is based on the application of the continuous
electron density approach [49]. The parameters of the electron
density function are refined in the least square minimizing
procedure. The approach was successfully applied in studying
zeolites and OMS with the disordered particles in pore space
[49–58].

In this paper the X-ray mesostructure analysis was applied for
monitoring MCM-41 synthesis. Hydrothermal stability of the
MCM-41 material is essentially discussed in the relation with the
averaged mesostructure alteration along the synthesis ‘‘pathways’’.
The considered reaction pathways apparently do not cover the
whole possible multidimensional space of the states. The choice
has been made to touch upon the most intensively discussed in lit-
erature variants of the chemical modification of the synthesis solu-
tion aimed at increasing the hydrothermal stability. The paper
considers the consequences of the mother liquid substitution
under hydrothermal treatment. Ammonia and sodium hydroxide
as the basicity agents have been compared. The results on the addi-
tional silicate deposition on the inner surface of the material in
order to increase its stability are reported. The alterations of the
mesostructure at certain synthesis stages were followed by the
X-ray diffraction data and TEM images. The final materials at
each pathway were tested for the hydrothermal stability. The
N2-adsorption measurements of the texture characteristics have
been made, if appropriate, in addition to the X-ray analysis.
2. Experimental

2.1. Chemical reagents and synthesis

The following chemicals were used for synthesis without
additional purification: cetyltrimethylammonium bromide
C16H33(CH3)3NBr (CTABr) – Aldrich (Cat.:85.582-0); tetraethoxysi-
lane Si(C2H5O)4 (TEOS) – analytically pure, technical standards
6-09-3687-74; sodium silicate Na2SiO3�9H2O – REAHIM 130159
All-Union Standard 4239_77; ammonium NH3 – solution 13.4 M,
q = 0.905 g/cm3, ethanol C2H5OH (EtOH) – 96 wt.%, sulphuric acid
H2SO4 – (98%), potassium chloride KCl – 1 M solution.

All the synthetic experiments were divided into series, with
each including several stages namely: precipitation – «aging»
(stage 1); hydrothermal treatment in the autoclave (HTT1) (stage
2); removing the template by calcination (stage 3); testing the
hydrothermal stability by autoclave exposition of the material
in water at 110 �C (HTT2) (stage 4). All obtained samples
denoted as: N/K, where N – the series number and K – the stage
number, were taken for the X-ray diffraction analysis. In series
1–5 the first stage was carried our in alcohol-ammonia solution
with the molar ratio of the components being 1TEOS:0.2CTABr:
21NH3:50C2H5OH:475H2O in accordance with [59]. When pre-
paring the synthesis mixture the weighed quantity CTABr was
dissolved in aqueous-alcohol solution with the addition of
ammonia up to pH 12.5. After the homogenization TEOS was
added into CTABr solution. The precipitation and primary con-
densation of the product were performed at intensive stirring
for 2 h at t = 22 �C (stage 1/1). Further stages in series 1–5 had
some differences. In series 1 the precipitated product with the
mother liquid was placed into an Teflon fettled autoclave to
carry out the hydrothermal treatment (HTT1) at t = 120 �C for
2 h. After HTT1 the precipitate was filtered, dried at ambient
conditions (stage 1/2). The calcination in order to remove the
template was made in air at 550 �C for 6 h (stage 1/3). After
calcination the substances in all series were tested for the hydro-
thermal stability (HTT2) by static autoclave exposition at 110 �C
for 2 h with the ratio Vliquid(H2O)/msolid(SiO2) = 5 ml/50 mg (stage
1/4). The stage HTT2 was used as a ‘‘quality’’ test to show if a
mesostructure was stable or not, however it could be also
applied for quantitative characteristic of stability.

In series 2 at stage 2/2 when carrying out HTT1 the mother
liquid was substituted with water. In series 3, 1 M solution of KCl
was used for this purpose. The HTT1 and HTT2 conditions, such
as duration, temperature, stirring, degree of the autoclave filling,
were similar in all the cases.

In series 4 and 5 the substance obtained according to stages 1/
1–1/3, was additionally treated by silicate reagents in order to coat
the surface with an additional silica layer. In series 4 at stage 4/4
the substance was soaked in tetraethoxysilane, followed by its
hydrolysis by water in accordance with [60]. Then, the sample
was calcinated at 550 �C (stage 4/5) and the hydrothermal stability
tested in HTT2 (stage 4/6). In series 5 the material was put into the
aqueous solution of sodium silicate with pH 12.5 and subjected to
autoclaving for 2 h at 110 �C (stage 5/4). At stage 5/5 the substance
was calcinated and HTT2 was carried out (stage 5/6).

Since the silica source influences significantly the product prop-
erties [19,20,61], the mesophase precipitation using sodium sili-
cate was investigated in 6 and 7 seria. The pH of sodium silicate
solution was adjusted by concentrated sulfuric acid at pH 12.5.
Stages 6/2, 6/3 and 6/4 regime (in particular temperature and
duration) was the same as in series 1. At stage 7/2 (HTT1 stage)
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the water-alkaline synthesis solution was substituted with
alcohol-ammonia solution identical to stage 1/2.

2.2. X-ray diffraction studies

The X-ray patterns were taken using the diffractometer X’Pert
Pro (PANalytical) with the CuKa1,2 radiation and detector PIXcel
with a graphite monochromator. Scanning was performed in the
angle range of 1–10� 2H, with the step being 0.026� and counting
time – 150–200 s/step. The primary beam overflow was controlled
using the divergence slit of 1/16� size. The samples for scanning
were prepared by dusting fine powder on the nonreflecting silicon
plate. The comparison of the X-ray patterns obtained using labora-
tory diffractometer and synchrotron source presented in [53]. It
has shown the peak intensities and positions obtained applying
the laboratory diffractometer in the region higher 1� were not
distorted, however peak widths were in 2–2.5 times broader.

The X-ray patterns were treated using the full profile technique.
The diffraction lines were simulated using the pseudo-Voight func-
tion. The pore shape was simulated by the continuous function of
the electron density constructed from a set of concentric circular
areas with varying radius, density and shape from a cylinder to a
hexagonal prism. The model used permitted up to three areas.
The electron density q(x,y) was performed as a function:

qðx; yÞ ¼
X3

m¼1

qm½1þ thððRðx; yÞ � rm � hmdðx; yÞÞ�

where R(x,y) was the distance of the (x,y) point from the center of
pore; r was the refining radius of the cylinder with regulated
density qm. Each area could continuously transform from the circu-
lar into hexagonal shape by means of the refinable parameter of
Fig. 1. Simulated (dots) and experimental (thick line) X-ray diffraction patterns of
MCM-41 at the first stage of all series. Thin line is the difference between the
experimental and simulated X-ray patterns.
«hexagonality» h being varied from 0 to 1 in combination with
d(x,y). The refinable thermal Debye–Waller parameter took into
consideration the sharp decrease of the reflection intensity caused
by the average pore deformation. The detailed description of the
model is presented in [49]. The structural factors for the reflections
in the scanning area were calculated by numerical integrating over
the independent area of the two-dimensional cell according to:
FðhkÞ ¼ 1
S0

Z
S0

qðx; yÞexpð2piðhxþ kyÞÞdxdy

The number of the structural amplitudes, involved in calcula-
tion, varied from sample to sample from 5 to 8. The model param-
eters were refined using the full profile of the X-ray pattern by the
method of differential difference minimization [62]. Fig. 1 presents
the correspondence of the simulated and experimental X-ray dif-
fraction patterns for the sample (1/1) as an example. The electron
density maps (Fig. 2) were calculated from the structural ampli-
tudes estimated from the X-ray patterns. The signs of the structural
amplitudes were obtained at the stage of modeling and refinement.
The wall thickness was defined as the difference between the cell
parameter and diameter of the silica ring (Table 1). The accuracy
Fig. 2. Electron density maps for the samples of series 1–7.



Table 1
Structural and texture parameters of the samples of series 1–7.

Series/stage a0 (nm) r1/r2 (nm) d (nm) h1/h2 (%) q1/q2 B1/B2 (nm2) Rwp (%) S (m2/g)

1/1 4.478 1.79/0.33 0.89 59/0 20/7.4 0.24/3.16 8
1/2 4.473 1.72/0.27 1.04 60/0 20/6.1 2.15/0.43 7.7
1/3 4.369 1.71/– 0.95 46 20/– 1.23/– 8.3 1143
1/4 4.353 1.71/– 0.94 46 20/– 1.00/– 11.5 978
2/1 4.478 1.79/0.33 0.89 59/0 20/7.4 0.24/3.16 8
2/2 4.742 1.97/0.28 0.81 100/0 20/2.3 3.16/0.31 9.7
2/3 4.423 1.79/– 0.84 52/– 20/– 0.59/– 9.5 1204
2/4 Disordered material 235

3/1 4.478 1.79/0.33 0.89 59/0 20/7.4 0.24/3.16 8
3/2 4.602 1.82/0.28 0.96 57/0 20/3.4 3.14/2.71 10.5
3/3 4.130 1.57/– 0.98 23/– 20/– 1.99/– 8.8 1062
3/4 4.076 1.42/– 1.23 33/– 20/– 0.61/– 15.6 594
4/1 4.478 1.79/0.33 0.89 59/0 20/7.4 0.24/3.16 8
4/2 4.473 1.72/0.27 1.04 60/0 20/6.1 2.15/0.43 7.7
4/3 4.369 1.71/– 0.95 46/– 20/– 1.23/– 8.3 1143
4/4 4.263 Not calculated 22

4/5 4.264 1.51/– 1.25 0/– 20/– 3.00/– 7,7 449
4/6 4.259 1.51/– 1.25 0/– 20/– 3.00/– 12,8 218
5/1 4.478 1.79/0.33 0.89 59/0 20/7.4 0.24/3.16 8
5/2 4.473 1.72/0.27 1.04 60/0 20/6.1 2.15/0.43 7.7
5/3 4.369 1.71/– 0.95 46/– 20/– 1.23/– 8.3 1143
5/4 4.367 1.64/– 1.09 62/– 20/– 2.32/– 8.1 –
5/5 4.322 1.69/– 0.95 57/– 20/– 1.25/– 10.4 840
5/6 4.307 1.64/– 1.02 50/– 20/– 2.72/– 8.4 857
6/1 4.601 1.89/0.33 0.82 90/0 20/7.2 2.08/3.24 5.9
6/2 4.703 1.98/0.32 0.75 91/0 20/5.9 1.94/2.94 6.6
6/3 Disordered material 410
6/4 269
7/1 4.601 1.89/0.33 0.82 70/0 20/7.2 2.08/3.24 5.9
7/2 4.507 1.76/0.26 0.99 48/0 20/2.1 2.59/2.43 6.8
7/3 4.311 1.70/– 0.90 40 20 0.20 6.8 682
7/4 4.258 1.67/– 0.91 18 20 3.24 21.8 550

Stages: 1 – precipitation and primary condensation; 2 – HTT1; 3 – calcination; 4 – HTT2 (hydrothermal testing). For series 4 and 5: 4/4 – layer deposition; 4/5 – second
calcination; 4/6 – HTT2. a – lattice parameter; r1, r2 – radii of the circular areas of the electron density; d – pore wall thickness; h1, h2 –degree of the pore hexagonality of the
circular areas; q1/q2 – relative densities of the circular areas; B1/B2 – thermal parameters; Rwp – fitting reliability factor. S – specific surface (BET).
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of the estimation of the lattice parameter was 0.005 nm and the
estimation of the pore wall thickness varied within 0.04 nm. The
hexagonality degree was determined with the deviation of 15%.

2.3. Sorption measurements of the surface

The specific surface was measured at stages 3 and 4 for 1–3, 6, 7
seria and at stages 5 and 6 for 4 and 5 series by the nitrogen
adsorption using Micromeritics ASAP 2420. The preliminary sam-
ple degassing was made at 300 �C for 8 h in deep vacuum
(P � 10�6 pa). The nitrogen sorption–desorption isotherms were
registered at 77 K in the range of p/p0 (0.01–0.99). The specific sur-
face was calculated using the model BET [63].

2.4. TEM measurements

Transmission electron microscopy images were obtained using
JEOL JEM-2100 at accelerating voltage of 200 kV. Studied powder
sample of MCM-41 was dispersed in isopropyl alcohol, using an
ultrasonic bath. Then, a drop with suspended particles was depos-
ited on a thin carbon film supported by TEM grid.

3. Results and discussion

There are a lot of TEM images published in the literature con-
vincing in the regularity of OMS structure. In the case of MSM-41
two-dimensional periodicity of the material allows one to see the
spatial location of main construction elements and generally inter-
pret the structure. A detailed examination of TEM images detects
individuality of almost every pore. It, however, does not destroy
the concept of substance structure. Presented in Fig. 3(a–c) TEM
images of the sample (3/4) obtained from different particles of
the material evidence about both the similarities and differences
in the local structure. The X-ray powder diffraction pattern of the
substance (e.g. Fig. 1) in contrast to TEM images is exceptionally
repeating, and represents the averaging structure for the whole
sample. It should be noted that the limited number of reflections
on the X-ray pattern is the consequence of the local individuality
in structure too. The electron density maps (E-map) applied in
the present paper is a product of calculation, made from X-ray dif-
fraction data. It intends to give a scheme of the geometrical struc-
ture of the matter. The resulting picture is an averaged structure
which is different from every specific pore. However, the E-map
is able to respond to fine quantitative changes on the X-ray powder
diffraction pattern, converting them into information suitable for
considering the consequence of synthesis conditions on the sub-
stance properties. One should be aware that the averaging dis-
torted sections of the structure may create artifacts. Especially it
is expectable for the situation where three dimensional objects
are described with two dimensional models. For this reason, the
interpretation of electron density maps should, if possible, be con-
sidered with other data. In this study E-maps were applied to inter-
pret the changes in hydrothermal properties of MCM-41 caused by
synthesis conditions. With this purpose the alterations of some
averaged structure parameters derived from E-maps were investi-
gated in seven multistage experiments of MCM-41 synthesis.

The obtained results show that there are a continuous set of sil-
ica framework states at different stages of the material synthesis.
The framework evolution can be considered taking into account
the lattice parameter value, wall thickness, pore shape which is
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Fig. 3. a,b,c – TEM images of the sample (3/4) obtained from different particles viewed perpendicular to the hexagonal pore arrangement; d,e,f – TEM images of different
samples: d – sample (1/2), e – sample (2/2), f – sample (3/4) viewed along the direction of the hexagonal pore arrangement; g,h,i – stages of particles degradation under
hydrothermal treatment; g – initial particles, h – particle with spots of local degradation, i – particle before destruction.
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capable to change from the regular hexagonal prism to cylinder,
the size of the cylindrical area occupied by the organic template.
Table 1 presents the numerical structural characteristics and
Fig. 2 additionally shows the electron density maps for the cases
where the map calculation was possible.

3.1. Series 1: regular synthesis in alcohol-ammonia solution

Series 1 presents an optimized variant of the MCM-41 synthesis
in the alcohol-ammonia solution [65,66]. The synthesis requires
the minimal time about 3–4 h. The product demonstrates good
hydrothermal stability [59]. The monotonic decrease of the lattice
parameter and pore radius at all observation points indicates the
fact that at each stage the silicate polyanions are converging, likely,
due to the polycondensation. The wall thickness changes non-
monotonically. At stage HTT1 (1/2) wall thickness increases on
0.15 nm as opposed to stage (1/1). Observation made hardly dem-
onstrates real wall broadening. The important arguments are that
there are no silicate particles in the synthesis solution which are
able to increase the wall size on 0.15 nm. Seemingly, the contribu-
tion to the wall thickness change makes a ripple effect or uneven-
ness along the pore axis decreasing pore diameter, which was
observed by the TEM-tomography for SBA-15 [67]. Irregular pulsa-
tion of the pore diameter can also be observed for MCM-41 using
TEM images with the pore orientation in the picture plane
(Fig. 3(d–f)). The phenomenon of the apparent wall broadening
at the HTT1 stage was also revealed in series 3 and 7 (stages 1/2,
3/2, 7/2, (Table 1)). It correlates with the hydrothermal stability
increasing. The observed wall roughness can be interpreted as par-
tial and local polycondensation processes along wall surface. This
irregularity leads to decreasing the local pore radius and hexago-
nality, increasing the apparent wall thickness. Discussing polycon-
densation it is also reasonable to distinguish two main orientations
of (Si–O–Si) bonds in the wall body: along wall surface and perpen-
dicular to wall surface i.e. along the pore radius. The silica polycon-
densation inside the pore wall volume proceeds intensively at
calcination, resulting in the decrease of the wall thickness (stages
1/3 and 7/3) and the cell parameter too.

The template can be seen in the inner area of the electron
density map. It occupies almost the whole pore space (>95%).
The central small cylindrical area with the diameter of about
0.3 nm is not occupied. The X-ray diffraction revealed that the tem-
plate was only slightly washed out from the pores during 2 h of
HTT1. The diminishing weight lost at calcination in the range
2–3% pointed out the template leaching at HTT1 too. The pore hex-
agonality at stages 1/1 and 1/2 was the same, allowing conclude
that the template did not induce any considerable pressure on
the pore wall at HTT1 in the mother liquid solution. The result of



Fig. 4. X-ray diffraction patterns of MCM-41 at the all stages (3/1, 3/2, 3/3, 3/4) of
series 3.
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HTT2 stage (1/4) evidenced that the material obtained was resis-
tant to a hydrothermal impact. The decreasing of the value of spe-
cific surface (15%) at HTT2 can approximately be brought into
agreement with the portion of the mesophase decay [68].

3.2. Series 2: the synthesis with hydrothermal treatment in water
solution

When substituting the alcohol-ammonia synthesis solution
(mother liquor) with water at HTT1 stage (2/2) considerable struc-
tural changes were observed. The lattice parameter increased by
approximately 5%. The pore took the shape of a regular hexagonal
prism (Table.1, Fig. 2). The calcination stage (2/3) resulted in strong
lattice compression. The considerable changes of the framework
signify the low degree of the silica polycondensation. As a result
at HTT2 stage (2/4) the mesostructure was entirely destroyed.
The hexagonal shape and radius increased after HTT1 (2/2) indi-
cated that the pressure arisen in the pore and was not balanced
with ‘‘polycondensation’’ forces. It is notable that in series 1 the
pressure in pores did not manifest itself at the HTT1 stage (1/2)
at the same medium temperature. The comparison of the condi-
tions for series 1 and 2 makes it possible to claim that the thermal
expansion of the template cannot be the cause of the pore expan-
sion. Therefore, there is some evidence of the template did not
induce any considerable pressure inside the pore at this synthesis
stage. The explanation based on the growth of the osmotic water
pressure in the pores seems to be realistic. Actually, the water in
pores as a component of the physical–chemical system has smaller
chemical potential than the water outside the pores after the sub-
stitution of the mother liquid. It induces active diffusion of water
molecules into pores and increases osmotic pressure there. The
pore expansion causes pore perimeter increasing more than
1 nm. It results in steric hindrance for the complete silica polycon-
densation, and, consequently, in low hydrothermal stability. The
lattice parameter contraction at calcination showed that the pore
expansion at HTT1 was not accompanied with the additional sili-
cate polyanion embedding into the pore wall. It is important to
note that polycondensation occurring at calcination did not pro-
vide the substance stability (stage 2/4).

3.3. Series 3: the synthesis with hydrothermal treatment in KCl
solution

In series 3 at HTT1 stage the mother liquor was substituted by
1 M KCl solution. The so-called ‘‘salt effect’’ was repeatedly
described in literature [18,21,69] in connection with hydrothermal
stability. Although the salt solution inhibits silicate hydrolysis as
well as the polycondensation rate, it decreases the osmotic pres-
sure in the pores. Both mentioned factors can change the meso-
structure. After HTT1 stage (3/2) the lattice parameter increased
approximately two times less than in series 2 (stage 2/2) presum-
ably due to the lower osmotic pressure. The pore hexagonality
increased only up to 87%. At calcination stage (3/3) the lattice
was greatly compressed (>10%). Approximately only a half of the
substance retains mesostructure after HTT2 stage (3/4). The lattice
parameter decreasing indicates the polycondensation process. The
wall thickness increased up to 0.96 nm at stage 3/2, and, then up to
the value 1.23 nm at stage 3/4. The calculated E-map shows cylin-
drical pore shape at the stage (3/3) (Fig. 2), which became more
pronounced after HTT2 stage (3/4). The E-map (3/4) shows addi-
tional small empty spaces formed by the contact of three adjacent
cylinders (Fig. 2). The appearance of additional pores on the elec-
tron density map was a result of distinctive changes in X-ray dif-
fraction pattern. The intensity of the second reflection becomes
lower than that of the third one (Fig. 4). The described diffraction
effect is rather unusual for MCM-41 but quite typical for SBA-15.
The first interpretation of the intensities inversion was given in
[70], where SBA-15 structure model with additional circular cor-
ona area around the pore was suggested. Later, the electron density
simulation for SBA-15 was repeated in [36] and confirmed by TEM
data [32,33]. It was shown that the process of SBA-15 formation
followed through the stages of separate spherical and then individ-
ual cylindrical micelles. In this respect the observation of dense
cylinder parking seems to be realistic situation.

Several experiments have been carried out to validate the
retained effect of the individual cylinders observed on the E-map
for sample (3/4). Low temperature N2-adsorption have been
applied to detect presumable microporosity in the substance.
However the measurement have shown the micropore absence.
It can be explained also by closeness of expected pore diameter
(about 0.4 nm) to the size of adsorbed N2-molecules (about
0.386 nm). It makes microporosity measurement difficult. Two
molecular models of MCM-41 with hexagonal and cylindrical pores
were prepared and X-ray powder patterns were simulated (Fig. 5).
The calculation confirms the intensity flipping effect for of the sec-
ond and third reflection for the sample (3/4). One of the models
which can explain the transformation of hexagonal pores to cylin-
drical one is presented in Fig. 6. If to spin the top and the bottom of
the hexagonal prism in opposite directions the inner space would
transform from prism to cylinder.

Some evidences were obtained from TEM data. In Fig. 3(a–c)
there are TEM images obtained from various particles of the sam-
ple (3/4). Regardless of different perfection of particles it is impos-
sible to see any additional pores in the space of contact of the three
nearest cylinders. Pores have hexagonal-prismatic shape. The wall
of the pores is hardly to be broadened. Nevertheless, taking into
account that the observation presents exclusively particle surface,
one cannot make a conclusion about the pore structure at full
length of the channel. TEM images for the samples (1/2), (2/2)



Fig. 5. The molecular models of MCM-41 with hexagonal and cylindrical pores and
corresponding simulated X-ray powder patterns.
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and (3/4) presented in Fig. 3(d–f) demonstrate various smoothness
of mesopore channels. Sample (1/2) corresponds to the standard
synthesis condition. In case of (2/2) the most perfect structure
was achieved due to the high osmotic pressure. The smoothness
of the pores in the sample (3/4) is noticeably inferior to the first
and second cases. Local roughness of the walls becomes more
noticeable. The deviation from the ideal wall position can be esti-
mated in tens percentage of wall thickness. The above discussed
uneven surface polycondensation effects, causing the apparent
wall broadening, reaches the maximum value in the case of
the sample (3/4). The finite areas with a geometrically regular
Fig. 6. The transformation of hexagonal pore shape into cylindrical via screw deformation
surface and bond decaying between adjacent cylinders.
fragmentation of the walls can be observed in the Fig. 3f. This phe-
nomenon could be attributed to the electron beam defocusing or
other instrument effects. However, some additional facts allow to
interpret it also as a stage of the mesostructure destruction.
Fig. 3(g–i) show the stages of the particle destruction. ‘‘Young’’ par-
ticle (sample 1/3, Fig. 3g) with clear smooth boundaries has a form
of hardened drop of condensed matter, where liquid crystal tem-
plate processes have been over. In sample (3/4), besides many typ-
ical particles there are the particles with unusual defects, located
inside the particle body (Fig. 3h). Fig. 3i shows a particle at a stage
preceding disintegration. Apparently, the observed channel distor-
tions (Fig. 3f) can be precursors to a local site degradation. The
decreasing mesostructure lattice parameter (Table 1) at the stage
(3/4) means that polycondensation takes place. Presumably, the
active polycondensation in the absence of a template leads to a dis-
tortion of the pore walls and local destruction. The pore transfor-
mation mechanism presented in Fig. 6 seems to be reasonable
because of cooperative feature. When the certain pore is spinning
it loses the links with neighboring pores. So, it induces a destruc-
tion of a whole region. The TEM image in Fig. 3h demonstrates such
local regions of destruction. At the beginning stage the apparent
wall broadening accompanied by the effect of the appearance of
the additional small pores observed at E-map which can be
explained by the effect of averaging distorted channels.

3.4. Series 4: the mesoporous surface treatment with TEOS

In series 4 the material obtained according to the standard
scheme (stages 1/1–1/3) was ‘‘coated’’ with additional silica to
increase the hydrothermal stability (stage 4/4). It was primarily
assumed that TEOS would have relatively uniform distribution
over the inside surface of the calcinated mesophase and the silica
formed after TEOS hydrolysis would form a monomolecular layer.
On the X-ray diffraction pattern of sample (4/4) the second (11)
and third (20) peaks lose their intensity considerably as compared
to the first one (10). The calculated electron density maps reveal
blurred and broadened pore walls (Fig. 2, (4/4)). This is expected
result because Fourier series for map calculation consists of only
one member. This was the reason why pore parameters were not
calculated (Table 1). In course of the TEOS hydrolysis simulta-
neously with the silica deposition the formation of large particles
filling the pores was likely to occur. It was confirmed by the
decrease of the specific surface value from 1143 m2/g down to
22 m2/g for sample (4/4). Since the mesostructure remains, such
of hexagonal prism. The screw deformation is followed by increasing bonding along
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considerable alteration of specific surface value could be explained
by the surface being inaccessible for the measurements. Indeed,
after calcination (stage 4/5) the specific surface increased up to
449 m2/g. The final sample (4/6) has the wall thickness of
1.25 nm which is about 0.4 nm smaller than the expected value
for the case of an additional monomolecular silica layer on each
side of the wall. Thus, TEOS soaking does not lead to the formation
of an additional layer; the silica plugs is located inside the pores
preventing the access to the surface.

3.5. Series 5: the mesoporous surface treatment with sodium silicate

A somewhat different situation was observed in series 5, where
the treatment was carried out in sodium silicate solution under the
conditions of the additional HTT (stage 5/4). The pore wall thick-
ness increased up to 1.09 nm mainly due to the decrease of the
pore diameter which might be explained by the deposition of the
silicate species on the inside surface. At second calcination (stage
5/5) the wall thickness returned to its initial value (0.95 nm). The
specific surface in the course of such procedure of «coating»
decreased down to the value of 840 m2/g and after HTT2 (stage
5/6) amounts to 857 m2/g. From the point of view of retaining
the specific area the sample (5/5) demonstrated the highest stabil-
ity. It is also possible to note that the degradation rate in (5/5) was
lower in comparison with sample (1/3). As a whole, the changes
occurring at stage (5/4), can be considered as «healing» (recon-
structing) the defective areas of the silica surface.

3.6. Series 6: synthesis in aqueous-alkaline solution

In series 6 and 7 the precipitation of the organosilicate compos-
ite (stages 6/1 and 7/1) was carried out in aqueous-alkaline solu-
tion. Earlier it was noticed that the aqueous-alkaline synthesis
solution led to highly ordered mesostructures [3,60,69], however,
their low stability caused doubts in a practical use of MCM-41.
Afterward, the synthesis using the alcohol-ammonia solution
[64,66,69] rehabilitated expectation from MCM-41. Meanwhile,
the reasons of stability improving are not sufficiently explained.
The aim of the syntheses in series 6 and 7 was to check the possi-
bility of obtaining a stable product from the aqueous-alkaline solu-
tion. Series 6 was similar to series 1, aside from stages (6/1) and (6/
2) were carried out in the aqueous-alkaline solution. In series 7 the
stage (7/1) was carried out in aqueous-alkaline solution and then
at the stage (7/2) the precipitate was placed into alcohol–ammonia
solution.

The aqueous-alkaline synthesis solution (stage 6/1) resulted in
increasing the lattice parameter as compared to sample (1/1).
The framework expansion continued at the stage (6/2). The wall
thickness had the smallest value of 0.72 nm and the apparent wall
fragmentation was occurred which was likely to indicate the
appearance of disruptions in the wall (Fig. 2 (6/2)). The high hexag-
onality of the pore shape indicated the presence of osmotic phe-
nomena. The reason of the osmosis is believed to be somewhat
different. The negative charge of the silicate anions is compensated
by the template and, partially, by the sodium cations. After the pre-
cipitation there occurs the redistribution of the sodium ions
located in the solution and in the pores of composite. Since the
inside surface is about 20 times higher than the external one, the
localization of the sodium ions (participating in the charge com-
pensation) would be higher inside the pores. Since the pore volume
is much smaller than the volume of the synthesis solution the con-
centration difference of the sodium ions induces the osmotic pres-
sure in the pores. The osmosis contributes to the higher material
ordering and, simultaneously, prevents the silica polycondensation
due to the steric obstacles for the (Si–O–Si) bond formation. The
high ionic strength of the pore solution also inhibits the silicate
hydrolysis and, consequently, the silica polycondensation. Two
hour HTT1 (stage 6/2) resulted in the sample decomposing at cal-
cination (stage 6/3). It means that the polycondensation after
stages (6/1) and (6/2) was not sufficient for retaining the meso-
structure without the organic template and the calcination did
not provide the required polycondensation. It is worth to note that
the HTT1 stage with duration up to 1–3 days and temperature up
to 120–140oC does not increase the hydrothermal stability [66,69].

3.7. Series 7: synthesis in aqueous-alkaline solution with hydrothermal
treatment in alcohol–ammonia solution

As to series 7 at HTT1 stage the sample was separated from the
mother liquor by filtration and placed into alcohol-ammonia solu-
tion (stage 7/2). The lattice parameter after HTT1 decreased more
than 0.1 nm. The decreasing continued at the calcination stage
(7/3). The wall thickness finally acquired the value of 0.90 nm.
Sample 7 retained the mesostructure at HTT2 stage (7/4), however,
the specific surface was almost two times smaller. Thus, the aque-
ous-alkaline medium does not contribute into the silica polycon-
densation, however its substitution with the alcohol-ammonia or
aqueous-ammonia one at the stage of HTT1 allows the synthesis
pathway leading to the stable material.

The discussed results convince that the structural data obtained
by X-ray powder diffraction correlate with the variations in the
chemical synthesis medium and material properties. Despite of a
significant individuality of OMS local structure the averaged struc-
ture has common features, which alterations could be reasonably
interpreted. Hexagonally packed cylindrical pores are the basic ele-
ment of the structure, which is able to change its settings in limited
ranges without the structure destroying. The lattice parameter of
2-dimensional hexagonal unit cell is the most objective structural
value with limited extent. Significant variation of the lattice
parameter (up to 0.5 nm) at the synthesis stages is an indicator
of low hydrothermal stability of the final material. The low silica
polycondensation is the obvious reason. Significant growth of the
cell parameter is induced by osmotic phenomenon and inhibited
polycondensation. Such conditions are realized in aqueous alkaline
synthesis solution due to of silica hydrolysis suppressing. Thermal
polycondensation that occurs when template is removed by the
calcination, does not significantly increase the stability of the
material. The width of the pore walls is the next important aver-
aged crystallographic value involved in the consideration. It is
derived from the electron density maps calculated from X-ray dif-
fraction data. The width is apparent value sensitive to variations of
synthesis conditions. The comparison of E-maps with TEM images
implies the cause of its pseudo-reality. Numerous TEM-data
obtained on the verge of atomic-molecular discreteness, give a
base to assume that the width of the wall is more or less constant.
This is in correspondence with the stoichiometry between surfac-
tant and silica at synthesis of OMS. The applying 2-dimensional
model to the 3-dimensional object when calculating the E-maps
does not take into account changes in the pore diameter or curva-
ture along the channel, which are compensated by the wall thick-
ness and the pore shape. The optimal value of the pore width is in
the range 0.8–0.9 nm, which corresponds to the wall built from
two layers of [SiO4] tetrahedron [66,68]. Cross-section of the
two-layer wall is presented in Fig. 7. The lower width than the
specified interval is a sign of wall deficiency and the inevitable
low hydrothermal stability of the material. Increased wall width
is companied by the appearance of cylindrical pore shape on
E-map that does not fully correspond to TEM images. It can be
explained by the increase in surface roughness due to uneven poly-
condensation. A moderate increase of the apparent width within
the interval 1.0–1.1 nm correlates with high hydrothermal stability
of the material. The growth of the apparent width, for example, up



Fig. 7. The pore wall model is presented in two styles. The size of [SiO4]
tetrahedron, the wall thickness about 0.8 nm, the wall density, the density of
silanol groups on the surface are arguments in two layer structure of the wall. The
two layer structure suggests two orientations of siloxane bonds [Si–O–Si] along the
pore surface and the pore radius shown in the figure. Competition of polyconden-
sation along these directions gives variety of substance states. Detailed model
description was presented in [66,68].
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to 1.25 nm at hydrothermal treatment with removed template,
was the indicator of critical concentration of local defects and
roughness of channels. In the limit, the uneven polycondensation
causes extensive local defects with the consequent structure col-
lapse (Fig. 3h).

TEM images show that there are a great variety of asymmetri-
cally distorted pores in the substance. The pore shape calculated
from X-ray diffraction data presents continuously transited figure
from the hexagonal-prismatic to the cylindrical form. Mandatory
symmetrical and convex form is explained by the applied model.
As a perfect hexagonal-prismatic form and all the rest are unreal-
istic forms. They should be classified as apparent. However, there
is a clear correlation between an apparent form and hydrothermal
stability. The highly hexagonal form corresponds to the materials
obtained in the conditions of high osmotic pressure and therefore
they have low hydrothermal stability. The cylindrical shape is a
signal of high concentration of local distortions in the pore chan-
nels, which is a symptom of the beginning degradation. Hexagonal-
ity ranges from 50% to 80% correlates with good hydrothermal
stability.

Since a shape of a substance particle is finally supported by
chemical bonds it would be relevant to link the apparent structure
characteristics obtained from X-ray diffraction data with geometri-
cal orientation of chemical bonds in OMS. Because of the wall
thickness is about 0.8–0.9 nm the only two layers of [SiO4]-tetrahe-
drons are allowed to build the wall. This circumstance limits tetra-
hedron orientation in the layer and allows separating two groups
of (Si–O–Si) bonds stretched along pore surface and towards pore
radius (Fig. 7). The hexagonal-prismatic pore shape is a result of
extreme pore expansion at the minimum silica polycondensation
along the pore surface. Obviously, the (Si–O–Si) bonds along radial
direction are not sufficient to provide high material stability. On
the contrary the cylindrical shape is characteristic of polyconden-
sation along the surface, where the (Si–O–Si) bonds are oriented
along pore surface. The cylindrical pore has higher stability.
However, cylindrical shape is the product of averaged local pore
roughness. If the roughness exceeds the limit the structure
corrosion develops. For these reasons, the cylindrical shape cannot
provide maximum stability. So, the material with both orientations
of (Si–O–Si) bonds otherwise with the intermediate pore shape
corresponds to the highest hydrothermal stability. Thus, the syn-
thetic task can be formulated as to suggest synthetic conditions
providing comparable rates of polycondensation towards the pore
radius and along the surface for reaching the highest density of
siloxane bonds.

4. Conclusion

The X-ray diffraction data via apparent structural parameters
allow monitoring MCM-41 mesostructure differentiating a great
variety of mesophase states in different synthesis pathways. Two
chemical reactions silicate hydrolysis and polycondensation occur
in the substance after the precipitation and liquid–crystalline tem-
plating process. The synthesis conditions influence on the rate of
these reactions, induce steric hindrances for polycondensation
and result in mesostructure variations. The polycondensation can
be accelerated or inhibited in an anisotropic manner. Two direc-
tions can be specified along the pore perimeter and along the pore
radius. The competition of these two possibilities is responsible for
the variety of material properties including hydrothermal stability.
When the synthesis is carried out in alcohol-ammonia solution
highly ordered material with a high surface area and hydrothermal
stability can be obtained. The pores have an averaged intermediate
shape between a cylinder and a hexagonal prism. Aqueous and
aqueous-alkaline solutions result in highly ordered substances
with pores of regular hexagonal shape. However the materials
are characterized by the low hydrothermal stability.

In the experiments on the surface coating using TEOS no multi-
ple increase of the wall thickness was observed. The silica species
block the pores making them inaccessible. However, if in the solu-
tion with a small degree of silica aggregation was applied the effect
of the reconstruction of the defective areas of the pore wall was
observed resulting in increasing hydrothermal stability. The pre-
sented results allow conclude that X-ray mesostructure analysis
is effective approach for investigating mesostructured materials.
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