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Increasing the ethanol concentration in the tetraethoxysilane (TEOS)-hexadecyltrimethylammmonium bromide
(C16TMABr)-ammonia-water system at room temperature permits one to obtain a succession of different
mesophases in the order MCM-41f MCM-48 f lamellar phasef radial hexagonally ordered phase. First,
the original hexagonal (MCM-41) phase is replaced by a cubic phase (MCM-48) and later, upon ethanol
addition, by a lamellar phase. Such phase succession is the result of the cosurfactant behavior of the ethanol.
At lower alcohol concentration, scanning electron microscopy (SEM) shows only undefined or barely spherical
structures, indicating that the ethanol has only a limited effect on the external morphology. When the alcohol
concentration is further increased, it will mainly act as a cosolvent producing spherical particles. A TEM
study reveals the radial arrangement of the pores within the spherical particles. A hexagonal closed pore
packing can be considered on a local scale around the center of the spherical particle. This hexagonal pore
arrangement is the result of a combination of a very slow equilibrium toward the hydrolysis of the TEOS, its
good homogenization in the synthesis solution due to the solvating effect of the alcohol, and the interference
of the alcohol on the cooperative process of the micelle formation. To complete the study, parallels have
been drawn with other alcohols such as methanol and propanol.

Introduction

During the past decade, mesoporous materials of the M41S
family have attracted worldwide attention.1-6 These materials
have unique properties, such as a high specific surface area and
pore volume, tuneable pore size, and a narrow pore size
distribution.

In this M41S family, three main mesophases have been
described. The most well-known structure is the hexagonal
MCM-41.7 The other two phases are the cubic MCM-488,9 and
a lamellar phase, denoted as MCM-50. However the latter is
an unstable phase that will collapse upon removal of the
surfactant molecules. The ability to obtain a given structure is
mainly dependent on the preferential organization of the organic
phase. Huo et al.10 dedicated those preferences for a particular
phase to theg-packing parameter. They delimited the different
g-packing values as being 0.5, 0.66, and 1 for the hexagonal,
cubic, and lamellar phase, respectively.

The syntheses of those different phases have already been
reported in many variants, in which the reactants, such as Si-
source and type of surfactant, as well as the synthesis param-
eters, have been changed. Particular synthesis conditions permit
the material even to favor a phase transition. This transformation
is important in obtaining easily and quickly M41S phases that

are otherwise relatively difficult to prepare. The best documented
is the transition of a hexagonal phase to a cubic phase induced
by a heating step. Besides temperature, also the importance of
small amounts of ethanol, formed by the hydrolysis of the
silicate source tetraethoxysilane (TEOS), is pointed out as the
driving force for the transformations to occur by altering the
surfactant packing parameter within the micellar surfactant
templates.11

Most of the above-optimized syntheses are performed under
hydrothermal conditions. A few researchers described the
possibilities of obtaining different phases at room temperature.
First, Ågren and co-workers12 demonstrated the transition from
an MCM-41 hexagonal structure into a lamellar phase by adding
small quantities of large alcohols such as butanol and hexanol
to the reaction mixture, resulting in the formation of a lamellar
phase next to the hexagonal one. They attributed this phenom-
enon to the properties of some alcohol molecules to incorporate
the micelles and adopt the role of cosurfactant. In this case, it
is not a phase transition that is observed but the direct synthesis
of a new phase.

Grün et al.13 used the same mother solution (TEOS/NH3/H2O)
as Ågren and co-workers but added large amounts of ethanol
to the synthesis mixture. They did so to approach as much as
possible the well-known Sto¨ber synthesis.14 This procedure is
known to synthesize spherical silica particles under controlled
conditions. Gru¨n and co-workers indeed demonstrated the ability
of controlling the morphology of these mesoporous particles,
which they claimed to be MCM-41. Therefore they entrust the
ethanol to a role of cosolvent without mentioning any cosur-
factant effects. Pauwels et al.15 performed a transmission electron
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microscopy (TEM) study on those spherical particles and could
identify a radial arrangement of the pores.

The purpose of this paper is to investigate the influence on
the structure of the mesoporous solids of the amount of short-
chain alcohols [CnH2n+1OH, n ) 1, 2, 3] in the TEOS-
hexadecyltrimethylammmonium bromide (C16TMABr)-am-
monia-alcohol-water mixture at room temperature. For the
first time, a systematic study of the influence of the alcohol
addition on the morphology and structure of the mesoporous
particle is performed. Up to high alcohol concentrations, the
different phase transitions are studied. This is done using X-ray
diffraction (XRD), N2 sorption, scanning electron microscopy
(SEM) and TEM analyses. The study mainly focuses on the
influence of ethanol addition, though also the smaller methanol
and the larger propanol are investigated.

Experimental Section

From a reference procedure for spherical MCM-41,15 different
amounts of ethanol, methanol, or propanol are added to obtain
a gel with the following composition: 1 TEOS/0.3 C16TMABr/
11 NH3/x alcohol/144 H2O. Accordingly, we denote the sample
containingx mol (per mole of TEOS) of methanol, ethanol, or
propanol as Mx, Ex, and Px, respectively.

To synthesize the material, C16TMABr was first dissolved
in the mixed solution of distilled water, aqueous ammonia, and
alcohol by stirring for 15 min; then TEOS was added. The
solution was further stirred for 2 h; the white precipitate was
then collected by filtration and washed with distilled water.
Dried samples were calcined at 550°C with a heating rate of 1
°C/min and kept at this temperature for 6 h to remove the
surfactant.

X-ray diffractograms were collected on a Philips PW1840
powder diffractometer (45 kV, 25 mA) using a Ni-filtered Cu
KR radiation at steps of 0.02° 2θ.

The N2 adsorption isotherms were recorded on a Quantach-
rome Autosorb-1-MP automated gas adsorption system. The
surface areas were calculated with the Brunauer-Emmett-
Teller (BET) calculation method, using the adsorption data
within the p/p0 range from 0.05 to 0.35. For a rapid and easy
pore diameter analysis the Barrett-Joyner-Halenda (BJH)
method was preferred above the more accurate nonlinear density
functional (NLDFT) theory. Although BJH is known to seriously
underestimate the effective pore diameter, it is usable as a pure
comparative method without considering the absolute values.

SEM images were recorded using a JEOL-JSM-6300 scan-
ning electron microscope operating at an accelerating voltage
of 20-30 kV. The samples were sputtered with a thin film of
gold.

Transmission electron microscopy (TEM) investigations were
made on crushed E0, E20, and E58 samples deposited on holey
carbon grids using a JEOL 4000 EX microscope operating at
400 kV and Philips CM20 operated at 200 kV. In high-resolution
electron micrscopy (HREM), a low-intensity electron beam and
medium magnification were used to minimize damage of the
structure. The HREM images were mostly taken at large
underfocus conditions when tunnels are imaged as bright dots
and matter as black.16 Fourier transformation (FT) of the HREM
images was performed using the NIH Image 1.60ppc software.

Results

A. The Influence of the Amount of Ethanol. Figure 1
represents the X-ray diffraction patterns for the different silica
mesophases with an increasing addition of ethanol to the mother
solution before (A) and after calcination (B). From the XRD of
the calcined E0 (Figure 1B), it is clear that without any addition
of ethanol, the synthesized material is a typical MCM-41. The
good crystallinity is evidenced by a strong (100) diffraction peak
at 2θ ) 2.69° and two other distinguishable peaks between 4°
and 6°, attributed to the (200) and (210) reflections. Before
calcination, additional peaks are detected because of the presence
of surfactant. With the addition of 20 mol of ethanol in E20,
the cubic MCM-48 phase is formed; this phase is identified by
the two distinct (211) and (220) diffraction peaks at 2θ ) 2.79°
and 3.03° and a broader reflection at 5.09° (Figure 1B). When
the amount of ethanol is doubled in case of E40, part of the
broad XRD signal disappears upon calcination (Figure 1B). This
suggests that E40 consists of mixed mesophases, in which a
lamellar mesophase is responsible for the pore collapse during
the removal of the organic surfactant. The remaining signal
points toward some ordered structure on a local scale; no clear
structure identification is possible though. Further increasing
the amount of ethanol to a mole ratio of 58 (sample E58)
produces again an MCM-41-like diffraction pattern with a clear
(100) reflection at 2.69° 2θ and two broader peaks in the region
between 4° and 6° attributed to the (200) and (210) reflections
(Figure 1B). Although a clear diffraction pattern, the peaks are
broader compared to the E0 sample, indicating that this
hexagonal-like E58 mesophase is less-ordered.

The isotherms of the different silica mesophases formed with
increasing ethanol concentration (Figure 2) are of type IV in

Figure 1. X-ray diffractograms of the different silica mesophases formed with increasing concentrations of ethanol: (A) precursor materials; (B)
calcined materials.
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the IUPAC classification, showing a capillary condensation at
a relative pressurep/p0 between 0.2 and 0.3. The surface area,
the pore volume, and the pore diameter of the E0 sample (MCM-
41) are 1129 m2/g, 0.707 mL/g, and 2.25 nm, respectively. The
higher surface area of this MCM-41 compared to the ones
prepared in hydrothermal conditions, as reported in the literature,
is due to an artifact. With the decrease of the pore diameter,
the capillary condensation step will undergo a left shift to lower
relative pressures. This will influence the linearity of the
multilayer deposition of the nitrogen, increasing its steepness.
The surface areas given by the BET equation will therefore be
overevaluated. With the change of mesophase from hexagonal
(MCM-41) to cubic (MCM-48), the sample E20 (Figure 2)
reveals a small decrease of the pore size to 2.20 nm but a
significant increase for the surface area and pore volume,
reaching now 1379 m2/g and 0.819 mL/g, respectively. Upon
further increase of the alcohol content to 40 mol ratio (E40,
Figure 2), the isotherm represents a much less defined shape.
Though the low-pressure region untilp/p0 ) 0.2 is identical to

that of sample E20 (cubic MCM-48), this is an indication that
the remaining mesophase possesses a cubic symmetry. The
isotherm data of the sample with the highest ethanol addition,
E58, indicate an identical total pore volume for both E0 and
E58 and a slightly smaller pore diameter for E58 (Figure 2).
The surface area, pore volume, and pore diameter of E58 are,
respectively, 1211 m2/g, 0.707 mL/g, and 2.11 nm.

Scanning electron microscopy (SEM) shows the morphology
of the different silica mesophase particles formed with increasing
ethanol concentration (Figure 3). The MCM-41 particles (Figure
3A) have an irregular shape with a particle size of about 1µm;
no real spheres are observed. The same irregular morphology
is found for the MCM-48 mesophase particles in E20 (Figure
3B). When the ethanol is further increased in sample E40, a
clear change occurs: the mixed mesophase E40 mainly consists
of spheres (Figure 3C), though there is still a large contribution
of particles of an undefined shape. The dimension of the particles
has decreased to 0.5-1 µm, compared to the previous ones.
Finally, the E58 (Figure 3D) reveals small regular particles of
perfectly spherical shape with average sizes of about 0.5µm.

To identify further the order and the change in the pore
arrangement of the different mesophases, a TEM study was
performed. The HREM image of E0 taken along [001]H zone
axis is shown in Figure 4. The image reveals a hexagonal
arrangement of the pores in the MCM-41 phase; this is
confirmed by the FT. The HREM image of E20 also shows a
nicely ordered pore system (Figure 5). This structure however
is cubic; the FT pattern (inset of Figure 5) reveals that the
structure is imaged along the [011]C direction. It should be noted
though that both samples exhibit a large quantity of disordered
phases, which are responsible for the high amorphous back-
ground in the XRD patterns. It is also confirmed that there is
no preference in the shape of the particles, in agreement with
the SEM observations. The particles in the E58 sample on the
other hand exhibit a pronounced spherical morphology (Figure

Figure 2. N2 adsorption isotherms of the different silica mesophases
formed with increasing concentrations of ethanol.

Figure 3. SEM images of the different silica mesophase particles formed with increasing concentrations of ethanol: (A) E0; (B) E20; (C) E40;
(D) E58.
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6). The center of the image shows a clear resolution, indicating
a radial arrangement of the pores.15 The image shows a
hexagonal pore packing around the core of the particle. An
additional proof of the hexagonal local structure is given by
the FT pattern taken over the central part of the particle (inset
Figure 6), where the hexagonal symmetry is reflected. The
weakness of the spots in the FT pattern indicates that the
hexagonal arrangement only occurs on a local scale and around
the center part of the spherical particle. Deviations from the
hexagonal symmetry are bound to occur because of the spherical
shape of the particle.

B. The Influence of the Amount of Propanol and Metha-
nol. To draw parallels with other alcohols, the influence of the
addition of propanol or methanol to the reaction mixture of the
mesophase formation was investigated.

Conclusions on the respective silica mesophase transitions
that occur upon addition of propanol or methanol, similar to
the ethanol addition, can be drawn from the X-ray diffraction
patterns and N2 adsorption data (Figures 7-10). Without the
addition of any alcohol (P0 and M0), the same MCM-41 phase
is obtained, as evidenced by the XRD patterns (Figures 7B and

9B). The addition of 8 mol of propanol or 65 mol of methanol
to the reaction results in different mesophases. For methanol,
this new phase is clearly MCM-48 (Figure 9B). A lower amount
of methanol (58 mol) is not enough to favor the MCM-48
synthesis; in this case an MCM-41 mesophase is obtained with
additional XRD peaks due to the surfactant before calcination
(Figure 9A). In case of 8 mol of propanol, before calcination,
an MCM-48 phase can be detected, although the diffraction
peaks largely disappear after calcination, suggesting the exist-
ence of a mixed mesophase consisting of MCM-48 and a
lamellar structure. The isotherms of the P8 and M65 mesophases
show an enhanced adsorption in the low-pressure region up to
p/p0 ) 0.25 (Figures 8 and 10). The surface areas and pore
volumes are, respectively, 1270 m2/g and 0.778 mL/g (P8) and
1239 m2/g and 0.817 mL/g (M65). When the propanol concen-
tration is further increased up to 14 mol, no diffraction peaks
remain after calcination, indicating the significant loss in
crystallinity. Also, the isotherm shows a strong decrease in the
pore volume. These results suggest a collapse of the ordered
pore structure and indicate that sample P14 is in fact a pure
lamellar mesophase. For methanol, no lamellar phase transition
occurs. Even a methanol concentration of 85 mol (M85)
produces the MCM-48 mesophase. Upon further increasing the
alcohol concentration to 30 mol (propanol) and 100 mol
(methanol), the (100) diffraction between 2° and 3° 2θ is again
observed in the XRD after calcination, indicating a hexagonal-
like ordering. In case of methanol, two additional peaks occur
in the region 5°-6° 2θ. The isotherm P30 again reveals a clear
step in the adsorption (atp/p0 ) 0.2-0.3). The surface area
and the pore volume are restored up to 1008 m2/g and 0.778
mL/g. The M100 MCM-41-like material exhibits a surface area
and pore volume of, respectively, 1298 m2/g and 0.722 mL/g.

Discussion

Phase Transitions.In the TEOS-C16TMABr-ammonia-
water-ethanol system, a phase transition (MCM-41 to MCM-
48) is identified by XRD and TEM for an increasing alcohol
amount. The results suggest that increasing the alcohol amount
changes the surfactant packing parameter,g. This surfactant
packing parameterg directs the phase configuration in the

Figure 4. HREM image of MCM-41 hexagonal structure taken along
the [001]H zone axis from E0 sample with Fourier transform insert.

Figure 5. HREM image of MCM-48 cubic structure taken along the
[011]C zone axis from E20 sample with indexed Fourier transform insert.

Figure 6. HREM image of a spherical particle with a well-resolved
core, enlargement of the core (marked with a white square frame) given
as insert in the left upper corner, and corresponding FT pattern (right
upper corner) clearly showing the hexagonal symmetry. The 10-10
and 11-20 peaks of a hexagonal pattern (encircled) are clearly visible.
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synthesis of mesoporous materials and is given byg ) V/(a0l),
V being the total volume of the surfactant chain plus any
cosolvent molecules between the chains,a0 the effective
headgroup area at the organic-inorganic interface, andl the
surfactant chain length.10 Small values ofg stabilize more curved
surfaces such as MCM-41 (1/3 < g < 1/2), while larger values
stabilize structures with less curvature such as MCM-48 (1/2 <
g < 2/3).

At the lower alcohol concentrations, driven by the hydro-
phobic forces, the alcohol molecules penetrate into the surfactant
micelles. This results in an increase of the true volume of the
surfactant and therefore in an increase of theg value causing
high-to-low curvature phase transitions. Consequently, meso-

phases with less curvature are sequentially formed, going from
hexagonal to cubic. This has been widely proven in many cases
and is referred to as the cosurfactant effect of the alcohol.10-12,17

As in previous studies, the syntheses are performed under
hydrothermal conditions, and small amounts of ethanol released
during the hydrolysis of TEOS are able to penetrate into the
surfactant micelles, causing the transformation into a different
phase. At room temperature however, the released ethanol from
the hydrolysis reaction of TEOS will primarily reside at the
outer shell of the surfactant micelles, explaining why in this
study additional amounts of alcohol are needed to change the
micellar volume and to induce the desired phase transition. The
room temperature of the synthesis will also affect every further
restructuring of the mesophase. Ågren12 demonstrated with an
in-situ XRD experiment that even at room temperature the
mesophase formation is a relative fast process, inducing
diffraction signals within a few minutes after the addition of
the silica source. The low pH of the solution (pH 10.9 due to
the use of ammonia as base) will favor the fast condensation of
the hydrolyzed silica. In a classic hydrothermal synthesis, the
high temperature, in combination with a high basicity (pH>12),
creates the ideal conditions for redissolution18 and reorganization
of the amorphous phase into an organized mesophase. The
unfavorable condition of this room-temperature synthesis for
an eventual mesophase reorganization is the main reason for
the presence of the amorphous phase revealed by the TEM
analysis. The fast condensation and formation of the silica

Figure 7. X-ray diffractograms of the different silica mesophases formed with increasing concentrations of propanol: (A) precursor materials; (B)
calcined materials.

Figure 8. N2 adsorption isotherms of the different silica mesophases
formed with increasing concentations of propanol.

Figure 9. X-ray diffractograms of the different silica mesophases formed with increasing concentrations of methanol: (A) precursor materials; (B)
calcined materials.
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particle will also be responsible for the irregular morphology
of the particles as observed with SEM.

With a doubling of the alcohol concentration compared to
the MCM-48 phase, more alcohol will penetrate inside the
micelles decreasing by the same occasion the surface curvature.
This will inevitably lead to the formation of a lamellar phase.
This is clear when comparing the X-ray diffractograms before
and after calcination. After calcination part of the diffraction
signal disappears. The remaining peak after calcination indicates
that some ordering, other than a lamellar phase, must exist. TEM
could not reveal a straightforward phase ordering suggesting
that the structured arrangement must be very unstable under
the applied electron beam. Important information in this respect
is obtained from the isotherm of this phase. The low relative
pressure data tend to show the same shape as the MCM-48
sample. This suggests the presence of some MCM-48-like unit
cells. This strongly sustains the idea that ethanol could not
decrease homogeneously the surface curvature to engage a
logical phase transition from a cubic MCM-48 phase to a
lamellar structure. Alcohol present inside the micelles will only
disturb the formation and ordering of an identifiable phase,
leaving MCM-48-like unit cells behind.

Upon further increasing the alcohol content, spherical particles
are observed by SEM, as well as by TEM. The latter technique
also reveals a remarkable phase regression phenomenon by
showing pores organized in a hexagonal closed packing phase.
This is confirmed by the bulk crystallographic analysis with
XRD. It shows a hexagonal diffraction pattern with a (100),
(110), and (200) diffraction signal. However, the TEM image
seems to indicate that the ordering occurs only on a small scale.
The FT pattern in the inset of Figure 6 shows very weak
hexagonally arranged spots compared to the intense dots
observed in the clear MCM-41 mesophase of Figure 4. This
local hexagonal packing is a consequence of the radial arrange-
ment of the pores.

A tentative explanation for this phase regression can be as
follows. First, consider the changes on the level of micelle
formation. At a high concentration, more and more alcohol
molecules reside on the outer boundaries of the surfactant
micelles, so the ratio of alcohol in the aqueous solution to that
in the micelles is expected to increase. This means that the role
of the alcohol is shifting from a cosurfactant to a cosolvent
function. This cosolvent will have a diluting effect on the
eventual micelles making them less packed, which automatically
favors high surface curvatures. Second, the high concentration
of alcohol in the solution will slow the hydrolysis reaction of
TEOS to a large extent because of a preferential solvating into
the alcohol phase. A restrained hydrolysis of TEOS decreases
the number of charged silicate particles in the solution. Such

less charge compensating solution enhances the repulsive forces
between the adjacent headgroups of the surfactant molecules.
Consequently, the effective headgroup surface area,a0, of the
surfactant molecules becomes larger, and theg value decreases
in favor of the formation of a hexagonal phase or even at high
surface curvature to some globular micelles. This preferential
dissolution of TEOS into the alcohol will also help the mother
solution to homogenize and thus to influence the type of silicate
species formed during the hydrolysis process. Once the nega-
tively charged hydrolysis products are formed, they will slowly
replace the bromides as counterions of the cationic surfactants
to electrostatically neutralize them, because bromide is known
to be a strong binding anion.19 Moreover, also the chosen
reaction conditions of room temperature and the use of ammonia
instead of sodium hydroxide as the base promote a slowing of
the hydrolysis of the TEOS molecules.

The slow hydrolysis of TEOS forming a variety of silicate
species in the solution, the disturbed mechanism of charge
matching between the silicate species and the CTAB surfactant,
and the potential delayed condensation of silicate-surfactant
aggregates are all due to the massive presence of alcohol at the
inorganic-organic interface. It all contributes to the complex
mechanism, which provides the growth of the rather straight
micelles on the surfaces of the center particles.

The growth will be fed by the addition of globular or straight
silica-coated micelles.12,20 The polymerization of the silicate
walls will force those long flexible micelles to adopt a closed
packing and thus a hexagonal ordering. When the micelle length
is further increased, the high flexibility of long micelles could
induce a loss of the order resulting in a more wormhole-like
structure as shown near the outer limit region the particle (Figure
6).

The morphology of a growing particle (spherical or more
irregular forms) depends on the balance between the rate of
polymerization of the negatively charged silicate micelles and
the rate of mesostructure formation.21 In case of a slow
polymerizing silicate seed at high alcohol concentrations, as in
the Stöber silica synthesis,22 the growth is driven by global
surface tension forces to minimize its surface free energy by
forming the shape of a sphere, as observed by SEM and TEM.
In contrast, at lower alcohol concentrations, the polymerization
will be relatively faster and the morphology will be controlled
by the deposition of silicate-micellar species onto specific
regions of the growing seed crystal resulting in nonuniform
agglomerated blocks, as observed by SEM.

Although the Sto¨ber synthesis can explain why a particle
adopts a spherical shape, it does not give a clear explanation
why the pores are arranged in a preferentially radial geometry.

In the logical order of theg-packing parameter, it could be
that during the nucleus formation the micelles are ordered in a
cubic symmetry. A further homogeneous micelle growth on the
different planes of a cube will favor the radial arrangement of
the micelles. This however needs more evidence by a detailed
TEM study, which is under way.

Comparison Between the Different Alcohols.The relation
between the mesophase and the added alcohol amount is
different for propanol, ethanol, and methanol. The boundaries
between adjacent phases are shifting to higher alcohol concen-
trations for the sequence propanolf ethanolf methanol. In
other words, the amount of alcohol needed for obtaining a
similar new phase is increasing with decreasing chain length
of the alcohol. For example, 8 mol of propanol, 20 mol of
ethanol, and 65 mol of methanol are required to obtain the
MCM-48 phase. Because the alcohol’s molar volume increases

Figure 10. N2 adsorption isotherms of the different silica mesophases
formed with increasing concentations of methanol.
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with increasing carbon chain lengths, it is evident that less
alcohol is needed for the longer chained alcohols. Moreover, it
has been proven that the amount of alcohol, which is located
inside the micelles, increases exponentially with the increase
of the alcohol’s chain length.23 This explains the observed
differences in alcohol concentrations for the formation of new
mesophases. Also the divergence in the obtained lamellar phases
can be related to this phenomenon: for propanol, a pure lamellar
phase is obtained in sample P14, the X-ray diffraction peaks of
which fully disappear after calcination. In case of ethanol, a
less obvious lamellar phase only gives rise to a broadening of
XRD peaks, while for methanol no direct proof in XRD is found
for the existence of a lamellar phase.

Another interesting observation is the occurrence of the phase
regression point at 30, 58, and 100 mol for propanol, ethanol,
and methanol, respectively. This indicates that not the concen-
tration but the hydrophobic character of the alcohol has an
influence on the phase regression point. This hydrophobic
character has undoubtedly a certain effect on the hydrolysis rate
of the TEOS and will therefore indirectly affect also the
synthesis of the mesoporous phase.

Conclusions

Increasing amounts of alcohol, such as ethanol, propanol, and
methanol, in the synthesis mixture of M41S materials results
in a mesophase transition sequence: MCM-41f MCM-48f
lamellar f radially arranged hexagonal closed packed me-
sophase (HCPM). When small amounts of alcohol are added,
the alcohol molecules are located mainly inside the micelles
acting as cosurfactants. Therefore, theg value increases and
favors a phase transition from higher curved MCM-41 phase
to a lower curved MCM-48 and lamellar phase. Further addition
of alcohol leads to a situation in which the alcohol mainly acts
as a cosolvent, decreasing the polarity of the solution. Spherical
particles with hexagonal close packed pores arranged in a radial
formation are formed. This is the result of a combination of (i)
a decreasedg-packing parameter value due to less tightly packed
micelles and (ii) a very slow equilibrium toward the hydrolysis
of TEOS due to solvating effects of the alcohol and its influence
on the cooperative process of micelle formation, resulting in a
slow growth of straight micelles on the surface of the center of
the sperical particles. The polymerization of the silicate structure
will force the micelles to adopt a close packed arrangement
giving the hexagonal symmetry.
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