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Highly ordered 2D hexagonal mesostructured silicas with
thick pore walls have been directly hydrothermally synthe-
sized at high temperatures in a range from 130 to 175 °C by
using the new surfactant cetyltrimethylammonium tosylate
(CTATos) as template. The mesoporous structure of the syn-
thesized MCM-41 could be maintained after heating it to re-
flux in boiling water for at least 24 h. The crystallization tem-
perature, the nature of surfactants, and the relative amount
of TAAOH (tetraalkylammonium hydroxide, such as
TMAOH and TEAOH,) to surfactant were found to be critical
parameters that affect the ordering of mesophases. On the
basis of the combined characterizations of X-ray diffraction

(XRD), N, adsorption, Fourier transform infrared spec-
troscopy (FTIR), thermogravimetric analysis (TG), *C cross-
polarization magic-angle spinning (CPMAS) solid-state NMR
spectroscopy, transmission electron microscopy (TEM) and
scanning electron microscopy (SEM), a new mechanism was
proposed to understand the formation mechanism of highly
ordered MCM-41 silicas. The enlargement of pore-wall
thickness is attributed to the migration and subsequent depo-
sition of the silicate species in the inner pore channel. This
process was accelerated by the ion-exchange interaction of
tetraalkylammonium cations (TAA*) on CTA* cations.

Introduction

PAP Since the birth of the M41S family of silicas with
ordered and tunable mesopores, much effort has been de-
voted to improving the thermal, hydrothermal, and me-
chanical stability of these novel materials due to their po-
tential uses in many fields such as catalysis, adsorption,
support for novel metals, and also the design of hybrid ma-
terials.'-1% MCM-41, the hexagonal phase, is undoubtedly
the best known and most widely studied of this family of
materials. Generally, MCM-41 silica is synthesized at mild
temperatures of less than 130 °C, which usually results in
imperfectly condensed mesoporous walls with a thickness
of less than 1.0 nm and large amounts of terminal hydroxy
groups, which makes the mesostructure unstable.[''l Direct
synthesis of mesoporous silica (SBA-15) by using nonionic
copolymer as template has been found the most obvious
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route to generate a large pore size in the range of 4.6—
30.0 nm. The SBA-15 materials are claimed to be very
stable because of their large wall thickness, which is around
2.0-5.0 nm.["?l However, a recent study by Galarneau et al.
showed that SBA-15 mesoporous silicas are not as stable as
expected in water, even at room temperature, probably due
to the presence of micropores in the channels.['3! It should
be mentioned that the studies on the synthesis of mesopo-
rous silicas at high temperature mostly concentrate on SBA-
15.114181 Very few studies focus on MCM-41 silica. Another
recent development in the mesoporous community con-
cerned the synthesis, characterization, and application of
mesoporous silica membranes. The hydrothermal stability
can be significantly increased through membrane thicken-
ing.[19-211 Therefore, the direct synthesis of highly ordered
MCM-41 silica with thick pore walls up to 2.0 nm still at-
tracts considerable attention.[>>2°]

Recently, several studies showed that it is also possible to
directly synthesize ordered mesostructured silicas by using
cetyltrimethylammonium bromide (CTAB) as template at
temperatures higher than 150 °C. However, it remains a real
challenge to keep a good mesostructure due to the distor-
tion of micelles or the decomposition of surfactants at such
a high temperature.?”->*1 Additionally, not only did different
research groups obtain materials that were claimed to have
different porous structures, but also the proposed mecha-
nisms for pore-size expansion conflicted. Two mechanisms
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were proposed to elucidate the unit-lattice expansion of
MCM-41 silica by means of high-temperature hydrothermal
post-synthesis, such as the swelling action of N,N-dimethyl-
hexadecylamine (DMHA) that decomposed from the sur-
factant template,l?>2% and the tetraalkylammonium-cation-
inclusive mechanism. It should be mentioned that, when
in the presence of sodium ions, MCM-41 silicas often show
poor hydrothermal and thermal stability due to the forma-
tion of deficient sites in the pore wall.*%3!l Several articles
suggested that the tetraalkylammonium cations play a very
important role in controlling highly ordered mesostructures.
However, the exact role of tetraalkylammonium cations
(TAA™*) for the unit-cell expansion was not well de-
fined.[25,32,33]

In this report, by using the new surfactant cetyltrimethyl-
ammonium tosylate (CTATos) as template, highly ordered
MCM-41 silica was synthesized through the direct hydro-
thermal synthesis method. When the crystallization tem-
perature was 175 °C, the maximum pore-wall thickness was
up to 2.5 nm. Even after calcination at 1123 K for 5h and
boiling in water for 24 h, the mesostructure could be main-
tained. The main reason for unit-lattice and pore-wall en-
largement is probably due to the migration and subsequent
deposition of silicate species. The silicate species are formed
due to the high-temperature dissolution of disordered
mesoporous silica nanoparticles. Additionally, due to the
use of the new surfactant CTATos, the amount of surfac-
tant could be significantly decreased. A high molar ratio
of tetraalkylammonium hydroxide/surfactant in the mother
liquor accelerates the ion exchange of TMA cations on
CTA cations, which in turn speeds up the migration and
deposition of silicate species in the channels.

Results and Discussion

The XRD patterns of samples synthesized at different
crystallization temperatures are shown in Figure 1, when
TMAOH (tetraalkylammonium hydroxide, such as
TMAOH and TEAOH) was used as the base. All the sam-
ples except those synthesized at 165 °C display very similar
patterns with three easily distinguished diffraction peaks,

(100), (110), and (200), that feature highly ordered 2D hex-
agonal packing of MCM-41 silica. Moreover, with the in-
crease in crystallization temperature from 130 to 175 °C,
the d,oo spacing of calcined samples shifted to a high value
from 4.1 to 6.1 nm (Table 1), similar to the results reported
by Cheng et al.,”*?¥ Corma et al.,”> Kruk et al.,?%27 and
Mokaya.l?®! It is worth noting that the sample synthesized
at 175 °C shows the highest intensity at the (100) diffraction
peak, thereby indicating the high ordering of the obtained
mesophase. Indeed, the smallest cell contraction value
(1.6%,; Table 1) in this sample before and after calcination
also implies a well-condensed silica framework, consistent
with the results characterized later by thermogravimetric
analysis (TG). The TEM images of the calcined sample
(Figure 2) show a hexagonal array along the [100] zone
plane and a cylinder array along the [110] zone plane,
thereby confirming that the calcined sample has a highly
ordered 2D hexagonal mesostructure with p6mim symmetry,
and most interestingly the pore-wall thickness is close to
3.0nm. To the best of our knowledge, this is the first
MCM-41 silica with a highly ordered structure that can be
synthesized at such a high crystallization temperature
(175 °C) by using cetyltrimethylammonium surfactant as
template.
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Figure 1. XRD patterns of as-prepared (left) and calcined (right)
samples synthesized at varied crystallization temperatures for 2 d.

Table 1. Pore-structure data of mesoporous silicas synthesized at various crystallization temperatures.

[e] [h] [i]

No. T oo™ dyoo® CCH Sper¥! Viotal® Dgyy!" IBin Dggp IBdB
[°C] [nm] [nm] [70] m’g] [emig™] [nm] [nm] [nm] [nm]

1 130 4.4 4.1 6.8 853 0.79 2.9 1.8 3.7 1.0
2 155 5.1 4.9 3.9 953 0.97 3.6 2.1 4.4 1.3
3 165 5.8 54 6.9 490 0.50 3.6 2.6 4.4 1.8
4 175 6.2 6.1 1.6 487 0.53 3.6 34 4.5 2.5
5t 175 5.5 5.5 - 305 0.29 3.7 2.6 3.1 2.2
7 175 5.8 5.8 - 481 0.57 3.5 3.2 4.6 2.1

[a] Value of d)( of as-prepared samples collected from XRD patterns. [b] Value of d, of calcined samples collected from XRD patterns.
[c] Cell-contraction value before and after calcination. [d] Sggr calculated by using the Brunauer-Emmett-Teller (BET) equation over a
range of relative pressure from 0.05 to 0.3. [e] Single-point pore volume at P/P, = 0.99. [f] Dgyy = pore size calculated with the Barrett—
Joyner—Halenda (BJH) method by using the desorption branch. [g] ¢gyy, pore-wall thickness = 2d,4¢/1.732 — Dgyy. [h] Dpgg = pore size
calculated with the Broekhoff-de Boer (BdB) method by using the desorption branch. [i] tgpg, pore-wall thickness = 2d;oy/1.732 — Dpgg.
[j]1 Sample synthesized in a CTATos/silica molar ratio of 0.045. [k] Sample synthesized by using tetracthylammonium hydroxide (TEAOH)

as the base source.
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Figure 2. TEM image of calcined sample synthesized at 175 °C for
2 d: (a) along the long axis and (b) perpendicular to the long axis.

It should be mentioned that the small organic ion TMA™*
has often been used to synthesize dodecasil-3C (ZSM-39)
zeolites as a structure-directing agent (SDA). To preclude
the presence of dodecasil zeolites, we carried out high-angle
XRD measurements (Figure S1 in the Supporting Infor-
mation). The XRD patterns in the high-angle range did not
show any feature peaks of dodecasil-3C (ZSM-39), thereby
indicating the currently synthesized material is pure MCM-
41 silica. By checking the literature, we found that the hy-
drothermal synthesis of dodecasil-3C zeolites was carried
out at 180 °C for 10-30 d.[**35 In our case, if the crystalli-
zation temperature was higher than 180 °C, the mesostruc-
ture collapsed, and the crystallization time was kept to 2 d.
Thus, we concluded that the current materials were pure
MCM-41 silicas.

As is already known, to synthesize ordered mesoporous
silica with a thick silica wall, an increase in the silica/surfac-
tant ratio is an option. We studied the influence of silica/
surfactant ratio on the pore structure, especially the synthe-
sis of MCM-41 at very low concentrations of the surfactant.
The molar ratio of CTATos/silica was decreased to 0.015.
Unfortunately, MCM-41 could not be formed. When the
molar ratio was equal to or larger than 0.045, MCM-41
with a highly ordered structure could be synthesized at
175 °C for 2d, as shown by XRD (Figure S2 in the Sup-
porting Information). However, TEM observation showed
that some wormlike pores had already been formed, thereby
indicating a decrease in the ordering of the MCM-41 struc-
ture (Figure S3 in the Supporting Information). This means
that this ratio is the critical value in the formation of highly
ordered MCM-41 silicas. The textural data has been added
in Table 1. Due to the decrease in the order of the structure,
the pore volume and surface area decreased to 305 m?g!
and 0.29 cm® g, respectively. It is interesting to note that
even at this critical value, the pore-wall thickness can be
up to 2.6 nm as calculated by the Barrett-Joyner—Halenda
(BJH) method. Therefore, the current synthesis is unique.

To investigate the influence of other types of small tetra-
alkylammonium cations on the order of the pore structure,
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TEAOH as base source was also introduced into the reac-
tion system. The sample synthesized at 175°C for 2d
showed four XRD diffraction peaks, which indicated a
highly ordered mesostructure (Figure S4 in the Supporting
Information). Therefore, highly ordered MCM-41 silicas
could be synthesized at a temperature of 175 °C by using
CTATos as template and TMAOH or TEAOH as base.

Interestingly, a very rare 2D centered rectangular meso-
phase (SBA-8,3%37 space group cmm) was formed at the
crystallization temperature of 165 °C, thereby indicating the
occurrance of mesophase transformation. So far, only two
examples of the synthesis of SBA-8 (space group cmm) have
been reported. The synthesis of SBA-8 materials is often
neglected due to their intermediate nature, and sometimes
they are misunderstood as a mixture of two MCM-41 me-
sophases. When the crystallization temperature or even cal-
cination temperature is increased, this phase can be easily
transformed into the MCM-41 mesophase. The formation
mechanism is very complicated, and the discussion falls
outside of this paper. However, to further substantiate that
our mesophase is SBA-8, the XRD patterns at 165 °C of
SBA-8 (Figure 1) were studied in more detail (Figure S5 in
the Supporting Information). XRD patterns exhibited the
typical characteristics of SBA-8 as synthesized previously
by Stucky et al.? and Amoros et al.l’”] The indexation of
the diffraction peaks is listed in Table S1 in the Supporting
Information. Calcined SBA-8 showed six well-defined dif-
fraction peaks, thus confirming the 2D rectangular sym-
metry of the SBA-8 mesophase. As is well known, the cen-
tered rectangular phase consists of ovoid tubes placed on
a centered rectangular lattice that is related to the P6mm
hexagonal structure with an a/b ratio of 1.73 by a distortion
along one axis. In the current synthesis, the a/b ratio derived
from XRD data is 1.57, very close to the reported value
1.53.136]

The nitrogen sorption isotherms measured at 77 K on
samples synthesized at varied crystallization temperatures
are shown in Figure 3. The textural properties of samples
are summarized in Table 1. These adsorption—desorption
isotherms are typical IV isotherms with a sharp inflection
point at relative pressure 0.30-0.60 due to the capillary con-
densation, as shown in Figure 3 (left). This inflection is the
characteristic of mesoporous materials.?® At a low tem-
perature of 130 °C, a sharp increase of adsorbed N, volume
occurred for a relative pressure (P/Pg) of 0.35. This jump is
irreversible: a hysteresis loop with parallel adsorption and
desorption branches is observed (type H;). The sharpness
of this jump indicates the uniformity of the mesopore size.
When the crystallization temperature was raised to 155 °C,
the sharp reflection point shifted to a high P/P, value of
0.45, thereby implying an increase in the pore size. More-
over, the hysteresis loop was now found to be triangular in
shape, thereby indicating the diffusion of nitrogen mole-
cules in the channel was constrained.’*#%) The change of
hysteresis shape was probably related to pore deformation,
which may be ascribed to the phase transformation. If the
crystallization temperature was further increased to 175 °C,
the position of the reflection point was not obviously
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changed, thereby indicating that the mesopore size remains
almost unchanged; however, the BET surface area and total
pore volume dramatically decreased to around 500 m?g!
and around 0.50 cm3g!, respectively (Table 1), probably re-
lated to the thicker pore wall with a size of 2.5 nm.[?%] Note
that the calcined sample synthesized at 175 °C showed an
H, hysteresis loop, typical for SBA-15, and the pore-wall
thickness up to 2.5nm calculated by the Broek-
hoff—de Boer (BdB) method is very close to that of SBA-
15.1'2I For comparison, we also did calculations using the
BJH method, and the pore-wall thickness was 3.4 nm. As
far as we know, this is the largest pore-wall thickness of
MCM-41 silicas.
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Figure 3. N, physisorption of samples synthesized at varied
crystallization temperatures: N, adsorption—desorption isotherms
(left) and pore-size distribution plot calculated by the BJH method
from the desorption branch.

The pore-size distribution (PSD) curves calculated by the
BJH method from the desorption branch are shown in Fig-
ure 3 (right). The sample synthesized at 130 °C shows a nar-
row pore-size distribution centered at 2.9 nm. If the
crystallization temperature was further increased, the pore
size was basically constant, centered at 3.6 nm, which is in
contrast with the results reported by Corma et al.”*! and
Kruk et al.?%27] In those studies, the pore size of MCM-41
increased with crystallization temperature, whereas the
pore-wall thickness remained constant and was always less
than 1.0 nm. It should be mentioned that the calculation
methods based on the Kelvin equation, in particular the
BJH method, systematically underestimate pore diameters
by at least 10%.[41-#3] In this work, the more reliable BdB
calculation method was also used to measure the pore size
and wall thickness.[***3] The pore size of two samples syn-
thesized at 130 and 175 °C was 3.7 and 4.5 nm, respectively,
much larger than those calculated by the BJH method. The
wall thickness calculated by subtracting the BdB channel
diameter from the unit-cell parameter increased from 1.0 to
2.5nm when the crystallization temperature was raised
from 130 and 175 °C. The thickest wall of 2.5 nm is much
larger than that previously reported by Kresge et al.,['!]
Corma et al.,” and Kruk et al.*®2"! (less than 1.0 nm),
and the increase in pore-wall thickness suggests that pore
size is not changed with an increase in crystallization tem-
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perature, whereas the unit cell is enlarged. Here it should
be mentioned that, at high temperatures (>75 °C), the size
of micelles formed by surfactants was nearly constant;[>34l
therefore it is unlikely that the unit-cell enlargement is due
to the effect of temperature on the micelle size.

SEM is an effective tool to investigate the morphology
evolution and formation mechanism of mesoporous silica.
Figure 4 shows that all the samples are mainly made up of
irregularly shaped particles of a size of several micrometers,
and with an increase in temperature, the shape and size of
particles was not greatly changed. SEM conservation con-
firmed that the extensive restructuring of MCM-41 was not
done during the hydrothermal treatment, consistent with
the result reported by Kruk and co-workers.[*>?7 It is worth
noting that, at a low crystallization temperature (<165 °C),
some small silica nanoparticles of sizes less than 100 nm
were observed. Interestingly, these silica nanoparticles dis-
appeared when the hydrothermal temperature was in-
creased, thereby implying that the high-temperature treat-
ment accelerated the dissolution of silicate species. A close
examination of TEM showed that these nanoparticles are
porous silica with wormlike holes (Figure S6 in the Sup-
porting Information).”l As is already known, the dissol-
ution rate of silica nanoparticles drastically depends on the
size of particles, alkalinity, and reaction temperature.['3] It
is important to note that, before and after crystallization,
the pH of the system remained constant, close to 11.5. At
higher crystallization temperatures and higher alkalinity,
the smaller silica nanoparticles can be easily decomposed
to the silicate species, such as monomer or oligomer. By
responding to that with an increase in crystallization tem-
perature, these nanoparticles gradually disappeared. The
formed silicate species could migrate and deposit into the
inner channel of MCM-41 silica, and therefore the pore-
wall thickness was strengthened.

Figure 4. SEM images of samples synthesized at varied crystalli-
zation temperatures: (a) 135, (b) 155, (¢) 165, and (d) 175 °C; snow-
like amorphous silicas are significantly decreased with an increase
in crystallization temperature.

Thermogravimetric analysis (TG) curves of the as-syn-
thesized silica synthesized at varied crystallization tempera-
tures are shown in Figure 5. All the samples show a mass
loss below 120 °C due to desorption of physisorbed water.
Interestingly, the mass loss at this stage decreases with an
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increase in crystallization temperature, which could be at-
tributed to better condensation of silica walls at high tem-
perature and more hydrophobicity. The second mass loss in
the 130-450 °C range is assigned to the decomposition of
organic species including surfactant and TMA cations. Due
to the overlap of the two peaks representing the decomposi-
tion temperature, it is difficult to define the molar ratio of
CTA*/TMA™*. The samples show a further mass loss be-
tween 500 and 700 °C, which we ascribe to dehydroxylation
of the silicate frameworks. This mass loss is the lowest for
the sample synthesized at 175 °C, which is an indication of
the higher degree of polymerization of the silicate frame-
works.

130°C
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185°C

-
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Figure 5. TG-DTG curve of as-prepared mesoporous silicas synthe-
sized at various crystallization temperatures.

It is well known that a higher condensation degree of the
silica-based inorganic framework can significantly improve
the hydrothermal, thermal, and mechanical stability of
mesoporous silicas.*81 However, the increased thickness of
the pore wall with an increase in reaction temperature can-
not be explained merely by high condensation of silicate, as
continued wall building requires additional silicate species
that must be transported into the channel from the mother
liquor. Additionally, the differential thermogravimetric
(DTG) curve shows interesting information on the decom-
position of the surfactant template. With an increase in
crystallization temperature, the weight-loss peak at around
280 °C is split into two peaks, thereby indicating that the
surfactants are decomposed into two species. If the tem-
perature is further increased to 185 °C, only one weight-loss
peak centered at 223 °C is observed. It should be mentioned
that, at this temperature, the mesostructure of this material
is partially collapsed, probably due to the complete decom-
position of surfactant template.

In fact, the balance of silica mass in the system can offer
further evidence of the migration—redeposition of silicate
species in the inner channel. The yield of each synthesis and
the data on the balance of silica mass derived from TG
analysis is listed in Table 2. The yield of samples synthe-
sized at a higher reaction temperature remains constant,
thus indicating that the silica mass is balanced. The way to
check the silica mass based on the yield of the final product
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is not completely precise due to the loss in the solid collec-
tion, especially if the sample synthesized at lower reaction
temperatures than 130 °C has a large quantity of nanopar-
ticles of a size of less than 100 nm, as observed by the SEM
images in Figure 4. During filtration, these nanoparticles
can pass easily through the filter. Therefore, the yield of this
sample is a rough estimate. The more precise and better way
to check the silica mass balance is on the basis of the results
of thermogravimetric analysis in Figure 5. With an increase
in reaction temperature, the molar ratio of surfactant/silica
is decreased from 0.143 to 0.088, thus implying that the
percentage of silica in the solid is raised. The increase of
residual mass from 53.0 to 69.6 further confirms this point.
Based on the TG-DTG analysis, we confirmed that the sil-
icate species can transport into the channel and subsequent
deposition leads to the pore-wall thickening, which is con-
sistent with the results of SEM observation and N, phy-
sisorption.

Table 2. Yield of each sample synthesized at various crystallization
temperatures for 2 d.

No. T Yieldl@l Surfactant/silical®! RML
[°C] [e] (molar ratio) [%6]

1 130 8.7 0.143 53.0
2 155 12.1 0.131 55.6
3 165 11.8 0.125 57.5
4 175 11.8 0.121 60.0
5 185 12.0 0.088 69.6

[a] Collected after filtration and drying at 80 °C. [b] Calculated on
the basis of thermogravimetric analysis (TG). [c] RM means resid-
ual mass in units of percentage obtained form the TG analysis at
1273 K.

The FTIR spectra of as-prepared MCM-41 silicas syn-
thesized at different crystallization temperatures are shown
in Figure 6. The lowest frequency mode (460 cm™!) is used
for intensity calibration. The 500650 cm™! region provides
information on specific silicate rings typical of the zeolitic
structure. For a sample synthesized at 130 °C, one peak at
564 cm™! is observed, which is assigned to the vibration of

Intensity / a.u.

400 600 800 10001400 1600 1800 2800 3200 3600
Wavenumber/cm”  Wavenumber/cm” Wavenumber / cm”

Figure 6. FTIR spectra of as-prepared MCM-41 silicas synthesized
at (a) 130, (b) 165, (c) 175, and (d) 185 °C for 2 d.
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cyclic siloxane within the inorganic framework. %% As far
as we know, this is the first example that MCM-41 silica
exhibits atomic ordering in the pore wall when using solo
surfactant CTA* as template. Similar results have been re-
ported for the “so-called molecularly ordered” silicate lam-
ellar materials.’32 When the crystallization temperature
was increased to 165 °C, another vibration band can be de-
tected around 600 cm !, and there is good agreement in the
literature to attribute this broad band, generally observed
in sol-gel silica materials, to residual cyclic structures pres-
ent in the silica network. %521

Most interestingly, when the crystallization temperature
was increased to 175 °C, this new band centered at 600 cm ™!
disappears. After further increasing the crystallization tem-
perature to 185 °C, all the bands attributed to the cyclic
siloxane vibrations disappeared, thus indicating low sta-
bility of cyclic siloxanes. In short, the structural evolution
of the silica walls with crystallization temperature evidences
the dissolution and restructuring of silicate species in the
confined channel during hydrothermal treatment. It is pos-
sible that the redeposition of the silicate species strengthens
the pore-wall thickness and leads to the expansion of the
unit cell of currently synthesized mesoporous silicas. Similar
atomic ordering with the inorganic framework, when
TEAOH was incorporated into the synthetic system, is also
observed (Figure S1 in the Supporting Information).

The evolution of organic species in the materials was also
monitored by FTIR. The absorption bands at 2958 and
2870 cm™! are assigned to symmetric and asymmetric CH,
stretching modes, vy and v,, in long C;4 hydrocarbon
chains of CTA" cations.”! With an increase in crystalli-
zation temperature, the intensity of these two bands de-
creased by 23.7 and 50.0% at 165 and 185 °C, respectively,
thereby indicating that some CTA™ ions are thermally de-
composed and subsequently removed from the channels. It
is worth noting that, as the crystallization temperature in-
creased, the intensity of the absorption band at 1480 cm™
assigned to the N-CHj vibration from the hydrophilic head
of the surfactant molecules gradually decreased, thereby
implying that the surfactant is decomposed to electrically
neutral C;¢H33(CHj3),N molecules (N, N-dimethylhexadecyl-
amine, DMHA). A similar decomposition mechanism of
surfactant was proposed by Cheng et al.[>3?* and Sayari et
al.,[?%271 and these authors suggested that pore size and
unit-lattice enlargement were attributed to the swelling ac-
tion of decomposed species from surfactant mole-
cules.?326:27:331 The elemental analysis data of as-synthe-
sized samples indicates that the carbon/nitrogen molar ratio
(denoted as C/N) decreased as the unit-cell expansion pro-
ceeded (Table S2 in the Supporting Information). For exam-
ple, C/N is 15 for MCM-41 prepared at 130 °C for 2 d; for
MCM-41 synthesized at 175 °C for 2d, it is 14. The ob-
served variation of C/N during hydrothermal treatment can
be partially related to decomposition of CTA* (C/N = 19)
to DMHA (C/N = 18). However, as the C/N decrease is
larger than that expected (C/N = 18), one can expect that
TMA™ is incorporated into the micelles during the hydro-
thermal treatment similarly to the high-temperature synthe-
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sis done by Corma et al.l>>! They pointed out that the swell-
ing of mesoporous materials is always accompanied by a
gradual increase in the content of TAA™ cations, but with
constant pore-wall thickness (ca. 1.0 nm). It should be men-
tioned that in our system, the molar ratio of TMA*/CTA*
was close to 4.0, much larger than 2.3 reported by Corma
and co-workers.[>> 1t is possible that a higher molar ratio
of TMA™/CTA™ accelerates the ion-exchange rate of TMA™
on CTA™" cations.

The 'H-'3C cross-polarization (CP) magic angle spinning
(MAS) NMR spectra (Figure S2 in the Supporting Infor-
mation) reveal that some surfactant C,Hs3(CH3);N™ cat-
ions decompose to form electrically neutral C;sHssz-
(CHj;),N molecules in MCM-41 silicas prepared at 165 °C
for 48 h. The presence of two peaks at around 6 = 46 and
around 60 ppm is indicative of the formation of DMHA,1>3
consistent with the results of FTIR. It was found that the
decomposition mechanism is not dependent on the syn-
thetic system; the crystallization temperature is the most
critical reaction factor. It should be mentioned that when
CTAB (counteranion = Br) was used as a template, at high
temperature a mixture phase of MCM-41 and MCM-50
was found. More importantly, in our system an additional
peak centered at = 57 ppm can be observed, which is as-
signed to free rotating TMA™ cations, consistent with the
results of elemental analysis. To prove the ion-exchange in-
teraction of TMA™ cations on the CTA* cation in the
mesoporous channel, we designed a blank experiment.
TMABr was mixed with as-preapred MCM-41 with surfac-
tants in 95% ethanol solution, and we found that even the
molar ratio of TMA*/CTA* was 2.5. After one exchange,
half of the surfactant in the channel was exchanged. After
three exchanges, all the surfactant in the channel was re-
placed by TMA™ cations (Figure S7, sample a). This further
confirmed that TMA™ involves the unit-lattice expansion
process during high-temperature hydrothermal treatment.

The stability of MCM-41 silica synthesized at 175 °C for
2 d was evaluated by heating it to reflux in boiling water
and high-temperature calcination. The XRD patterns
showed that even when the sample was heated to reflux at
100 °C for 24 h or calcined at 850 °C for 5 h, the mesostruc-
ture of MCM-41 silica could be maintained (Figure S§ in
the Supporting Information), thereby indicating that this
material has a strong thermal and hydrothermal stability.
Obviously, the high stability of our materials is attributed
to the pore-wall thickening.

Indeed, Kruk et al. first proposed the formation mecha-
nism of pore-size expansion of MCM-41 silica by means
of hydrothermal treatment, in which in situ generation of
DMHA acts as an expander and is primarily responsible for
the formation of larger-pore materials.?®-27-331 Obviously, in
our case, even though a large quantity of DMHA, decom-
posed from surfactant template, is produced at higher
crystallization temperature, the pore size remains constant.
Thus, Kruk’s mechanism cannot fully interpret the high-
temperature unit-lattice expansion process. Moreover,
Corma et al. proposed that the unit-lattice expansion is re-
lated to the incorporation of the TMA™ cation into the
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channel.?! However, the reasons for TMA™ incorporation
and the exact role of TMA™ cations in the unit-cell enlarge-
ment are not clearly elucidated. Based on the current inves-
tigation, a new mechanism of the unit-cell enlargement is
proposed to elucidate the structural evolution of MCM-41
silicas with increasing crystallization temperature and to
understand the role of tetraalkylammonium cations in the
unit-lattice expansion of MCM-41 silicas in Scheme 1.

Unit-lattice
expansion

Polymerization
& condensation
&

‘LS*V 64»‘ (g«f

G é\\f

*‘1}\;

é‘f R é\\f

s
éﬁ:y“?

MCM-41 Silica

Scheme 1. Proposed mechanism for the formation of highly or-
dered 2D hexagonal MCM-41 silica with thick pore walls.

It should be mentioned that in the literature cationic sur-
factant CTAB is often used on a large scale to synthesize
highly ordered MCM-41 silica. In the current synthesis of
MCM-41 silica, the surfactant cetyltrimethylammonium to-
sylate (CTATos) is used. The only difference is that the
counteranion Br~ in the CTAB surfactant is replaced by
tosylate in CTATos (see the Supporting Information for the
formula structure). The introduction of tosylate as the sur-
factant counteranion can significantly decrease the use of
surfactant in the synthesis. Thus, if the concentration of
TAAOH is constant, the molar ratio of TAA*/CTA™" is
greatly increased. For example, if the molar ratio of
CTATos/silica is 0.045, in the current synthesis, the molar
ratio of TAA*/CTA™ is up to 7.8. The higher molar ratio of
TAA*/CTA™ can significantly accelerate the ion-exchange
interaction of TMA™" cations on the CTA™ cations, which
in turn speeds up the migration and deposition of silicate
species in the channels of MCM-41 silica.

But what is the origin of silicate species? Continued wall
building in MCM-41 silica with constant pore size needs
additional silicate species, which must be transported into
the channel from the mother liquor. SEM images show that
with increasing crystallization temperature, the disordered
mesoporous silica nanoparticles gradually disappeared, and
finally only pure MCM-41 silica nanoparticles were found.
Clearly, the higher temperature and basicity accelerated the
dissolution of disordered mesoporous silica nanoparticles,
and new silicate species as building units of pore walls were
formed. Therefore, the enlargement of the pore-wall thick-
ness and unit lattice are attributed to the migration and
subsequent deposition of silicate species, which are decom-
posed from the dissolution of disordered mesoporous silica
nanoparticles.
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Conclusion

The formation mechanism of MCM-41 silicas with high
stability has been presented. The enlargement of the unit
lattice and pore-wall thickness is attributed to the migration
and deposition of silicate species, which come from the dis-
solution of disordered porous silica nanoparticles at high
crystallization temperature and high alkalinity of the reac-
tion system. The high molar ratio of TAA*/CTA™* acceler-
ates the ion-exchange interaction of TAA™ cations on the
surfactant CTA™ cations, which in turn speeds up the mi-
gration and deposition of silicate species in the channels
of MCM-41 silicas. Therefore, high-quality MCM-41 silicas
have been synthesized at high temperature by using the new
surfactant cetyltrimethylammonium tosylate as template,
and the resulting materials show high thermal and hydro-
thermal stability. Efforts are underway to take advantage of
this better understanding of the synthetic procedure to de-
sign mesoporous zeolites with hierarchical porosity.

Experimental Section

Synthesis of MCM-41: All reagents used were purchased from
Sigma-Aldrich except cetyltrimethylammonium tosylate, which
was from Merck. In a typical synthesis procedure, cetyltrimethyl-
ammonium tosylate (CTATos; 7.40 g; molecular structure in the
Supporting Information) was dissolved in water (120 mL), and the
mixture was stirred at 60 °C for 1 h. An aqueous solution of tetra-
methylammonium hydroxide (TMAOH; 63mL, 1.0 m) was added
to water (107 mL), followed by the addition of fumed silica
(10.78 g) under vigorous agitation. After stirring at 60 °C for
1 h, the silicate solution was added dropwise into the CTATos
solution. The molar ratio for the collected gel composition is
1Si0,:0.09CTATos:0.35TMAOH:79.9H,0. The mixture was stirred
continually at 60 °C for 2 h and then loaded into a 250 mL Teflon-
lined steel autoclave, in which the gel mixture was pre-aged at 35 °C
for 48 h, then heated at 175 °C for 48 h. It is important to note
that the molar ratio of TMA*/CTA™ in the current gel composition
is close to 4.0, which is much larger than that reported in the litera-
ture.?3-271 The final products were collected by filtration, washed,
and dried. To remove the templates, the products were finally
heated at reflux under air at 550 °C for 6 h. Note that when
TEAOH was used as base source, highly ordered MCM-41 silicas
at high crystallization temperatures could also be synthesized.

Hydrothermal Stability Test: Calcined MCM-41 (0.1 g) was boiled
for different periods of time in distilled water (50 mL) by using a
flask equipped with a reflux condenser. XRD patterns were ob-
tained after this boiled sample was subsequently filtered and dried
in an oven at 373 K. According to XRD analysis, loss in the XRD
intensity relative to that of the same sample before the boiling treat-
ment was used to judge the hydrothermal stability.

Physical Measurements: X-ray diffraction (XRD) patterns were col-
lected with a Bruker D8 AVANCE instrument by using Cu-K,, radi-
ation (1 = 1.5418 A) at 40 kV and 40 mA. Nitrogen adsorption—
desorption isotherms were recorded at 77 K with a Quantachrome
Autosorb-3B instrument after activating the sample under vacuum
at 473 K for at least 10 h. The specific surface areas were evaluated
by using the BET method, and the total pore volume was deter-
mined from the amount adsorbed at a relative pressure of about
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0.98. The pore-size distribution curves were calculated from the
analysis of the desorption branch of the isotherms by using the
BdB algorithm. FTIR spectra were recorded with a Nicolet Fourier
transform infrared spectrometer (NEXUS 670) using the KBr tech-
nique. SEM images were taken with a Hitachi S-4800 microscope.
TEM analysis was performed with a JEOL 2010F microscope
equipped with a field-emission gun and operated at 200 kV. Ther-
mogravimetric analysis (TG) was performed with a Perkin—Elmer
TGA analyzer at a heating rate of 10 °Cmin ' under an airflow.
Elemental analyses of CHNS were carried out with a Perkin—Elmer
2400 series II CHNS/O analyzer. The solid '*C CPMAS NMR
spectroscopic measurements were collected with a Bruker
DSXv400 spectrometer [cross polarization (CP) was used for both],
and at 100.6 MHz a 6 ps (h = p/2) pulse was used with a repetition
time of 3s. The spinning rate of the rotor was about 5 kHz, and
the number of scans was 10000.

Supporting Information (see footnote on the first page of this arti-
cle): Surfactant molecular structure, XRD patterns, TEM images,
FTIR spectra, 'H-'3C CP MAS NMR spectra and elemental analy-
sis data of related samples, and indexation of the XRD patterns of
mesoporous SBA-S.
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