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A novel synthesis route for mesoporous silicates using anionic surfactants has been recently
reported. It was advanced that materials synthesized using anionic surfactants and
aminosilane groups as co-structure directing agents led to the synthesis of highly ordered,
novel mesoporous materials with unprecedented structural properties. Here we present an
in-depth high-resolution transmission electron microscopy (HRTEM) investigation on the
structural characteristics of these novel mesoporous solids denoted AMS-n (anionic meso-
porous silicas). These materials show increased order in comparison with conventional
mesoporous structures as a result of the long-range periodicity of structural modulations.
Structural defects formed in these materials are investigated using electron diffraction (ED)
and Fourier transform (FT) diffractograms. In addition we present a new cubic mesostructure
AMS-8 (space group Fd3m). These new materials show promising new pore connectivities
and morphologies making them ideal for applications ranging from catalysts’ supports to
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gas separation, and from nanodevices to drug delivery.

Introduction

The initial mechanism for the synthesis of mesoporous
materials,! involving the use of cationic surfactants as
structure-directing agent, has now expanded to include
nonionic polymer and anionic surfactants.? Variations
in the structure-directing agent and synthesis conditions
have led to the formation of mesoporous materials with
a large variety of pore sizes (from 18 to 100 A without
the use of additives), connectivities, morphologies, and
structures; for example the 3-dimensionally (3d) con-
nected caged cubic structure SBA-1 (space group Pm3n),3
the 3d-bicontinuous cubic structure of MCM-48 and its
large-pore equivalent FDU-5 (1a3d),* the 2d-hexagonal
structure of SBA-15 (p6mm) analogous to MCM-41,5 the
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wormbhole structured HMS-n materials,® and the inter-
growth structures of SBA-2 and SBA-12.7 Besides find-
ing applications in petroleum cracking, mesoporous
materials have shown catalytic activity in many reac-
tions such as oxidation, acid catalysis, and hydroxyla-
tion.28 In addition, applications as nano-reactors, in
optical devices, and as “drug-delivery” supports are
showing promising results.®011

The formation mechanism of mesoporous silicates has
been previously discussed on the basis of electrostatic
interactions, denoted S*1~ (alkaline pH 9—14 conditions)
and S*X“I*(pH ~1) templating pathways; where S
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Figure 1. Schematic representation of species involved in the synthesis of AMS-n materials with 3-aminopropyltrimethoxysilane
APS (a), and N-trimethoxysilylpropyl-N,N,N-trimethylamonium chloride TMAPS (b) as co-structure-directing agents.

denotes the surfactant, I is the inorganic phase, and X
is the mediating surfactant counterion. The S°I° tem-
plating pathway has been also proposed to explain the
generation of HMS-n type mesoporous solids. This
involves synthesis carried out at neutral conditions
using neutral organic amines or nonionic oligomeric
surfactants (S°) as templates. It should be noted that
at such conditions both the inorganic and organic
species are not strictly neutral. Hydrogen bonding may
play an important role for these partially charged
inorganic and/or organic species.

The use of anionic surfactants to direct the self-
assembly of cationic and anionic metal oxide (M™)
species through S~IT and S"M*I~ metal counterion
mediated ion pairs has been reported previously, but
these preparations have resulted mainly in lamellar and
disordered structures.’? With an aim to increase the
interaction between the silicate species and the structure-
directing agent, Che et al. have successfully prepared
highly ordered mesoporous materials using anionic
surfactants N-acylalanine (C,Ala(A,S) where C, =
CnHan+1, A = free acid, and S = sodium salt; glycine
(CnGly(A,S)); and N-acyl-glutamic acid (C,Glu(A,S)),3
in the presence of CSDA N-trimethoxysilylpropyl-N,N,N-
trimethylamonium chloride (TMAPS) and 3-aminopro-
pyltrimethoxysilane (APS) under alkaline conditions.
This family of materials has been named AMS-n (an-
ionic surfactant templated mesoporous silica). Here, the
mechanism is thought to be controlled by the electro-
static interaction between the negatively charged car-
boxylic headgroup of the anionic surfactant and the
amine group of the organoalkoxysilane. Condensation
occurs preferentially at the alkoxysilane sites in APS
and TMAPS to onset the formation of the silicate
framework. The species involved are schematically

(12) Antonelli, D. M.; Ying, J. Y. Angew. Chem., Int. Ed. Engl. 1996,
35, 426. Wong, M. S.; Ying, J. Y. Chem. Mater. 1998, 10, 2067.

(13) Che, S.; Garcia-Bennett, A. E.; Yokoi, T.; Sakamoto, K,
Kunieda, H.; Terasaki, O.; Tatsumi, T. Nature Materials, advanced
online publication, November 2003.

shown in Flgure 1. This new templatlng pathway,

termed here SN ~ 1, where N~ 1 represents the
positively and negatively charged amine and silane
groups, respectively, allows for the synthesis of meso-
porous structures using widely available anionic sur-
factants and opens up new synthetic and structural
possibilities.

The amorphous nature of mesoporous “cavity-crys-
tals” prevents structural elucidation using X-ray dif-
fraction (XRD) techniques because of the low number
of observed reflections. This makes the unambiguous
solution of the 3d-structures by XRD alone extremely
difficult. HRTEM structural investigations must be
conducted if one is to elucidate the internal pore
structure, connectivity, and shape of pores. These
characteristics must be known to fully appreciate the
potential of mesoporous materials. Recently, it has been
shown that structural solutions can be derived unam-
biguously by electron microscopy and electron crystal-
lography.® The 3d-structures of MCM-48 (1a3d), SBA-1
(Pm3n), SBA-6 (Pm3n), SBA-12 (Fm3m), SBA-16 (Im3m),
and the carbon-replica CMK-type materials have been
so far investigated in this way. 376

Structural speculations based on XRD evidence and
initial studies by HRTEM have allowed Che et al. to
suggest the formation of 2d-/3d-hexagonal (AMS-3 and
AMS-1, respectively), 3d-cubic (AMS-2 and AMS-4), and
lamellar (AMS-5) mesophases through variations in
anionic surfactant, co-structure-directing agent (CSDA),
and synthetic conditions.® This work alone demonstrates
the versatility of this templating pathway. In addition
periodic structural modulations were observed. Defects
in mesoporous solids are common and have been studied
by HRTEM on the intergrowth structures SBA-2 and
SBA-12 where hexagonal close-packed (hcp) and cubic
close-packed (ccp) stacking faults are clearly defined.10-12
However, in these systems, the abundance of one co-
structure over the other is difficult to control, and efforts
to form the single 3d-hexagonal SBA-2 and SBA-12
phases have been futile, so far, when using conditions
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Table 1. Synthesis Conditions for the Preparation of Mesoporous Solids AMS-1-8

surfactant, surfactant temp. time
mesophase CSDA?2 conctn. (%) CSDA/surf. Si/surf. pH (°C) (days)
AMS-1 C14Glus, 1.0 2.0 12.0 8.9 100 3
TMAPS
AMS-2 C12GluA, 1.0 25 21.0 8.7 100 2
APS
AMS-3 Ci16AS, 1.0 1.0 10.0 9.2 60 1
TMAPS
AMS-4 CioAlaA, 1.0 0.75 8.3 5.2 60 1
APS
AMS-5 CroAlaA, 1.0 1 4 9.4 60 1
APS
AMS-6 CroAlaA, 0.7 0.75 6.75 5.0 60 1
APS
AMS-7 C14GIuSA, 1.0 15 16.5 9.0 100 1
TMAPS
AMS-8 C12GlyS, 1.0 1.0 10.0 8.8 100 4
TMAPS

aA = Free acid, S = sodium salt, Glu = L-glutamic acid, Ala = r-alanine, Gly = glycine, and C,= CnHzn+1 = C12H230, N-lauroyl;

C14H270, N-myristoyl; C16H310, N-palmitoryl.

similar to those of the original SBA-2 synthesis (under
alkaline, room-temperature conditions). The formation
of a 3d-hexagonal mesophase using the gemini surfac-
tant C16-3-1 was reported recently, under acid condi-
tions and at low temperatures.'?2 Mesoporous solids
AMS-2 and AMS-4 show periodic structural modula-
tions, suggesting that this is a property inherent of the
micelle structure. The possibility of formation of two
distinct micellar species has also been suggested. The
morphology of 3d-hexagonal AMS-1 synthesized with
anionic surfactant N-acyl-glutamic acid and TMAPS as
CSDA shows also a puzzling surface structure where a
1d porous network is clearly visible growing surround-
ing the ordered 3d-structure. We also present here the
synthesis and characterization of related mesophases
AMS-6, 7, and 8. HRTEM investigations conducted on
these materials will be discussed with an aim to gain
insight into the formation mechanism and to confirm
the structural characteristics of this new and promising
mesoporous family.

Experimental Section

The synthesis of mesoporous materials AMS-1-5 has al-
ready been reported.'® Briefly, in a typical synthesis a mixture
of TEOS and CSDA TMAPS/APS (50% in methanol) was added
to a solution of the desired anionic surfactant in deionized
water with stirring at 60 °C. After the mixture was stirred
for 24 h, the mesostructured product formed was cured at 100
°C for 1—3 days. The products were filtered and dried at 333
K. AMS-n silicas can be synthesized with 0.5—5 wt % surfac-
tants, 1—2 molar ratio of quaternary aminosilane/anionic salt
surfactant, and 2—6 molar ratio of primary aminosilane/
glutamic acid using a wide pH range (5—11). All of the anionic
surfactants and the organics of the co-structure-directing
agents can be removed by calcination at 600 °C for 6 h under
flowing N./O,. For the purpose of obtaining amino-function-
alized mesoporous silica, the surfactants were removed by
exhaustive solid—liquid extraction using 10 vol. % H>O ethanol
solution at boiling point overnight. Mesoporous materials
AMS-6 and 8 were synthesized in the same way. The synthesis
of AMS-7 differs in that the additive tetrapropylammonium
bromide (TPABr, APS/TPABr = 1) was added to the synthesis
gel prior to addition of TEOS. TPABr and APS react with the
carboxylate sodium salt and the cabolyxilic acid groups of the
anionic surfactant, respectively. Table 1 summarizes the molar
composition of reaction gels and the synthesis conditions
employed in the synthesis of AMS-1-8.

XRD patterns were recorded on an MX Labo powder
diffractometer equipped with Cu Ka radiation (40 kV, 20 mA)
at the rate of 1.0 deg/min over the range of 1.5—10.0° (20).
The N adsorption—desorption isotherms were measured at
—196 °C on a Belsorp 28SA sorptionmeter.

Transmission electron microscopy (TEM) was conducted
with a JEOL-3010 microscope, operating at 300 kV (Cs 0.6
mm, resolution 1.7 A). Images were recorded using a CCD-
camera (model KeenView, SIS analysis, size 1024 x 1024, pixel
size 23.5 x 23.5 um) at 30 000—100 000x magnification using
low-dose conditions. A typical HRTEM image observed from
AMS-n and its corresponding Fourier transform (FT) is shown
in Figure 3a. FT diffractograms were conducted using Digital
Micrograph software (Gatan). Lattice angle calculations were
conducted using the software Ucalc.'*

Results and Discussion

For simplicity each structure is discussed in turn in
the text that follows. XRD patterns of calcined samples
of AMS-n mesoporous materials are shown in Figure 2
and structural characteristics and porosity data of
AMS-n materials are summarized in Table 2. The
discussion centers on the structural characterization of
AMS-type materials followed by a brief summary of the
synthetic implications derived from the study. The
lamellar structure of AMS-5 has been discussed previ-
ously so it has been omitted from this discussion.3

AMS-1. Mesoporous material AMS-1 was synthesized
by the use of C14GluS and TMAPS as co-structure-
directing agents. The XRD pattern for this sample
shows sharp intensities between 1 and 5° 20 and can
be indexed on the basis of a hexagonal unit cell (a =
54.4 A and ¢ = 88.2 A) with a c/a ratio of unit cell 1.629
A. Figure 3 shows TEM images recorded with incidence
beam parallel to the [001], orientation of calcined
AMS-1 synthesized after curing for 1 day and with a
Si/surfactant ratio = 12. This sample is composed of
spherical/cylindrical particles of sizes ranging from 10
to 100 nm. FT diffractograms (inset in Figure 3a) taken
from thin sections of the image show streaking of
diffraction spots that can be attributed to the small
domains exhibited by the particle and to a large amount
of structural defects. A disordered 1-dimensional (1d)
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Figure 2. XRD patterns of calcined mesoporous materials AMS-1, -2, -4, -6, -7, and -8. Tables shown as insets show indexed
reflections for observed peaks. The XRD pattern of calcined AMS-3 is shown in the Supporting Information.

Table 2. Structural Data Derived from XRD and N3
Isotherms for AMS-n Materials

unit surface pore pore
cell2 area volume diameter®
structure A (m2g~1)P  (cm3gY) A
AMS-1 a=544 501 0.316 23
(3d-hexagonal) ¢ =88.2
AMS-2 96.1 963 0.692 28d
(3d-cubic)
AMS-3 81.9 387 0.510 62
(2d-hexagonal)
AMS-4 183.9 760 0.794 40
(3d-cubic)
AMS-6 107.7 667 0.651 32
(3d-cubic)
AMS-7 100.0 301 0.328 23d
(3d-disordered)
AMS-8 183.4 271 0.220 23d
(3d-cubic)

a Calculated from the XRD patterns. P Calculated by the BET
method. ¢ Calculated from the adsorption branch of the N, iso-
therm using the BJH method. 9 These values are quoted for
comAparison only, as the BJH model is not valid for pore sizes below
30 A.

channel domain ranging in thickness from 2 to 10 nm
surrounds each particle. The “central porous structure”

is accessible, however, to the external surface through
this disordered domain (highlighted in Figure 3b)
although the material shows a lower surface area than
other mesoporous materials synthesized with anionic
surfactants in this study, suggesting that the level of
connectivity between external and internal surfaces may
be decreased as a result of formation of the 1d-channel
mesophase.

AMS-2. The XRD pattern of calcined AMS-2 meso-
porous silicas synthesized by using C;,GIuA and APS
is shown in Figure 2b. This sample shows two well-
resolved, sharp XRD diffraction peaks in the region of
260 = 1.5—3.0°. The ratio of d spacing of the two first
peaks is close to V/5/2; these can be indexed as the 200
and 210 reflections (a = 96.1 A), based on a cubic lattice.
HRTEM images recorded along the [100] and [210] zone
axis (Figure 4a and b, respectively) reveal clear large
ordered regions indicating that the crystal is a well-
ordered mesostructure. It is possible to index FT dif-
fractograms taken along thin areas (shown as insets)
on the basis of a 3d-cubic unit cell with Pm3n space-
group and extinction rules are satisfied. However, it is
clear from Figure 4a that neighboring unit cells are
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Figure 3. HRTEM image of calcined AMS-1 mesoporous material recorded along the [001] orientation. Flat-shaped cylindrical
particles are clearly observed throughout the sample. Although the sample was crashed in a pestle and mortar before deposition
on a copper grid, no broken particles could be found, suggesting a sharp particle size and a flat-shaped morphology. The inset in
Figure 3b highlights the 1d disordered porous system that surrounds each particle. This growth feature can also be observed in

other AMS-type materials despite their larger particle size.

displaced by a half (these have been highlighted in the
image) forming an antiphase boundary. These periodic
displacements are represented by clear electron density
modulations in the FT diffractograms. No extra reflec-
tions arising from this are observed on the XRD pattern
of calcined AMS-2 (Figure 2b). On this basis, another
cubic structure with lattice constant a; can be assigned.
We can presume that these are formed with stabiliza-
tion mechanisms different from that for the SBA-1
mesophase prepared using conventional cationic sur-
factants. The unit cell constants a; and a, are 93 and
142 A, respectively (the unit cells are outlined in Figure
4a). The cubic unit cell parameter calculated from
images recorded along the [210] direction (a = 89.0 A)
is in reasonable agreement with the XRD calculated
unit cell value a = 96.1 A; the difference can be
attributed to the modulated structure and inevitable
experimental error. This indicates that modulations are
present throughout the whole crystal and not in isolated
domains. In addition, stacking faults can also be ob-
served in Figure 4a. Some of these have been high-
lighted on the image. It is important to note that
although this material is related, in spacegroup sym-
metry, to the mesocaged solid SBA-1, the expected pore
connectivities between cages and internal surface will
be considerably different as a result of the abundant
modulations and defects. Sakamoto et al. have described
the bimodal arrangement of cages and connecting pores
in SBA-1 to be of type AsB. From this study, in the
“modulation-free” SBA-1 structure, cages perpendicular
to the [100] orientation are known to form straight
channels. This is not the case of AMS-2 because the
cages perpendicular to the [100] orientation will have
a zigzag arrangement. Further studies of the pore
connectivity of this material resulting from its structural
modulations are being conducted. Furthermore, the
presence of a similar 1d porous system can also be
clearly observed surrounding AMS-2 particles, where
the growth of the less ordered phase occurs epitaxially
(highlighted in Figure 4a).

AMS-3. The XRD pattern of calcined AMS-3 meso-
porous material synthesized using anionic surfactant
C16-AS (shown as Supporting Information) can be
indexed on the basis of a hexagonal unit cell, and TEM

images prove that AMS-3 is indeed similar to hexagonal
MCM-41. Unit cells calculated by HRTEM and XRD
data (a = 93.6 and 92.4 A, respectively) agree within
experimental error, and no structural modulations or
defects were observed in this mesoporous material. The
2d-hexagonal structure of AMS-3 was synthesized using
a variety of anionic surfactants. Figure 5 shows TEM
images recorded on calcined AMS-3, showing pores
parallel (Figure 5a) and perpendicular (Figure 5b) to
the incident electron beam.

AMS-4. Figure 2c shows the XRD pattern of calcined
AMS-4. Sharp mesoporous peaks can be observed.
HRTEM images of calcined AMS-4 mesoporous solid
synthesized with Ci,—AlaA anionic surfactant and APS
as CSDA are shown in Figure 6. The presence of a plane
containing 6-fold symmetry is clearly observed in Figure
6a, hence cubic or hexagonal crystal classes can be
assumed. From consideration of theoretical and calcu-
lated tilting angles between lattice planes and related
reflections, a hexagonal crystal lattice with unit cell
parameters a = 50.8 A and ¢ = 80.2 A was selected.
Other TEM images recorded along the high-symmetry
zone axis confirm the presence of a single hexagonal
phase (Figure 6b), however the coexistence of a cubic
structure cannot be ruled out. Figure 6c shows an
HRTEM image recorded along a single stacking fault
showing clear two separate domains with ABABAB...
and ABCABC... stacking sequences associated with
hexagonal and cubic structures, respectively. This is not
unexpected as the hcp and ccp stacking faults have been
observed previously in mesoporous materials,'>16.17 and
in zeolites alike.’® FT Diffractograms taken on either
side of the stacking fault (shown as insets, ® and 6)
confirm the presence of a cubic F type structure with a
=70.8 A. In addition, a clear relation between the [210]x
and [110]. orientations is observed, where d(o2n = d(220)
suggesting that the growth mechanisms involved in the
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Figure 4. HRTEM images recorded along the [100] and [210] zone axis of calcined AMS-2 (a and b, respectively) with their
corresponding FT diffractograms (insets). Figure 4a shows the presence of a typical 1d amorphous domain growing epitaxially
similar to that observed previously in AMS-1 (arrows), an antiphase domain boundary (dotted line), and two possible cubic unit
cells (a; and ay). In addition, a more complex defect is highlighted for its 4- and 6-member nearest neighbor motive.

formation of the cubic and hexagonal structures are
closely related. A further cubic phase has also been
identified in the bulk AMS-4 sample. Figure 6d shows
an image recorded with incidence direction [011] based
on a cubic face-centered structure with a = 183.9 A.
Such contrast patterns have never been reported in
mesoporous materials previously, suggesting that this
indeed may be a new mesophase. Although there are
clear systematic extinctions, the complex mixture of
phases in this material makes it extremely hard to
elucidate the structure even by HRTEM. The formation
of three different mesoporous phases under stirring
conditions is evidence for the formation of at least two
different micellar species. Further structural and syn-
thetic investigations are being conducted to determine

the different proportions of phases in this sample. From
the XRD pattern we can assume that the face-centered
cubic phase with a = 183.9 A is present in larger
proportions in the bulk material, because the XRD
pattern of calcined AMS-4 can be indexed on the basis
of a cubic face-centered unit cell with a = 185.3 A, a
value which agrees well with the TEM-derived unit cell
parameter.

AMS-6. Figure 7 shows TEM images recorded on
calcined samples of AMS-6 synthesized with Ci,AlaA
anionic surfactant and APS as CSDA, after curing for
2 days and with a TEOS/surfactant ratio = 6.75. The
morphology of the sample is composed of thin spherical
particles of size 10—80 nm. These are similar to those
reported above for sample AMS-1. Images show contrast
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Figure 6. HRTEM images recorded along high-symmetry axis of calcined hexagonal/cubic intergrowth structure AMS-4
synthesized with surfactant C;,AlaA and APS as CSDA. HRTEM images recorded along the [001] (a) and [113] (b) zone axis
based on hexagonal lattice. Beautiful periodicity over large areas is clearly observed. Figure 6¢c shows the presence of a single
stacking fault showing ABABAB... and ABCABC... type stacking, associated with hcp and ccp structures, respectively. An HRTEM
image recorded along the [011] direction of a further cubic phase is shown in Figure 6d.

patterns consistent with 3d-bicontinuous cubic (1a3d)
mesoporous materials MCM-48 and FDU-5,4 and it is
possible to index the calcined XRD pattern (Figure 2d)
of AMS-6 on the basis of a cubic I lattice with a =107.7
A. FT diffractograms could be indexed with the inci-
dence beam parallel to the [111] and [110] (Figure 7a
and b, respectively) zone axis of a body-centered cubic
unit cell with a = 104.3 A. HRTEM images show a high

degree of order, and no structural defects could be
observed. However, a disordered domain like that of
AMS-1 is clearly visible, albeit smaller in thickness.
This region has been highlighted in Figure 7a.
AMS-7. The XRD pattern of AMS-7, synthesized with
C14-GIUSA anionic surfactant and APS as CSDA, is
shown in Figure 2e. The synthesis of this material also
differs in that tetrapropylammonium bromide (TPABT)



820 Chem. Mater., Vol. 16, No. 5, 2004

Terasaki et al.

20inm.

Figure 7. HRTEM images taken along the [111] and [110] orientations of AMS-6. Contrast patterns and FT diffractograms
agree with the speculation of a cubic unit cell with 1a3Xd symmetry. A cylindrical morphology similar to that of AMS-1 is observed.

Figure 8. HRTEM image of calcined AMS-7 mesoporous
material. The inset shows diffraction rings suggesting that
only short-range order can be observed.

was used as an additive. Mesoporous peaks centered
between 2 and 5 26 could be indexed on the basis of a
cubic P unit cell with a = 100.0 A. HRTEM images,
however, reveal clear modulations in the structure,
resembling those described previously for mesoporous
material AMS-2. Figure 8 shows a typical HRTEM
image recorded with incidence beam parallel to the [100]
direction. Short-range periodicity can be observed. In
this case modulations are more abundant than in
AMS-2 as highlighted by the clean appearance of diffuse
diffraction rings in the FT diffractogram.

AMS-8. A series of HRTEM images were recorded
along high-symmetry axes of a calcined AMS-8. These
are shown in Figure 9a, b, ¢, and d with the correspond-
ing FT diffractograms shown as insets. All diffraction
spots are indexed by a cubic F type structure, unit cell
parameter a = 177.9 A. A series of FT diffractograms
recorded with different tilt angles along the same
particle can be found in the Supporting Information.
Figure 9 a, b, and ¢ show images and FT diffractograms
recorded along the [121], [233], and [112] orientations
of AMS-8, respectively. An image from a different
particle oriented along [011] is shown in Figure 9d. All
images show a high degree of order. In addition, the
clear absence of the h0O reflections with | = 4n + 2 along

the [011] orientation implies the presence of a d glide-
plane. This reduces the possible spacegroup symmetry
to three types: Fd3, Fd3m, and Fd3c. It is possible to
discard Fd3c on the basis of observable reflections,
which are summarized as {hkl: h+k, h+1, k+ I even},
{Okl: k+1=4n, k+ | even}, {hhl: h + 1 even}, and
{h00 h: I = 4n even}. It is not possible to distinguish
between the Fd3 and Fd3m spacegroups, but we can
choose the latter on the basis of its higher symmetry.
It is worth noting that no stacking faults or evidence of
a hexagonal phase were found in AMS-8 suggesting that
it is the only 3d-mesophase present in the bulk sample.
The XRD pattern of AMS-8 (Figure 2f) can be indexed
on the basis of a cubic F unit cell with a = 183.4 A. This
value agrees, within experimental error, with the TEM
calculated value. Images 9a, b, and ¢ were recorded
along the same particle and show a clear domain
boundary (highlighted with an arrow on the images).
It is possible to suggest that a second phase coexists,
but the disordered phase (shown on the top of the image)
shows contrast patterns similar to those observed in
particles of AMS-1, AMS-2, and AMS-6.

Conclusions

The TEM study here reported shows clearly that the
alternative method for the preparation of mesoporous
materials using anionic surfactants and aminosilane
groups APS and TMAPS as co-structure-directing agents
yields highly ordered materials with sharp pore size
distributions. It is also worth noting that all materials
were stable under the electron beam even after several
hours. The presence of 1d-lamellar, 2d-hexagonal, and
3d-cubic/hexagonal structures suggests that this is an
improvement of the general synthesis of mesoporous
materials, owing to the lower cost of anionic surfactants
than cationic or polymeric surfactants. The wide variety
of available anionic surfactants and aminosilane groups,
and the potential mixtures of these, allow us to envisage
the synthesis of new pore connectivities and structures.
Indeed, mesoporous material AMS-8 shows TEM con-
trast patterns and electron diffraction patterns consis-
tent with a 3d-cubic structure with spacegroup Fd3m.
This structure is of great synthetic interest because it
remains, to the author’'s knowledge, unreported using
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Figure 9. HRTEM image of calcined AMS-8 recorded along the
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[121], [233], [112], and [011] orientations; (a), (b), and (c) were

recorded by tilting along a boundary showing the presence of a 1d disordered domain (highlighted with an arrow). Inset in Figure
9d shows the FT diffractogram taken along a thin area of the image shown. The absence of the 002 reflection and weak intensity
of the 006 reflection indicate the presence of a d-glide plane along the [011] direction.

cationic or polymeric surfactants. Further studies are
being conducted by means of Fourier 3-d reconstructions
to determine the nature of the surface and connectivity
of the porous system in AMS-8. A d-surface type surface
is expected for “diamond” structures. Furthermore, we
show clearly the presence of novel structural features
such as the evidence of structural modulations, (AMS-
2, AMS-7) where the control of these may allow control-
ling pore connectivity as well as pore shape and size;
the growth of a disordered 1-dimensional domain sur-
rounding particles; and a new pore morphology specially
suited for catalytic applications, promising faster dif-
fusivity of reactants and products observed for AMS-1
and chiral AMS-6 (analogous with MCM-48). These
characteristic features appear to be inherent of the
synthetic conditions as well as the use of anionic
surfactants and aminosilane groups as co-structure-
directing agents. The increased crystallinity of these
materials implies the presence of two different types of
periodic building units or micelle species.

The necessary synthetic investigations are being
conducted to further understand the growth process

associated with these materials, as well as to gain an
insight into the synthetic mechanism that governs this
new method for the preparation of mesoporous materi-
als.
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