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Abstract: The evolution of the solution microstructures during the formation of the hexagonal mesoporous
material SBA-15 was studied by direct imaging and freeze—fracture replication cryo-TEM. A reaction mixture
was sampled at different times after the addition of tetramethoxyorthosilane (TMOS) to an acidic solution
of Pluronic P123 held at 50 °C. Solution microstructures were detected by direct imaging cryo-TEM in the
time window of 6.5—40 min after the addition of the TMOS (¢t = 0). The micrographs revealed that the
initial spheroidal micelles evolve into threadlike micelles, which become longer and straighter with time.
Then bundles with the dimensions similar to those found in the final material appeared, although there
was no sign of a hexagonal arrangement up to 40 min. Due to the appearance of a precipitate at 40 min
the sample became too viscous, preventing clear observation of its content. To observe the structures
present after 40 min, freeze—fracture replication was carried out as well. Such samples were collected
also at 22 min and showed the presence of threadlike micelles in agreement with the direct imaging cryo-
TEM micrographs. The 2 h samples showed some areas of hexagonal ordered structures, which become
very clear at 2 h 50 min. The cryo-TEM measurements were carried out under the same reaction conditions
used in earlier in situ EPR experiments, thus allowing us to correlate molecular level events with the
microstructure shape evolutions. This showed that the elongation of the micelles is a consequence of a
reduction of the polarity and the water content within the micelles due to silicate adsorption and
polymerization. Similar experiments were carried out also on SBA-15 prepared with HCl and TMOS at 35
°C. The appearance of threadlike micelles, followed by clustering of the TLMs, was observed under these
conditions as well, but the reaction rate was faster. This suggests that the observed mechanism for the

formation of SBA-15 is general.

Introduction

The discovery of M41S mesoporous materials was a signifi-
cant breakthrough in the synthesis of open-framework inorganic

materials of well-defined geometty. The development of such

silica composite materials with precise and easily controlled pore

shapes and siz&® is of great importance in many areas of
modern science and technolofy? Silica materials exhibiting

lamellar, 2D hexagonal, 3D hexagonal, or cubic organizations,
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with pore sizes in the range of 8.0 nm, have been produced
with ionic surfactants such as alkyltrimethylammonium bro-
mide1211.12Mesoporous materials with larger pore sizes and
better performance in terms of hydrothermal stability were
synthesized with nonionic poly(ethyleneoxide)-poly(propyle-
neoxide)-poly(ethyleneoxide) block copolymer (Pluronics,
PEQ-PPQ-PEQ).13 In these materials the pore diameter can
be tuned within the range o230 nm, and a better stability is
obtained due to the thicker silica wall (up to 6 nfhSBA-15

has a hexagonal structure and is prepared with Pluronic P123
(PEGQPPGPEGy), while SBA-16 is cubic and is synthesized
with Pluronic F127 (PE@&PPGPEOQ0g).131> Compared to
ionic surfactants, block copolymers have become more and more
popular in the synthesis of mesoporous solids, because of their
diverse structural characteristic, rich phase behavior, low cost,
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and nontoxic degradatid®:1” Different synthesis methodologies

(SAXS) studies targeting the mesoscale have been re-

have been developed, carefully manipulating reaction parametergported3435 Yet, there is no clear correlation between them,
such as temperature, pH, ionic strength, reaction time, andbecause most of the studies were carried out on different systems

solution compositior®19

and under different conditions. Recently, the development of

The formation process of mesoporous materials is fascinating.the morphology of the particles with time (ex situ) and its

The synthesis mixture contains four major components:

inor-

dependence on the reaction conditions were used to suggest a

ganic precursors, organic template molecules, solvent, and acidtolloidal-like phase separation mechanism for the formation of
base catalyst. The formation of a material with a desired SBA-1536

structure and morphology depends on a delicate interplay We introduced the use of in situ continuous wave (CW) EPR
between several basic processes, whose relative rates determirend freeze-quench electron-spinecho envelope modulation
the structure and properties of the final structure. These are the(ESEEM) spectroscopy of spin probes as efficient methods
self-assembly of the organic molecules to form structures that for investigating the formation mechanism of mesostructured

serve as templates, the sgel chemistry that generates the

materials on the molecular lev&,which was applied to

inorganic network, and the specific interaction at the interface MCM-41 and SBA-150%-33 Ottaviani and co-workers have also
between the organic assemblies and the forming inorganic extensively used CW EPR.In these experiments information

oligomers!® There are different models to describe how the

regarding changes in the tumbling rate of the organic molecules,

inorganic phase interacts with the organic surfactant mol- in the polarity and in the water content of their close environ-

ecules221Beck et alt suggested the “liquid-crystal templating”
(LCT) mechanism soon after the discovery of MCM-41. They

ment during the reaction, was obtained. Here, we sought further
insight into the formation of SBA-15, focusing on the structure

proposed two main general pathways, in which either (i) the evolution on the mesoscopic scale. Hence we applied cryogenic-
liquid-crystal phase pre-exists before the silicate species areTEM (cryo-TEM) carried out under the same reaction conditions

added or (ii) the addition of the silicate anions promotes the as the EPR experiments, to allow the correlation between the
long range ordering of the surfactant to form the hexagonal two length scales. In cryo-TEM the supramolecular structures

arrangement. Firouzi et &.reported experimental evidence for
pathway (i) for MCM-41 and showed througH and2°Si NMR

in solution are observed by vitrifying a thin layer of a solution
without staining or drying the sample, which may change the

spectroscopy, as well as neutron scattering, that a micellarproperties of the intermediates. Cryo-TEM is a powerful tool

solution of cetyltrimethylammonium bromide (CTAB) trans-

for investigating nanostructures in soft materials. It has been

formed into a hexagonal lyotropic phase in the presence of applied to image micelles formed by conventional surfactants
silicate anions. Pathway (ii) has been referred to as the as well as block copolyme#8:3°Earlier cryo-TEM on reaction

cooperative self-assembly mechanism (CSA).

mixtures of MCM-41 reported a single time point snapshot,

In principle the reaction mechanism can be viewed at three showing the formation of ellogonated micelles and vesicles
length scales: (i) the molecular one, which concentrates on theduring the synthesis of MCM-41 in the presence of deca-
interaction between the organic and inorganic precursors andnoate® Time-resolved TEM measurements combined with in
on the silica polymerization process; (ii) the mesoscopic scale, situ 'H NMR were also carried out on the reaction mixture of
which involves the development of the micellar structures and SBA-1525 There, the reaction was quenched by dilution and a
the onset of the long-range order; and finally (iii) the macroscale pH change, and specimens of the intermediates structure were

which is related to the shape/morphology of the final product.

retrieved by drying. The last two steps, however, may affect

Itis clear that the changes that occur at the molecular level arethe solution structures.

the driving force for the mesoscale structure, but the question

Here we present a sequence of cryo-TEM “snapshots” of the

is how the two scales are correlated. So far, most of the in situ formation of SBA-15, which show the evolution of the solution
mechanistic studies concentrated on molecular level observationsstructures and their average diameters up to the formation of a

using spectroscopic techniques such as EPR, NMR, af# #R.
In addition, a number of in situ small-angle X-ray scattering
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fracture replication. These results provide new insight into the
formation mechanism along with clear experimental evidence
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Experimental Section

Synthesis. The reagents used for the synthesis were as follows:
Pluronic P123 (PE&@QPPQPEQ:y) average molecular weightay, of
5800, a gift from BASF Corp. (USA); tetramethoxy orthosiliane
(CH30),Si, TMOS, 98% pure, Merck); orthophosphoric acid (85%
H3POs, Fluka).

SBA-15 was synthesized according to the procedure reported by
Zhao et al#! except for the replacement of hydrochloric acid (HCI) by
orthophosphoric acid ($P0y).3242 A typical SBA-15 synthesis was as
follows: to 16 mL of aqueous solution held at 30 containing 0.5 g
of P123 (86.2umol), 1.2 mL (12 mmol) of HPO, (85%) was added,
and the mixture was stirred for 2 min, followed by the addition of 0.8
mL (5 mmol) of TMOS. The resulting mixture was left under stirring
conditions for 20 h at 50C and then transferred into a Teflon bottle
and heated at 108C for 24 h without stirring. After cooling to room
temperature, the solid product was recovered by filtration, washed with
distilled water, and dried in air at ambient temperature. A typical molar
composition of the synthesis gel was as follows: TMOS: %.70°2
P123: 2.4 HPO;: 175 HO. For comparison, SBA-15 was also
prepared under Zhad'sconditions, carried out at 3% with HCI and
the molar ratio of reaction mixture was as follows: TMOS: %.70°?
P123: 4.75 HCI: 175 0.

The final product was characterized by small-angle X-ray scattering
(SAXS), using a diffractometer equipped with a Franks mirror and a
one-dimensional position-sensitive detector (homemade), using nickel-
filtered Cu Ko radiation ¢ = 1.54 A). All final products exhibited
SAXS patterns of well-ordered SBA-£5.

Methods. Vitrified specimens for cryo-TEM were prepared in a
controlled environment vitrification system (CEVS)AIl solutions
were quenched from 50C and 100% relative humidity by plunging
into liquid ethane at its melting point. Specimens were examined in a
Philips CM120 microscope, operated at 120 kV, using an Oxford
CT-3500 cryo-holder system. All specimens were observed in the
microscope below-178 °C. Images were recorded digitally in the
minimal electron dose mode by a Gatan 791 MultiScan CCD camera . : AL L 3 Tk TR :
with the DigitalMicrograph software package. Figure 1. (A) Cryo-TEM image of spheroidal micelles found in the reaction

Freeze-fracture replication (FFR) was performed with a BAF-060 mixture of SBA-15, taken after a reaction t|me .Of 8.5 min, vitrified from
system (BalTech AG, Liechtenstein). A small drop of the sample was 20 “C- (B) Same area at double the magnification of A.
placed between two electron microscopy copper grids, and those were,

sandwiched between two gold planchettes. The “sandwich” was pIunged?EeNT ameltrea(.:tt;jo% Cond:ctlt?]ns tol.a IIOI;/\II:)EorreIatlon of tP:e Eryg_
into liquid ethane at its freezing point, transferred into liquid nitrogen, results wi ose orthe earlier measurements. Under

and inserted into a sample fracture block, precooled in liquid nitrogen. OUr réaction conditions the solution became turbid after 20 min,
The block was inserted into the BAF-system vacuum chamber, @Nd @ precipitate appeared-240 min.
maintained at-160°C to —170°C, and was split open to fracture the The time limit of the direct imaging cryo-TEM experiments
frozen sample drop. The fracture surfaces were first shadowed at awas 40 min, because at longer times the prepared specimens
45° angle wih a 2 nmlayer of platinum-carbon, followed by backing became too thick, preventing the detection of clear structures.
with a 20 nm thick carbon layer. The replicas were retrieved from the Only dilute regions of micellar solution were observed at longer
thawed samples, cleaned in double-distilled water, mounted on TEM times. In addition, no structures could be detected prior to the
grids, and examined in the Philips CM120 or FEI T12 TEMs (see aqdition of the TMOSI(= 0) nor for a sample taken &= 1.5
above) at room temperature. min, although it is known that at the P123 concentration and
Results temperature used micelles are presédt.This is attributed to
the low electron density of P1243.

At t = 6.5-8.5 min spheroidal micelles became detectable
. - . S as shown in Figure 1 for = 8.5 min. The exact size of the
functlgn of. time. The. synthe§|s proc;dure was similar to that micelles, however, could not be evaluated due to overlap of
described in our earller.publ'lcatloﬁéf, . W_here HCI has bee,n, micelles. Att = 22 min flexible threadlike micelles (TLMs),
replaced with phosphoric acid to minimize the decomposition yenateq by arrows in Figure 2B, coexist with spheroidal micelles

of the_ spin Ie_\bel usgd in _the EPR measurements. The final (Figure 2A). At this time, the average diameter of the spheroidal
material obtained using this procedure was highly ordered as nicelles is 9.7+ 1 nm. while that of the TLMs is 7.3 0.9

shown by the standard characterization technidéi¥ge used nm and their lengths vary between 15 and 30 nm (Figure 2B).
At t = 22—30 min the diameter of these micelles decreases

r @

The microstructures formed in the solution were explored by
sampling the reaction mixture of SBA-15, held at 8D, as a

(41) Zhao, D.; Sun, J.; Li, Q.; Stucky, G. @hem. Mater200Q 12, 275.

(42) Rozantsev, E. Geree Nitroxyl RadicalsPlenum Press: New York, London,
1970. (44) Wanka, G.; Hoffman, H.; Ulbricht, WMacromoleculesl994 27, 4145.

(43) Talmon, Y. InModern Characterization Methods of Surfactants Systems (45) Mortensen, K.; Talmon, Y.; Gao, B.; Kops,Macromolecules997, 30,
Binks, B. P., Ed.; Modern Dekker: New York, 1999; p 147. 6764.
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In the case of the TLMs, an initial increase in their diameter
was followed by a decrease, and a continuous elongation was
observed

The procedure used to prepare specimens for cryo-TEM can
affect the microstructure of the systems, due to the shearing of
the solution during blotting®4” Shear, for example, can induce
alignment of threadlike micelles, to cause a transition from
threadlike micelles into vesicles, or threadlike micelles can
become strongly entangled. This phenomenon is mostly ob-
served in systems where a phase transition occurred, as in our
case. To ensure that this does not happen in our system, several
samples were taken, at repeated times, and frekaeture
replication (FFR) was applied, particularly foe 40 min, where
direct imaging cryo-TEM is not practical. The results obtained
are consistent with those of the direct-imaging cryo-TEM
images. Att = 30 and 40 min of reaction, the solution is
characterized as a bulk solution with TLMs (Figure 5A,B). At
2 h and 50 min (Figure 5C,D), the hexagonal nature of the
structure becomes very clear: a black arrow in Figure 5C points
to TLMs imaged perpendicularly to their long axis, showing a
series of parallel lines; white arrows in Figure 5C and 5D point
to TLMs imaged parallel to their long axis, showing their
hexagonal arrangement in the bundle, witthgpacing of 14+
6 nm. One should keep in mind that those are images of replicas
of fracture surfaces of the thermally fixed samples. Different
areas may fracture differently, thus showing different views of
the same phase. In direct imaging (Figures4)] the entire
sample is projected on the camera detector due to the very large
depth of field of the TEM.

To verify that the evolution of the micellar structures observed
in solution is a general feature of the formation mechanism of
SBA-15, we carried out similar cryo-TEM measurements on a
Figure 2. Cryo-TEM images of spheroidal micelles (A) and threadlike SBA-15 formed under the more standard conditions. In this
?Zlcrililﬁs (arrows in 2B) in the reaction mixture of SBA-15, taken after Synthesis, HCl was used instead of@,, and the temperature

' was 35°C. Due to the more acidic conditions (pH 1), the
slightly. For example, at= 25 min, their average diameter is condensation of the silica was faster and reduced the preciptation
5.9+ 0.7 nm, whereas, at= 27 min, is 5.8+ 0.6 nm. Att = time to 18 min, as opposed to 40 min in the previous conditions.
30 min (Figure 3A), the density of the TLMs increases, their Therefore, direct-imaging cryo-TEM specimens could be ob-
length grows to the range 300 nm and aggregates become served until the precipitation time, and at longer times FFR was
apparent. In addition, the diameter of the coexisting spheroidal used to identify the microstructures. In Figure 6A we present a

micelles has now decreased significantly to#4.8.9 nm. Later, direct-imaging cryo-TEM micrograph of the system after a short
att = 33 min, the TLMs become less flexible and some short- reaction time of 5 min 13 sec. The structure is that of spheroidal
range organization is formed (Figure 3BD). Now the diam- micelles. Due to the relatively high concentration the projection

eter of the TLMs is 6.2 0.8 nm, and their length can ex- of several layers of micelles on the TEM detector are actually
ceed 700 nm. Within the bundles the distance between indi- observed. After 14 min 5 sec the same technique shows TLMs
vidual TLMs is 114+ 0.7 nm. A few minutes later, dt= 40 (arrows in Figure 6B). As is quite common in such images of
min (Figure 4), these structures grow and form a network of TLMs, especially at relatively high concentration, the micelles
threads with a diameter of 5.& 0.5 nm and a spacing of are aligned in some areas by the flow during specimen
10.7 + 1.7 nm. Nitrogen absorption measurements showed preparation, while in other areas one sees the projection of
that the pore diameter of the final mesoporous material is randomly oriented TLMs. Freezdracture replication of the
~4 nm, and the 100 spacing is~10.8 nm3? These numbers  system at about the same time of 16 min 27 sec (Figure 6C)
are very close to what was observed by cryo-TEM at 40 min. also shows the TLMs (arrows). At 21 min 42 sec, Figure 6D,
Although the network at = 40 min (Figure 4) does not give a  FFR reveals the hexagonal arrangement of the TLMs. Note the
good diffraction pattern yet, it may be a precursor of the final hexagonal arrangement of the micelles seen along their long
hexagonal structure. At times longer than 40 min, the sample axes (arrowhead) and the view perpendicular to the long axis
comprised thick regions, with no resolved structure, coexisting (arrow). While the spacings at 21 min 42 sec are very uniform,
with diluted regions that are characterized by micellar solution.
Table 1 summarizes the structures detected by direct imaging(4s) Danino, D.; Talmon, Y.; Zana, RColloids and Surfaces, A: Physico-
cryo-TEM and their sizes. At all times spheroidal micelles were chemical and Engineering Aspe@00Q 169 67.

N X o 47) Zheng, Y.; Lin, Z.; Zakin, J. L.; Talmon, Y.; Davis, H. T.; Scriven, L. E.
observed, and a consistent decrease in their diameter was noted. ~ J. Phys. Chem. B00Q 104, 5263.
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Figure 3. Threadlike micelles found in 50C reaction mixture of SBA-15, recorded by cryo-TEM after a reaction time of (A) 30 min ardjE33 min.
Images A and B are of the same magnification. The inset in Figure 3A shows an area in the middle right of the main panel, at double the magnification. The
arrows point to TLMs.

Table 1. Summary of the Shapes and Sizes of the Structures
Observed during the Formation of SBA-15 with H3PO4

diameter of
time, spheroidal micelles, diameter of length of
min nm TLMs, nm TLMs, nm spacing, nm
22 9.7+ 1 7.1+ 0.9 15-30
25 5.9+ 0.7 6.8+ 15 max 400 16t 2
27 5.8+ 0.6
30 8.4+ 0.9 30-100
31 4.4+ 0.9
33 6.2+ 0.8 300-700 11+ 0.7
40 5.1+ 05 10.7+ 1.7
i {{ 22 9? 40+1.2
A SRS (] : el 133 35+1.1

Figure 4. A cryo-TEM image of a network of threadlike micelles in the
reaction mixture of SBA-15, taken after a reaction time of 40 min, vitrified
from 50°C.

a2 Micelles in the diluted phase.

into elongated micelles with lengths of 80 nm, which further

the nonuniform spacings between the TLMs in Figure 6C (16 developed into TLMs of up to 700 nm long. The TLMs can be

min 27 sec) indicate that those are, indeed, free TLMs. straight or curved and may appear as individual entities or as
bundles. All this happens prior to the formation of the ordered

hexagonal structure, which occurred aroure82, as observed
Time-resolved cryo-TEM study of the formation of SBA-15 by FFR. In addition, the micrographs of all samples collected
using PO, or HCI revealed essentially the same process, with between 20 and 40 min show the presence of spheroidal
the difference that with HCI the process is much faster and, micelles. This is an indication to the presence of two phases in
therefore, less easily resolved. TheR, reaction was slow  the solution: a more concentrated one in which the TLMs
enough and clearly revealed the following process: upon the develop and a second dilute one, consisting of spheroidal
addition of TMOS the initial spheroidal micelles transformed micelles. This has been also observed in in situ SAXS/XRD

Discussion

3370 J. AM. CHEM. SOC. = VOL. 128, NO. 10, 2006
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Figure 5. Micrographs of freezefracture replicas prepared after an SBA-15°&0reaction time of (A) 30 min, (B) 40 min, and (C and ®h and 50 min.
Black arrow in image C points to TLMs imaged perpendicularly to their long axis; white arrows in images C and D point to TLMs imaged parallel to their
long axis, showing their hexagonal arrangement in the bundle.

studies of SBA-15 prepared under somewhat different condi- in the temperature can cause an increase in the hydrodynamic
tions35 radius®?

Comparison with EPR Results. Due to the low electron The transformation of the spheroidal micelles into TLMs with
density of P12% spheroidal micelles were not observed in the the progression of the reaction is a consequence of a decrease
P123 solution and also 1.5 min after the addition of TMOS. in the curvature of the micelles induced by the interaction with
This is in contrast to micelles of 1 wt % poly(ethyleneoxide- the silicate oligomerg54 Hence, the silicate adsorption and
b-butadiene) (PEO-PB) in aqueous solution, which were very polymerization decrease the effective volume of the polar re-
clearf®49and it was even possible to distinguish between the gion, the PEO part of the polymer. This phenomenon was also
corona and the core of the micelle. There, however, the diameterobserved when salt/electrolytes were added to micellar solutions
of micelles was larger, 2620 nm. Accordingly, the appearance  of Pluronic block-copolymer¥.%5 There it was noted that the
of the micelles at a later stagé £ 6.5 min) must be a  presence of the electrolytes increased the hydrophobicity of the
consequence of an increase in the electron density, induced byPluronic molecules, which in turn reduced the critical micelle
the penetration of the silicate oligomers into the micelféS.  concentration. Similarly, the addition of electrolytes decreased
The EPR study, carried out under the same conditions as thethe temperature of the sphere-to-cylinder transitfofhis is
HsPO; reaction, showed that during the first 5 min of the consistent with the EPR/ESEEM results, which showed that,
reaction silicate ions with water molecules penetrate into the during this growth time, the polarity of the core/corona interface
micelles, which may cause also an increase in their sizes. Theand its water content decreaséd@he reduction in water content
reported size of the P123 micelles (for concentration smaller was sensed primarily during the first 60 min of the reaction by

than 8 wt %) at 25C is 9-9.6 nm, which is in the same range  a hydrophobic spin probe located in the hydrophobic core of
of the size observed at 22 min (at 30),5! although a change

(51) Nolan, S. L.; Phillips, R. J.; Cotts, P. M.; Dungan, SJRColloid Interface

(48) Zheng, Y.; Won, Y. Y.; Bates, F. S.; Davis, H. T.; Scriven, L. E.; Talmon, Sci. 1997 191, 291.

Y. J. Phys. Chem. B999 103 10331. (52) Mortensen, KJ. Phys.: Condens. Matteir996 8, A103.
(49) Won, Y.-Y.; Brannan, A. K.; Bates, F. S. Phys. Chem. 002 106, (53) Regev, OLangmuir1996 12, 4940.

3354. (54) Israelchvili, J.; Mitchell, D. J.; Ninham, Bntermolecular and Surfaces
(50) Boissiee, C.; Larbot, A.; Bourgaux, C.; Prouzet, E.; Bunton, CGhem. Forces Academic Press: 1985.

Mater. 2001, 13, 3580. (55) Booth, C.; Attwood, DMacromol. Rapid Commur200Q 21, 501.
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Figure 6. Cryo-TEM images of the SBA-15 reaction in HCI vetrified at 35. (A) t = 5 min 13 sec. (BY = 14 h 5 min. Arrows show the TLMs. (C)
Freeze-fracture replication of the same system for 16 min 27 sec where arrows point to TLMs. (D) Saime 21 min 42 sec. Note the hexagonal
arrangement of the micelles seen along their long axes (arrowhead) and the view perpendicular to the long axis (arrow).

the micelle. Spin probes located within the corona sensed suchdone on a dried solid aft@ h of reactiorf? showed a hexagonal
changes later, during= 60—120 min. Hence we conclude that order, whereas this hexagonal structure was clearly observed
this reduction in water content is a consequence of the silicateby FFR afte 2 h 50 min ofreaction, although some structure
oligomerization within the corona of the micelles, which further was also evident after 2 h. This suggests that the drying process
increases the hydrophobic character of the core/corona interfacepromotes the formation of the hexagonal structure. Finally, the
thereby reducing the effective volume of the corona and observed phase separation into a dilute phase of spheroidal
decreasing the curvature. These changes may be associated withnicelles coexisting with a phase of micelles that develops into
a contraction of the corona that leads to the reduction of the TLMs has not been resolved by EPR.
diameter of the TLMs observed in the cryo-TEM experiments.  Figure 7 presents a schematic model that summarizes the
The TLMs continue to grow with time, and their structure evolution of microstructures in the formation of SBA-15, based
becomes less flexible and straighter. Furthermore, aggregate®on results from this study and from the EPR studies. Initially,
of long threads showed up to 40 min, after which no more direct only spheroidal micelles are present in the reaction mixture,
imaging cryo-TEM measurements could be carried out. Interest- silicate oligomers penetrate into the cei@rona interface of
ingly, the EPR results did no show any special feature at 40 the micelle, causing a decrease in the curvature of the corona
min, although this is the time at which a precipitate is observed. region, and then TLMs appeared. These TLMs become less
The in situ CW EPR spectra, using spin probes located in flexible and straighter, with the progression of the condensation
the corona, show continuous changes in the polarity upto of silicate oligomers in the corona region. At 40 min the
120 min32 This suggests that the precipitation is a consequence number of these flocs increases, leading to precipitation, and
of the increasing size of the TLMs and their aggregation, while in a later stage the hexagonal structure is fornted @ h).
the process responsible for the water expulsion and polarity Comparison with Other in Situ Studies on SBA-15.The
reduction continues. These can occur either within the precipitatedirect imaging cryo-TEM and FFR results show that the
or in structures that are still in solution and precipitate later. transition to the hexagonal order takes place after precipitation.
The EPR results also showed that the P123 molecules withinIn situ SAXS/XRD measurements that were carried out on SBA-
the TLMs remain highly mobile (on the EPR time scale), even 15 prepared with P123, TMOS, and HCI at 3535 showed
after precipitation, until drying takes place. SAXS measurements that, after the solution turned turbid, at 25 min, a sharp transition
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t=33 min t =40 min t=2h

Figure 7. A schematic model describing the evolution of microstructures in the formation of SBA-15. The white dots/lines represent silicate oligomers. The
time scale corresponds to theRO, reaction.

from spheroidal micelles to a 2D hexagonal phase occurred atTEM measurements were carried out as well in that case, though
t = 40 min. In a similar reaction mixture, where TEOS is used under somewhat different conditions. The reaction was quenched
instead of TMOS, this transition occurred at 50 min due to a by dilution at a particular time, and then the samples were
slower hydrolysis of TEOS. The analysis of the broad peak filtered and dried. The TEM micrographs showed that, after
observed between 15 and 40 min, prior to the appearance ofprecipitation (25 min), elongated micelles were detected after
the 2D hexagonal phase, showed the presence of spheroidalt0 min and only after 55 min their hexagonal packing became
micelles with a constant core radius of 4.5 nm and a total radius evident. The model the authors constructed based on the NMR
of 7.0 nm. The authors did try to fit the scattering data to finite and TEM results is that the silica adsorption and polymerization
cylindrical micelles, but failed to obtain a good fit. These results, occur within the corona, reducing the interaction between
however, have been challenged by a recent publication by micelles, thereby producing flocs of a number of spheroidal
Khodakov et aP® who have also studied the initial stages of micelles. These flocs then further associate, increasing the
the SBA-15 synthesis in the presence of HCI and TEOS by particle size and leading to precipitation. Then miceleicelle
SAXS. There, however, the authors succeeded in fitting their coalescence takes place within the flocs to form the cylindrical
data with cylindrical micelles. Individual cylindrical micelles  micelles and hexagonal order. Again, this mechanism is different
were present between 5 and 20 min after the addition of TEOS, from the one portrayed by the direct imaging cryo-TEM, where
where in the first 5 min of the reaction only spheroidal micelles the elongation of the micelles and formation of TLMs are
appear. At 20 min, precipitation started, and at 25 min, a observed in solution prior to precipitation. We note, however,
hexagonal structure appeared. While the mechanism proposedhat cryo-TEM stands a better chance of preserving the original

by the first in situ SAXS report is inconsistent with the structure of the aggregates in solution compared to the above
mechanism we proposed on the basis of the cryo-TEM and FFRTEM sample preparation.

results, the results of the second study are in full agreement. It
is clear from this SAXS/XRD and our cryo-TEM experiments
that the synthesis conditions affect the rate of the reaction. Whenscanning electron microscopy (SER)The reaction conditions

HCIl is used, the reaction rate is significantly faster, making it chosen were those that yield a 100% rodlike morphology,
difficult to “catch” individual TLMs, which were very clear in prepared with HCl and TEOS with the addition of KCI at 38
the s_Iower syn;heS|s V\_"th RO, !\leverthe_less, a_Ithough the °C. Under these conditions precipitation appeared after 15 min.
reaction rate with HCI is faster, it was still possible to detect The solid was separated by filtration and washed with water
the presence of TLMs, before prgmpltatlon, showing that they and ethanol to remove any remaining surfactant. Spheres of 100
are the driving force for the formation of the hexagonal structure. nm diameters were observed 5 min after precipitation, and TEM
In situ *H NMR measurements were also carried out on  ghoyed that they had a wormlike mesoporous structure, indicat-

the reaction mixture of SBA-15, employing the same reaction g that the hexagonal structure developed after precipitation.
conditions used in the SAXS/XRD studies. The signal observed Here, however, one has to take into account that the filtering

was that of the PO methyl group, and a sharp increase in the
line width was observed between 23 and 24 min, just before reaction.

the appearance of the turbidity. No special event was observed To summarize, all these studies, including the present cryo-

n the_ time _evolutlon O.f. the NMR spectrum that can be_ TEM findings show that in SBA-15, the precipitate consists of
associated with the transition to the hexagonal phase at 40 min. o . . .
aggregates of surfactant-silica micelles, not yet organized into

(56) Khodakov, A. Y.: Zholobenko, V. L.: Infper-Clerc, M. Durand, DJ a clear hexagonal structure. There is disagreement with respect
Phys. Chem. 005 109, 22780. to evolution of the micelle shapes as a consequence of the

The formation of SBA-15 was also studied by exploring the
morphology of the particles formed after precipitation using

and drying may intervene with the natural progression of the
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interaction with the silicate: while we, and the recent SAXS an ordered hexagonal mesophase formed from a bridged organo-
study®® detected elongation of the micelles and the formation silane38 The micelles remained spheroidal until the nucleation
of bundles, yet another study reported no changes in the micelleand growth of the hexagonal phase. Again, a different behavior
shape, just their condensati#nThis difference is significant,  than that was observed by the cryo-TEM measurements on SBA-
as it stems from the effect of the silicate adsorption and 15. In this case, however, one has to take into account that the
oligomerization on the curvature of the micelles. reaction was carried out at a high temperature;®5the silica

In a recent theoretical study,mean-field theory was used  source is different, and the hydrolysis is significantly slower.
to obtain the thermodynamic equilibrium phase diagram of the
surfactant-silicate composite, assuming that the amount of Conclusions
adsorbed silicate is a parameter that determines the spontaneous
curvature and the effective surfactassurfactant interaction. The . . .
phase diagram, which depends on the concentration of surfactanff SBA-15 was fol!owgd by direct imaging cryo-TEM and
and adsorbed silicate, shows that the first transformation to take ree.z&fracture rep!lcat|on cryo-TEM. A cor.1t|nu0.us transfo.r-
place is from spheroidal to elongated micelles, consistent with mation from spher0|da_1l micelles, into threadlike mlcelles, which
our results. Then, depending on the relative ratio between thebecome longer and stiffer, followed by the formation of bundles

adsorbed silicate and the surfactant, a nematic, hexagonal OIy\/ith the dimensions similar to those found in the final material,
disordered network can be obtained. ’ " “was observed. The network grows through equilibrium with a

Comparison with MCM-41. The formation of MCM-41, phase of diluted spheroidal micelles, which transformed with
obtained with a charged surfactant is much faster than that of ime into the viscous phase. The evolution of the shapes implies
SBA-15. In situ XRD has shown that, under the conditions of that silicate precursors adsorbed and polymerized at the hydro-
high pH and with TEOS as the silica source, the hexagonal philig micella_r interface, thereby reduc_ing its curvature. This. is
structure developed within 3 m#. Therefore, the solution ~ consistent with the EPR results, which showed that, during

microstructures were probed by cryo-TEM only at a single time TLMs’ growth time, the polarity and water content of the core/
point, 3 min after the TEOS addition, where ordered clusters corona interface decreases. The ordered hexagonal structure was

of elongated micelles (with 5 nm micelle-to-micelle average OPServed by freezefracture replication. The same evolution
distance) were observé@Some other features observed in the of mlcellar st_ructure in solution was observed for _reactlons
micrographs were interpreted as bundles of elongated micellesC@ried out with HCl and POy, but the rates were different.
wrapped in by a silica film. The same structures were observed
in micrographs obtained at 10 and 15 min. Hence, it seems that
the reaction is too fast for the observation of the evolution of
the solution microstructure.

Cryo-TEM experiments were also carried out on an
MCM-41 prepared with a mixture of an anionic surfactant, deca-
noate, and with a conventional cetyltrimetheylammonium bro-
mide (CTAB) templat¢® This addition led to a 2D hexagonal-
to-lamellar phase transition. Here, after 85 s threadlike surfac-
tant-silicate micelles, with occasional junctions, were observed.
At this stage no ordering was detected by SAXS/XRD. Later,
at 210 s, the threadlike micelles developed into a vesicular
structure mixed with a lamellar structure, while the SAXS/XRD
showed the presence of a mixture of hexagonal and lamellar JA0559911
phases. An in situ SAXS/XRD study was also carried out on

The evolution of the micellar structures during the formation
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