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a b s t r a c t
KIT-6 and SBA-15 ordered mesoporous silicas were obtained under various synthesis conditions using
water glass as a low-cost silica source. The products were characterized with X-ray powder diffraction,
N2 adsorption, transmission electron microscopy, and scanning electron microscopy. The result showed
that the initial mixing condition was a decisive factor for the structural order and mesoporosity. Highquality KIT-6 and SBA-15, even better than products from tetraethoxysilane, were obtained when the
reactants were mixed very rapidly to cause instant quenching of silicate structures in acidic solution containing non-ionic surfactants. This procedure was highly reproducible and suitable for a large-scale
synthesis.
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
In recent years, ordered mesoporous silicas have received much
attention as a catalyst support [1], drug delivery media [2,3], and
hard template for other nanostructure materials [4,5]. These materials are synthesized according to the cooperative assembly between surfactant micelles and silicate species [6–8]. The pore
diameters are tunable typically in the range between 2 and
20 nm by the size of the surfactant micelles [9,10], and also by
various ways of post-synthesis treatment [11,12]. Mesoporous
materials with various structures have been discovered such as

MCM-41 (2d hexagonal p6mm) [9,10], MCM-48 (gyroid cubic Ia3d)
[10,13], SBA-15 (large-pore 2d hexagonal) [14], SBA-16 (large-pore


cubic Im3m)
[15,16] and KIT-6 (large-pore gyroid cubic Ia3d)
[17–19]. The pore structures, i.e., the pore shapes and connectivity
are determined by the choice of surfactants and synthesis conditions [19–22].
A cationic surfactant with quaternary ammonium head group is
suitable for the synthesis of MCM-41 [9,10] or MCM-48 [10,13] under basic conditions. The pore diameters of the ordered mesoporous silicas are limited by the size of the available surfactants,
typically, ranging from 2 to 5 nm [9,10,12]. It was reported that
the pore diameters can be further increased by hydrothermal treatment, but the structural order is often sacriﬁced as the pore diameter is increased [23]. Various kinds of silica source such as
tetraethoxysilane (TEOS), fumed silica, sodium silicates and silica
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gel may be used for MCM-41 and MCM-48. These silica sources
participate in formation of the silica–surfactant assemblies [6–8],
through their conversion to soluble alkali silicates. Under the basic
synthesis conditions, water glass is the most suitable choice of
inexpensive silica source for MCM-41 and MCM-48. Water glass
is an aqueous solution containing various sodium silicates with different structures and degrees of polymerization [24,25].
SBA-15 [14] and KIT-6 [17,18] are synthesized with the polyalkylene oxide-type triblock copolymers as the mesopore-directing
agents under acidic conditions. These materials are similar to
MCM-41 and MCM-48 structures in the arrangement of main
channels [14,17], respectively, except for interconnection of the
main channels through complementary pores [19–21,26–28]. The
pore diameters of the SBA-15 and KIT-6 main channels are tunable,
typically, in the range of 5–15 nm depending on synthesis conditions [14,18,22]. The complementary pores are typically less than
1.5 nm in diameters [19,21,26–28]. SBA-15 and KIT-6 are attractive
due to the use of inexpensive non-ionic surfactants for syntheses
and also large pore diameters beyond the limits for MCM-41 and
MCM-48. The large pores with channel interconnection provide
them a high potential as drug delivery media and hard templates
for other nanostructured materials. Under the acidic synthesis condition, TEOS has been the most common choice of silica source in
the syntheses of SBA-15 and KIT-6, despite the high costs [14,18].
This is because the syntheses are achieved in strongly acid solutions [14,17,18], unlike MCM-41. The monomeric Si alkoxide is
slowly polymerized under the acidic condition. The molecular
volume of the positively charged silica species slowly increases
to be suitable for the formation of ordered silica–organic
mesostructures.
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Water glass is much less expensive as compared with TEOS.
There were a few reports on syntheses of SBA-15 and KIT-6 with
water glass [27,29–33]. Silicate species in water glass have a maximum stability in the basic aqueous solution, without precipitation
or gelation [34]. To use water glass in the syntheses of SBA-15 and
KIT-6, the solution environment of the silicate species must change
from initially strong basic (pH  14) to ﬁnally strong acidic
(pH  0) conditions. The silicate species should pass unavoidably
over the pH 7–10 region, where they can polymerize very rapidly
[34]. The molecular weight might increase uncontrollably if the silicate mixture is left at pH 7–10 for a prolonged time. The excessively polymerized silicates cannot be properly self-assembled
with non-ionic surfactant micelles, leading to a poor structure order, low speciﬁc pore volume, and pore blockages of the SBA-15
and KIT-6 products. Accordingly, the quality of the resultant samples is far from those of products obtained with TEOS. The product
quality is often difﬁcult to judge with X-ray powder diffraction
(XRD) pattern, whereas amorphous silica is mixed with the ordered mesoporous silica phase.
Water glass might be an attractive silica source for low-cost
syntheses of SBA-15 and KIT-6 if polymerization of the silicate species was properly suppressed during the acidiﬁcation process. In
this respect, we investigated the synthetic procedure using water
glass, with a particular attention to the effects of pH change rate
depending on the reactant mixing. The experimental results
showed that the quality of samples was sensitive to the reactant
mixing modes. We found that highly ordered mesoporous silicas
can be reproducibly synthesized without pore blockages, when
the reactants were rapidly mixed in an electric mixer. The rapid
mixing prevented the undesirable polymerization, through the rapid change of pH from basic to acidic conditions. Under the optimized condition, KIT-6 and SBA-15 samples could be synthesized
with a top quality that was comparable or even better than samples resulting from TEOS, as evidenced by the high-resolved and intense X-ray diffractions in the small-angle region, uniform
mesopore diameters in the pore size distribution, large mesopore
volume, and transmission electron microscopy (TEM) image of ordered mesopores. These mesoporous silicas are suitable for largescale preparation.

ignated as SBA-15-SD. The third sample was synthesized with the
same composition as the two samples, but the sodium silicate solution and the P123 solution were simultaneously added into an
electric mixer (Cucina HR-2860) under operating (Fig. 1). After
continuous mixing for 3 min in the electric mixer, the reaction
mixture was moved to a polypropylene bottle. Mixing was continued for 1 d in the bottle at 308 K, with a magnetic stirrer. Subsequently, the mixture was placed in a 373 K oven for 1 d. The
remainders of the synthetic procedure are the same as for the ﬁrst
two samples. This procedure is designated as Procedure-EM (EM
meaning electric mixer). The product is referred to as SBA-15-EM.
Another SBA-15 sample was synthesized using TEOS, as follows:
41 g of P123 was dissolved in a solution of 754 g water and
24.0 g of conc. HCl (35 wt%). About 67 g of TEOS was added at once
into the solution. The gel composition was 0.022 P123/1.0 TEOS/
0.72 HCl/134 H2O. After magnetic stirring at 308 K for 1 d, the mixture was placed in a 373 K oven. The remainders of the synthetic
procedure are the same as for the other samples. The procedure
and sample are referred to as Procedure-TEOS and SBA-15-TEOS,
respectively.
2.1.2. Synthesis of KIT-6
The starting molar composition for synthesis of KIT-6 with
water glass was 0.014 P123/0.32 Na2O/1.0 SiO2/2.2 HCl/180 H2O/
1.24 n-butanol. About 30 g of P123 was dissolved in a solution of
682 g water and 85 g of conc. HCl (35 wt%). The solution was added
with 34 g of n-butanol. About 447 g of sodium silicate solution was
prepared by diluting water glass with distilled water as in SBA-15
synthesis. Three KIT-6 samples were synthesized by the addition of
the silicate solution into the P123-butanol-HCl solution, following
the same mixing procedures used for SBA-15 synthesis, except for
the mixing and aging at 298 K. One more KIT-6 sample was synthesized with TEOS instead of sodium silicate. The gel composition

2. Experimental
2.1. Synthesis of mesoporous silica
2.1.1. Synthesis of SBA-15
Three samples of SBA-15 were obtained with different reactant
mixing modes. The molar composition of the starting gel was:
0.022 P123/0.32 Na2O/1.0 SiO2/1.4 HCl/125 H2O. Two samples
were synthesized by the following procedures: 24 g of poly(alkylene oxide)-based triblock copolymer Pluronic P123 (EO20PO70EO20,
where EO = ethyleneoxide, PO = propyleneoxide, BASF) was dissolved in a solution of 217 g water and 28 g of conc. HCl
(35 wt%). Water glass was purchased from Shinheung Silicate
and diluted with distilled water, to give a sodium silicate solution
composed of 5.0 wt% SiO2, 1.6 wt% Na2O, and 93.4 wt% H2O. About
231 g of this solution was added dropwise into the P123 solution,
with vigorous magnetic stirring at 308 K. The rate of addition was
set to 120 ml/min (Procedure-FD, where FD means fast dropwise),
or 12 ml/min (Procedure-SD, SD meaning slow dropwise). The reaction mixture was continuously stirred at 308 K for 1 d, and kept
without stirring in a 373 K oven for 1 d. The precipitated product
was isolated by ﬁltration and dried at 373 K. The as-synthesized
samples were washed with an ethanol–HCl mixture [27], and calcined in air at 823 K for 2 h. The sample synthesized according to
Procedure-FD is designated as SBA-15-FD. The other sample is des-

Fig. 1. In Procedure-EM, the silica source and surfactant solution were simultaneously added into an operating electric mixer. A and B are, respectively, diluted
sodium silicate and P123-HCl solution.

Author's personal copy

47

C. Jo et al. / Microporous and Mesoporous Materials 124 (2009) 45–51

was ﬁxed as 0.014 P123/1.0 TEOS/1.5 HCl/193 H2O/1.08 n-butanol.
Except for the gel composition, the remainders of the synthetic
procedures are the same as for the above SBA-15 synthesis. The
KIT-6 samples thus synthesized are designated as KIT-6-FD, KIT6-SD, KIT-6-EM and KIT-6-TEOS, respectively.
2.2. Measurements
2.2.1. Characterization methods
XRD patterns were recorded in the range of 2h = 0.6–3° on a Rigaku Multiﬂex instrument using Cu Ka radiation (k = 0.15406 nm)
at 30 kV and 40 mA (1.2 kW) in a step scan mode. N2 adsorption–desorption isotherms were obtained with a Quantachrome
Autosorb-1MP instrument at 77 K, allowing 3 min for equilibration
at each point. All samples were degassed under vacuum for 2 h at

573 K before the measurement. Pore diameters were analyzed
according to the Brunauer–Emmett–Teller (BET) algorithm, using
the adsorption branch. For TEM measurement, powder samples
were dispersed in ethanol under sonication. The solution was
dropped on a carbon grid, and dried at room temperature. TEM
images were taken from the grid, using a Tecnai G2 F30 equipment
operated at 300 kV. Scanning electron microscopy (SEM) images
were taken at a low electron acceleration voltage (2 kV, Hitachi
S-4800), without metal coating.
2.2.2. 29Si NMR spectra
Water glass and conc. hydrochloric acid were diluted with
distilled water to 14.5 wt% SiO2 and 8.31 wt% HCl, respectively.
About 110 g of the diluted water glass and 89 g of the diluted acid
were simultaneously added into an electric mixer under operating.
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Fig. 2. XRD patterns for mesoporous silicas showing quality differences according to synthetic procedures: (a) SBA-15 and (b) KIT-6.
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Fig. 3. N2 adsorption–desorption isotherms for (a) SBA-15 and (b) KIT-6. The isotherms for Procedure-SD, Procedure-FD, Procedure-EM, and Procedure-TEOS are offset
vertically by 0, 450, 700, and 1200 cm3 STP g1, respectively.
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Fig. 4. Pore size distributions of (a) SBA-15 and (b) KIT-6, analyzed with the adsorption branch using the BJH algorism. The pore size distribution for Procedure-FD, ProcedureSD, Procedure-EM, and Procedure-TEOS are offset vertically by 0, 3, 6, and 9 cm3 g1, respectively. Procedure-EM gave SBA-15 and KIT-6 samples with the narrowest pore size
distribution.

Subsequently, 2.66 g of chromium nitrate was dissolved in the
mixture to enhance the 29Si NMR relaxation. After continuous mixing for 3 min in the electric mixer, the reaction mixture was moved
to a polypropylene bottle. Mixing was continued with a magnetic
stirrer. The 29Si NMR spectra were recorded at 99.38 MHz with a
superconducting FT-NMR 500 MHz spectrometer (Varian), using
a small amount of sample placed in a 10 mm sample tube. Each
spectrum was recorded after 400 acquisitions with 1-s repetition
time, as a compromise between nuclear relaxation and kinetics
of silica polymerization. One more 29Si NMR spectrum was taken
from the 14.5 wt% SiO2 solution before mixing with HCl. Repetition
time for this sample was given as 10 s because chromium nitrate
could not be dissolved in the basic solution.

Table 1
Effect of synthetic procedures on the textural properties of SBA-15 and KIT-6.
Sample

wBJHa (nm)

SBETb (m2 g1)

Vtotalc (cm3 g1)

SBA-15-SD
SBA-15-FD
SBA-15-EM
SBA-15-TEOS
KIT-6-SD
KIT-6-FD
KIT-6-EM
KIT-6-TEOS

8.1
8.9
8.2
7.9
7.9
8.6
7.2
7.3

661
578
797
751
571
527
721
797

0.80
0.60
1.02
0.95
0.85
0.73
1.02
1.00

a

wBJH is pore diameter calculated using the BJH method.
SBET is the BET surface area deduced from the isotherm analysis in the relative
pressure range of 0.05–0.15.
c
Vtotal is the pore volume at a relative pressure of 0.95.
b

3. Results and discussion
3.1. Structure order and characterization of mesoporous silica
As described in Section 2, three sets of KIT-6 and SBA-15 were
prepared from water glass, applying different modes for reactant
mixing: Procedure-FD, Procedure-SD, and Procedure-EM. In Procedure-SD, the silica source (i.e., water glass diluted in distilled
water) was added as slowly as possible into the strongly acidic
solution containing P123 (referred also to ‘surfactant’ hereafter)
under vigorous stirring, to prevent from gelation of the reaction
mixture. This procedure was commonly chosen in previous works
on syntheses of SBA-15 and KIT-6 with sodium silicate [27,32,33].
In Procedure-FD, the addition of silica source took place still dropwise, but gelation was inevitable. Compared with the dropwise
addition methods, silica source and surfactant solution were
simultaneously added into an operating electric mixer (see
Fig. 1). The electric mixer was only used for the initial three minutes. The rest of the mixing procedure was the same as Procedure-SD. Procedure-EM was tested ﬁrst time in the present work,
expecting that reactant mixing would occur most efﬁciently, particularly, during the initial period. It was expected that the initial
mixing conditions would critically affect the product quality. Procedure-TEOS was used as a reference to the aforementioned three
procedures.
Fig. 2 shows XRD patterns of the KIT-6 and SBA-15 products as
displayed with respect to synthetic procedures. As judged by the
structural order from the XRD patterns, the quality of samples increases in the order of Procedure-FD  Procedure-SD [ Procedure-TEOS  Procedure-EM. Procedure-FD gave SBA-15 and KIT-6

Fig. 5. TEM images of (a) SBA-15-EM and (b) KIT-6-EM.
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samples of very poor quality. Procedure-SD is much better than
Procedure-FD. However, the structural order was still low as compared with samples obtained with TEOS. The samples prepared
with the electric mixer (SBA-15-EM and KIT-6-EM, synthesized
according to Procedure-EM) exhibited the best-resolved X-ray diffractions with the strongest intensity.
The N2 isotherm characterization (Figs. 3 and 4) gives further
information about structural order and porosity of products. The
textural properties obtained from N2 adsorption–desorption isotherm data are summarized in Table 1. The results represented that
the trend of sample quality is the same as the result from XRD.

49

Note that similar mesopore diameters were determined by N2
adsorption in all the KIT-6 products, although the unit cell size,
 [18], of KITdetermined from (2 1 1) reﬂection of the cubic Ia3d
6-TEOS was larger than that of KIT-6 obtained from water glass.
The discrepancy between lattice spacing and pore diameters may
be attributed to the signiﬁcant difference in the synthesis conditions, between the two silica sources. The synthetic procedures
using water glass are performed at high concentrations of Na+
and Cl ions. The salt effect does not change the product phase
considerably in the case of SBA-15 formation, because the SBA15 phase is obtained over a very wide compositional domain.

Fig. 6. SEM images of mesoporous silicas under various synthesis conditions: (a) SBA-15-FD, (b) SBA-15-SD, (c) SBA-15-EM, (d) SBA-15-TEOS, (e) KIT-6-FD, (f) KIT-6-SD, (g)
KIT-6-EM, and (h) KIT-6-TEOS.
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Hence, the SBA-15 syntheses using water glass and TEOS were performed under the same experimental conditions, except for the
addition of Na+ and correspondingly increased amount of HCl in
the case of water glass. In comparison, the KIT-6 phase is sensitive
to the salt concentration. Highly ordered KIT-6-TEOS samples were
reproducibly synthesized under the synthesis conditions using
TEOS at 308 K. However, the substitution of TEOS to water glass
under the same condition led to the formation of an SBA-15-like
hexagonal product. The KIT-6 phase with water glass was obtained
after substantially modiﬁcation of the synthesis gel composition
(see Section 2). Besides, the temperature was changed from 308
to 298 K. Since the details of the synthesis conditions based on
water glass and TEOS were different, the resultant KIT-6 materials
may well have different pore wall thickness, and perhaps, different
microporosity in the pore walls.
To elucidate the mesoporous nature and morphologies of the
SBA-15 and KIT-6, we obtained electron microscopy images of
the products. The TEM images of SBA-15-EM and KIT-6-EM showed
well-ordered structures for the most parts (Fig. 5), whereas amorphous silica was often observed in Procedure-FD and Procedure-SD
(not shown), supporting that pH change rate of water glass significantly inﬂuences the quality of the mesoporous silica. The trend
observed in the amounts of amorphous silica in TEM images
(Fig. 6) was similar in SEM images. Additionally, from SEM images,
the morphologies of the products under various synthesis conditions can be visualized (Fig. 6). The SEM image of the SBA-15-FD
was almost entirely covered with amorphous silica. In SBA-15SD, a large particle consists of many small particles of SBA-15,
which was similar to macaroni in shape. Fig. 6c and d showed
the SEM images of SBA-15 mesoporous silicas synthesized with
Procedure-EM and Procedure-TEOS, respectively. Bundles of SBA15 with long ﬁbers were observed in Procedure-EM, while bundles
of SBA-15 with short ﬁbers were shown in Procedure-TEOS. Therefore, the morphologies and dimension of the SBA-15 particles depend upon the synthetic procedure. However, the shape of KIT-6
was similar in all the products regardless of synthetic procedures.
In SBA-15 synthesis with TEOS, the silica source is added into an
aqueous solution containing surfactants and HCl [14]. Under the
acidic synthesis conditions, TEOS is rapidly hydrolyzed to a
hydroxysilane and subsequently polymerized. The catalytic polymerization by H3O+ is known to occur slowly [35,36]. KIT-6 is synthesized almost in the same way, except for the use of n-butanol at
298 K [17,18]. The silicate species thus forming under the strongly
acidic condition are positively charged [34]. The silicate species can
bind onto the polyethylene-oxide moiety in the P123 surfactant,
due to the interaction by hydrogen-bonding, electrostatic force
mediated by counter-anions, and also van der Waals force
[36,37]. On this ground, it is reasonable that the binding afﬁnity increase with the molecular volume during polymerization, giving
rise to the formation of the SBA-15 and KIT-6 structures when
the degree of polymerization could reach to a suitable level. At a
lower degree of polymerization, the silicate–surfactant interaction
(that is, the thermodynamic effect for self-assembly) would be
insufﬁcient. At a higher degree, the interaction would be sufﬁcient,
but the silicate molecular (or ionic) volume becomes unsuitably
large. Thus, the formation of silicate-surfactant assembly to ordered mesostructures could occur successfully in Procedure-TEOS
through a delicate harmony between the kinetic effect and the
thermodynamic effect.
When water glass was used as a silica source, the structural order of the resultant products depended very critically on mixing
conditions, especially during the initial mixing period between
the basic silica sources and the acidic P123-HCl solution. The sodium silicate species in water glass are negatively charged anions
[34] that do not have sufﬁcient interactions with surfactants. A
large amount of HCl must be used to convert the entire reaction

mixture to a strongly acidic condition after neutralization of sodium silicate solution. The acidiﬁcation should convert the negatively charged silicate species to positively charged ones that can
have sufﬁcient interactions with surfactants. The initial mixing
must be performed extremely rapidly and homogeneously as in
Procedure-EM. The pH of the entire region containing silica sources
must be changed from 14 to 0 instantaneously, so that the silicate
anions are converted to hydroxysilanes before polymerization
starts under the acidic condition (Scheme 1). If pH is changed
slowly, the silicates can be polymerized very rapidly by OH- catalysts around pH 7–10 [34]. The polymerization by OH- occurs so
fast that the molecular weight can already exceed a suitable range
for their assemblage to ordered mesostructure with surfactants.
The results presented in Figs. 2 and 6 and Table 1 support this
explanation. Procedure-FD was unsuitable for syntheses of high
quality samples as the mixing power of the magnetic stirrer was
not sufﬁcient for homogeneous mixing. The result was a poorly ordered product. Procedure-EM and Procedure-SD appeared to give
products of similarly high quality as judged by XRD, but the N2
adsorption data indicated a signiﬁcant advantage for ProcedureEM.
The 29Si NMR spectra in Fig. 7 were obtained from water glass
solutions, which were diluted in distilled water to 14.5 wt% SiO2.
The solution without HCl exhibited ﬁve peaks corresponding to
Q0–Q4 Si atoms. The solution with HCl showed almost the same
spectral pattern at the beginning (spectrum taken 1 min after acidiﬁcation). Relative intensity of all silicon atoms was retained. With
increasing time, the Q0 peak disappeared, Q1 and Q2 peaks decreased
in intensity, and Q3 and Q4 increased. This result indicates that no
signiﬁcant changes occurred in the framework structure of the silicate species until 1 min following the acidiﬁcation treatment. That
is, the silicate anions were converted to hydroxysilanes without
polymerization. This is reasonable whereas polymerization of silica

Scheme 1. Proposed polymerization mechanism of water glass in Procedure-EM.
(1) and (2) the acidiﬁcation and protonization of silicate anion in acidic solution,
and (3) condensation reaction catalyzed by H3O+. The quantity of oxygen anion was
equal to that of sodium cation. The weight ratio of Si/Na is 1.6.
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Fig. 7. 29Si NMR spectra at different times before and after adding water glass in
HCl solution.
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species is known to occur slowly by H3O+ catalyst in acidic solutions.
The NMR spectra obtained at 1 and 12 h indicate that polymerization occurred signiﬁcantly during the period of 1–12 h, as evidenced
by increase in the intensity of Q3 and Q4. Thus, the 29Si NMR data
support the synthesis result obtained by Procedure-EM.
4. Conclusions
When SBA-15 and KIT-6 are synthesized with water glass, the
silica source must be mixed into HCl-surfactant solution with vigorous mixing. Under the rapid mixing conditions, „SiO groups in
þ
the sodium silicate species are immediately converted to SiOH2
without further polymerization. The silicate species are then irreversibly polymerized by H3O+ catalyst. Generation of the SBA-15
and KIT-6 products is achieved through the formation of ordered
silicate-surfactant assembly at a suitable degree of polymerization.
The quality of the SBA-15 and KIT-6 products thus obtained is
excellent as compared with products from tetraethoxysilane. The
use of the cost-effective silica source would be a best choice in syntheses of large-pore mesoporous silicas for industrial application.
Acknowledgments
This work was supported by the National Honor Scientist Program of the Korean Ministry of Science and Technology. 29Si
NMR measurement was performed by a support from Korea Basic
Science Institute.
References
[1]
[2]
[3]
[4]
[5]
[6]

A. Taguchi, F. Schüth, Micropor. Mesopor. Mater. 77 (2005) 1–45.
S. Hudson, J. Cooney, E. Magner, Angew. Chem. Int. Ed. 47 (2008) 8582–8594.
C. Ispas, I. Sokolov, S. Andreescu, Anal. Bioanal. Chem. 393 (2009) 543–554.
M. Kruk, M. Jaroniec, R. Ryoo, S.H. Joo, J. Phys. Chem. B 104 (2000) 7960–7968.
A.H. Lu, F. Schüth, Adv. Mater. 18 (2006) 1793–1805.
A. Monnier, F. Schüth, Q. Huo, D. Kumer, D. Margolese, R.S. Maxwell, G.D.
Stucky, M. Krishnamurty, P. Petroff, A. Firouzi, M. Janicke, B.F. Chmelka, Science
261 (1993) 1299–1303.
[7] N.K. Raman, M.T. Adserson, C.J. Brinker, Chem. Mater. 8 (1996) 1682–1701.

51

[8] Q. Huo, D.I. Margolese, U. Ciesla, P. Feng, T.E. Gier, P. Sieger, R. Leon, P.M.
Petroff, F. Schüth, G.D. Stucky, Nature 368 (1994) 317–321.
[9] J.S. Beck, J.C. Vartuli, W.J. Roth, M.E. Leonowicz, C.T. Kresge, K.D. Schmitt, C.T.W.
Chu, D.H. Olson, E.W. Sheppard, S.B. Mccullen, J.B. Higgins, J.L. Schlenker, J. Am.
Chem. Soc. 114 (1992) 10834–10843.
[10] C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartuli, J.S. Beck, Nature 359 (1992)
710–712.
[11] D. Khushalani, A. Kuperman, G.A. Ozin, K. Tanaka, N. Coombs, M.M. Olken, J.
Garces, Adv. Mater. 7 (1995) 842–845.
[12] A. Corma, Q.B. Kan, M.T. Navarro, J. PerezPariente, F. Rey, Chem. Mater. 9
(1997) 2123–2126.
[13] R. Ryoo, S.H. Joo, J.M. Kim, J. Phys. Chem. B 103 (1999) 7435–7440.
[14] D. Zhao, J. Feng, Q. Huo, N. Melosh, G.H. Fredrickson, B.F. Chmelka, G.D. Stucky,
Science 279 (1998) 548–552.
[15] D. Zhao, Q. Huo, J. Feng, B.F. Chmelka, G.D. Stucky, J. Am. Chem. Soc. 120 (1998)
6024–6035.
[16] T.W. Kim, R. Ryoo, M. Kruk, K.P. Gierszal, M. Jaroniec, S. Kamiya, O. Terasaki, J.
Phys. Chem. B 108 (2004) 11480–11489.
[17] F. Kleitz, L.A. Solovyov, G.M. Anilkumar, S.H. Choi, R. Ryoo, Chem. Commun.
(2004) 1536–1537.
[18] T.W. Kim, F. Kleitz, B. Paul, R. Ryoo, J. Am. Chem. Soc. 127 (2005) 7601–7610.
[19] Y. Sakamoto, T.W. Kim, R. Ryoo, O. Terasaki, Angew. Chem. Int. Ed. 43 (2004)
5231–5234.
[20] A. Galarneau, H. Cambon, F.D. Renzo, F. Fajula, Langmuir 17 (2001) 8328–8335.
[21] R. Ryoo, C.H. Ko, M. Kruk, V. Antochshuk, M. Jaroniec, J. Phys. Chem. B 104
(2000) 11465–11471.
[22] Q. Huo, D.I. Margolese, G.D. Stucky, Chem. Mater. 8 (1996) 1147–1160.
[23] A. Sayari, P. Liu, M. Kruk, M. Jaroniec, Chem. Mater. 9 (1997) 2499–2506.
[24] F.Y. Dai, K. Deguchi, M. Suzuki, H. Takahashi, Y. Saito, Chem. Lett. 17 (1988)
869–872.
[25] J.L. Bass, G.L. Turner, J. Phys. Chem. B 101 (1997) 10638–10644.
[26] A. Galarneau, H. Cambon, F.D. Renzo, R. Ryoo, M. Choi, F. Fajula, New J. Chem.
27 (2003) 73–79.
[27] M. Choi, W. Heo, F. Kleitz, R. Ryoo, Chem. Commun. (2003) 1340–1341.
[28] Z. Liu, O. Terasaki, O.K. Hiraga, H.J. Shin, R. Ryoo, ChemPhysChem 2 (2001)
229–231.
[29] N. Yu, Y. Gong, S. Wang, D. Wu, J. Mater. Sci. Lett. 17 (2003) 1229–1231.
[30] J. Shah, S. Kim, T.J. Pinnavaia, Chem. Commun. (2004) 572–573.
[31] J.M. Kim, G.D. Stucky, Chem. Commun. (2000) 1159–1160.
[32] L. Sierra, J. Güth, Micropor. Mesopor. Mater. 27 (1999) 243–253.
[33] F. Kleitz, T.W. Kim, R. Ryoo, Bull. Korean Chem. Soc. 26 (2005) 1653–1668.
[34] R.K. Iler, The Chemistry of Silica, Wiley, New York, 1979.
[35] J.Y. Ying, C.P. Mehnert, M.S. Wong, Angew. Chem. Int. Ed. 38 (1999) 56–77.
[36] H.P. Lin, C.Y. Mou, Acc. Chem. Res. 35 (2002) 927–935.
[37] Q.S. Huo, D.I. Margolese, U. Ciesla, D.G. Demuth, P.Y. Feng, T.E. Gier, P. Sieger, A.
Firouzi, B.F. Chmelka, F. Schüth, G.D. Stucky, Chem. Mater. 6 (1994) 1176–
1991.

