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The construction of inorganic architectures with hierarchi-
cally complex structures and optimized properties for specific
applications is a current objective in materials chemistry.[1–3]

These highly organized materials, including metal and metal
oxides,[4] bio-minerals,[5] and micro- and mesoporous materi-
als,[6–9] have great potential as agents in medical (e.g.
controlled drug delivery), optical, electronic, and magnetic
applications. Besides methods that involve molecular cross-
linking[10] or antibody–antigen recognition,[11] most high order
inorganic frameworks are synthesized through so-called
template-assisted processes with building blocks such as
nanosized particles generated either beforehand or in situ.

Although classified under template-assisted processes,
many different approaches are involved in such constructions.
Examples include guided growth within confined geome-
tries,[12] monodisperse polymer sphere templating,[5b,6b,7,13]

polydimethylsilane stamp patterning,[4c,8] aligned polyur-
ethane film matrixing,[9] and pseudomorphic self-templating
transformations.[14] Interestingly, although different in con-
cept, most templates employed in the synthesis are hard
templates such as polymer spheres, organic moulds, macro- or
mesoporous materials,[15] bacteria,[6a] and diatom shells.[16]

Very few cases of simple processes that employ soft or dual-
soft templates to build complex multilevel structures from a
functional basic unit have been reported. Herein we describe
a feasible and facile one-pot approach, which first employs a
small HMI (hexamethyleneimine) template to generate the
sheetlike building block of microporous MCM-22 zeolite,
then a supramolecular surfactant acts as a co-template to
assist the assembly of these building blocks in situ into
superstructures.

Zeolite MCM-22 is a microporous material composed of
interconnected {435663[43]} building units that form two
independent pore systems: two-dimensional 10-ring intra-
layer channels, and 12-ring interlayer supercages with depths
of 18.2 9, both of which are accessible through 10-ring
apertures.[17] This makes MCM-22 a promising catalyst for
many processes and particularly for hydrocarbon conversion
reactions.[18] Although other morphologies such as spheres
have been reported for MCM-22 crystals,[19] the more
common morphology of MCM-22 consists of sheetlike discs
or aggregates of several cross-linked discs of 2–5 mm in
diameter and 10–40 nm in thickness (see Supporting Infor-
mation).[20,21]

However, when nonionic surfactants were added to the
system doughnutlike products with different morphologies
and surface patterns were obtained. For example, the sample
M20 was synthesized with the addition of
C16H33(OC2H4)20OH at 160 8C. The dominant product
(> 85% yield) was spherical with a diameter of around 8–
10 mm and with a scaled surface pattern (Figure 1a,b).

Figure 1. a), b) FESEM pictures, and c) TEM picture of the sample
M20 (synthesized at 160 8C in the presence of C16H33(OC2H4)20OH).
Scale-like patterns and holes can be observed on the spheres in a) and
b); c) shows a channel penetrating the sphere.
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Furthermore, small holes (� 1.5–2 mm according to TEM)
were found at the center of the spherical structures. The TEM
image of the top surface of one such particle (Figure 1c)
revealed that these holes are actually channels that penetrate
through the centers of the particles to form doughnutlike
structures. FESEM (field emission scanning electron micro-
scopy) measurements of samples prepared in the absence of
nonionic surfactants show that the doughnuts are composed
of individual sheets (see Supporting Information). However,
at this stage, we were unable to conclude whether or not these
scales consisted of MCM-22 as the influence of the added
nonionic surfactants on the crystal structure of the products
was unclear.

XRD studies of the “doughnuts” before and after
calcination (Figure 2a, I and II, respectively) reveal both
sharp and broad peaks that are consistent with the diffraction
peaks of zeolite MCM-22.[17, 20] Peaks at 2q= 6.5 and 7.28 in
Figure 2aI corresponding to (002) and (100) peaks, respec-
tively, are clearly discerned. After calcination, these two
peaks overlap owing to the structural contraction along the c
axis. Furthermore, broad peaks within the range 18–258 split
and become more defined (Figure 2aII). These XRD details
are characteristic of MCM-22 and confirm that the building
blocks constructing the giant doughnut-shaped structures are
indeed zeolite MCM-22. The nonionic surfactants, which are
not involved in the crystallization process of the individual
scales of MCM-22 sheets, are instead involved in the self-
assembly into super-structures. Importantly, samples pre-
pared in the absence of nonionic surfactants consist of normal
random oriented MCM-22 discs (see Supporting Informa-
tion).

Figure 2bI shows the 13C cross-polarization/magic-angle
spinning (CP/MAS) NMR spectrum of the sample MN (which
was synthesized in the absence of surfactant). When com-
pared with the standard 13C NMR spectrum of HMI which
displays three signals at d= 51.5, 34, and 29.5 ppm (see
Supporting Information), the three peaks in the spectrum of
MN at d� 55, 47, and 26.5 ppm can be assigned to signals
arising from C1, C1, and C2/C3 (Figure 2b), respectively, of
HMI molecules within the zeolitic channels.[21] The two
signals for C1 are attributed to HMI template molecules
residing in two distinct inter- and intralayer void spaces of
MCM-22; the strong interactions between HMI molecules
and the zeolite framework account for the different chemical
shifts for C1.[21]

Two additional peaks appear in the NMR spectrum of the
sample M20 (synthesized in the presence of surfactant), one
at d� 28 ppm and the other at d� 53.5 ppm (Figure 2bII)
although the sample was repeatedly washed with deionized
water before NMR measurements. When compared with the
13C NMR spectrum of the surfactant C16H33(OC2H4)20OH
(see Supporting Information), we see that the signal at d=

28 ppm in Figure 2bII arises from the carbon atoms in the
alkyl chain C16H33-, whereas the signal at d� 53.5 ppm can be
assigned to the carbon atoms in the oxyethylene groups
(OC2H4)20. The former peak overlaps with that of the C2/C3
atoms of HMI to result in a more intense peak at d� 28 ppm.
The shift in the signals arising from pure surfactant molecules
and those incorporated into the MCM-22 superstructure are

Figure 2. a) XRD patterns of sample M20: I) before and II) after calci-
nation. The disappearance of the (002) peak and the increased inten-
sity of the peaks at 18–288 are characteristic of the zeolite MCM-22;
b) 13C CP/MAS NMR spectra: I) MN (prepared in the absence of sur-
factant) and II) M20; the signal from incorporated oxyethylene groups
is seen at d=53.5 ppm; (c) DTA curves of synthesized samples I) MN
and II) M20; the new peak at about 250 8C arises from oxyethylene
carbon species.
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again attributed to strong interactions of the nonionic
surfactant with the MCM-22 discs. This result suggests that
the nonionic surfactant remains between the adjacent discs of
individual MCM-22 discs and contributes to the assembly of
the MCM-22 sheets into the “doughnuts”. In other words, the
strong interactions between the surfactant molecules and
MCM-22 building-block discs are the driving force for the
formation of the zeolitic superstructure.

To determine whether the nonionic surfactant had taken
part in the assembly of the doughnutlike superstructure,
further investigations by DTA (differential thermal analysis)
were undertaken as shown in Figure 2c. For the standard
MCM-22 sample, the weight loss in the range of 220–520 8C is
mainly attributed to the removal of the organic template HMI
from the framework.[21] Two peaks were observed when MN
(the sample prepared without the addition of surfactants) was
analyzed; these peaks arise from the presence of template
HMI molecules (Figure 2cI) inside the zeolitic channels. For
sample M20, the peak at about 250 8C on the DTA curve
(Figure 2cII) is characteristic of the removal of oxyethylene
carbon species. Again, this confirms that the second template
(i.e. the surfactant C16H33(OC2H4)20OH) does participate in
the assembly of MCM-22 discs to form high-order super-
structures.

An investigation throughout the duration of the growing
process aided us in understanding the assembly mechanism of
the doughnutlike superstructures. After the gelation of
slurrylike reactants (normally after 2–3 days in a hydro-
thermal bomb at 160 8C), partially crystallized intermediates,
which are occasionally found as by-products (about 5 -20%)
in the final product, were sometimes observed (see Support-
ing Information). These intermediates are thin, oriented
MCM-22 discs aggregated together which then form rolls
probably owing to the larger surface tension on the side with
nonionic surfactant micelles. This stress imbalance probably
arises from the strong interaction between MCM-22 crystal-
lites and surfactant micelles.

A clearer description of this process is illustrated in
Scheme 1. In a typical synthetic procedure for MCM-22, the
mixture of NaAlO2, H2O, HMI, and silica sol produces a

milky slurry. With further hydrothermal reaction, single or
aggregated MCM-22 discs with MWW topology crystallize
from the system. If a nonionic surfactant (e.g.
C16H33(OC2H4)20OH) is added to the slurry with vigorous
stirring before the hydrothermal crystallization process, a
synergic effect of HMI and C16H33(OC2H4)20OH combines
both the growth of MCM-22 discs and the self-assembly
in situ of disclike MCM-22 building blocks in a one-pot
reaction. However, the presence of a possible intermediate
state of the product suggests that the formation of the
doughnutlike superstructure through the growth of MCM-22
discs and the assembly of these zeolitic building blocks is
likely to occur by a sequential process instead of a one-step
procedure. Under these conditions, the formation of dough-
nutlike structures is probably geometrically more favorable
than the normal flat discs.

During the study, we also noticed that products with
different morphologies could be obtained upon variation of
the crystallization temperature. Taking M20 for example,
when the system was heated at 150 8C uniform spherical
superstructures were synthesized with an average diameter of
8–12 mm (see Supporting Information). XRD analysis con-
firmed that the superstructures consisted of building blocks
with MWW topology (MCM-22). However, high resolution
SEM pictures show that the MCM-22 discs assembled in a
much more compact manner at 150 8C (Figure 3a) than at
160 8C (Figure 3b).

Besides C16H33(OC2H4)20OH, other nonionic surfactants
such as C16H33(OC2H4)10OH and H(OC2H4)20(OC3H6)70(O-
C2H4)20OH (P123) that have different numbers of oxyethy-
lene groups as well as different molecular sizes were
employed in the synthesis. SEM pictures show remarkable
morphological differences of the two samples obtained at
150 8C when compared with that of M20. The surface of the
M10 superstructure (prepared in the presence of
C16H33(OC2H4)10OH) was more coarse and scale-like frag-
ments on the surfaces were observed among the particles
(Figure 3c). Sample MP (with the addition of P123) consisted
of spheres with a similar average diameter of about 8–12 mm.
However, Figure 3e shows that the linear patterns on the MP
surfaces are thicker and more compact than those on the M10
and M20 surfaces. When the crystallization temperatures
were increased to 160 8C, a much less compact assembly was
observed by SEM analysis of samples M10 (Figure 3d) and
MP (Figure 3 f). For C16H33(OC2H4)10OH, which has a smaller
polyoxyethylene group, the MCM-22 discs were only poorly
aggregated and no doughnutlike superstructures were
observed by SEM for the sample synthesized at 160 8C
(Figure 3d). However, in this case a peony-like superstructure
resulted in which there was no penetrating hole in the center.
Owing to the larger polyoxyethylene groups in P123 and
C16H33(OC2H4)20OH, the interactions between nanoscale
MCM-22 building blocks and surfactant molecules (in the z
direction) were still strong enough for the discs to assemble
into large spherical superstructures, though in a relatively less
compact manner at 160 8C. XRD results of samples M10 and
MP at 150 and 160 8C both confirmed that these products
were still constructed of zeolite MCM-22. 13C CP/MAS NMR
and DTA studies gave similar results for M20.

Scheme 1. With the addition of nonionic surfactant, rolled MCM-22
building blocks crystallize in the system and assemble in situ into
doughnutlike superstructures. Without the addition of surfactant,
MCM-22 discs do not form macrostructured spherical products.
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It is likely that the repeating oxyethylene units in the
surfactant molecules play an important role in the assembly
process. The interactions of these hydrophilic groups with the
aluminosilicates appear to be the driving force behind the
assembly of the zeolitic units into superstructures. With more
hydrophilic oxyethylene units in the surfactant molecules, the
interactions become stronger and so the zeolitic discs are
assembled more tightly. This is possibly the reason why MP
superstructures have more compact surface linear patterns
than those of M20 and M10 superstructures. It is not quite
clear why the discs combined less compactly with increased
reaction temperatures, but a possible explanation is that
higher temperatures are not favorable for the surfactants to
form “liquid-crystal” micelles in the mixture and thus the
capacity of the surfactants to assemble is weakened. Another
factor may be that the polyoxyethylene chains in nonionic
surfactant molecules are not stable and decompose at higher
temperatures, which might also account for the less compact
arrangement of the discs in the samples obtained at higher
temperatures.

In conclusion, we have shown that high-order super-
structures with nanoscale zeolitic building units can be
synthesized through the synergic dual-template method by a
one-pot reaction, which opens a new way to construct
hierarchical macrostructures using functional inorganic units
as building blocks.

Experimental Section
Reagents were used as received without further purification: silica sol
(25 wt%), hexamethyleneimine (HMI), sodium aluminate, sodium
hydroxide, deionized water and nonionic surfactants. Three nonionic
surfactants were used: C16H33(OC2H4)10OH, C16H33(OC2H4)20OH,
and H(OC2H4)20(OC3H6)70(OC2H4)20OH (P123). A typical synthetic
procedure for different MCM-22 samples follows:

Sodium aluminate (1 g) and sodium hydroxide (0.2 g) were
dissolved in deionized water (135 mL), and HMI (10.3 g) was added
dropwise to the stirred mixture. Then, either C16H33(OC2H4)20OH
(1.0 g) or C16H33(OC2H4)10OH (1.0 g) or P123 (2.0 g) was dissolved in
silica sol (100.2 g) and added to the above mixture with vigorous
stirring. After stirring for 5 h at room temperature, the slurry was
transferred into a stainless-steel hydrothermal bomb lined with teflon
and heated at 150 8C or 160 8C for 4–6 days. The final products
(labeled M20, M10, and MP, respectively) were washed repeatedly
with cold and hot deionized water and then dried at 80 8C. Calcination
of the synthesized products was carried out in air at 540 8C for 10 h.
For comparison, a normal MCM-22 sample (MN) was also synthe-
sized in the same way but without the addition of surfactant. The
products were characterized by X-ray powder diffraction (XRD,
Rigaku Dmax/rb diffractometer with CuKa radiation, l= 0.1542 nm,
40 kV, 100 mA), electron microscopy (Hitachi HB600 and JEOL
6300F FEGSEM), nuclear magnetic resonance spectroscopy (NMR,
Bruker DRX-400 with BBO MAS probe and 4-mm ZrO2 rotors; 13C
CP/MAS NMR spectra were recorded at 100.62 MHz with a 2500-ms
contact time, a 4-s recycle delay, and a 4-kHz spinning rate), and
differential thermal analysis (DTA, Perkin-Elmer DTA1700) studies .

Received: January 19, 2004 [Z53777]

Figure 3. FESEM pictures of samples synthesized with different surfactants at different temperatures. a), c), and e) show samples M20, M10, and
MP, respectively, at 150 8C; b), d), and f) are SEM pictures of the respective samples crystallized at 160 8C. The MCM-22 building blocks are
arranged in a more compact manner at lower temperature and with increasing numbers of oxyethylene groups.
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