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Co-development of Crystalline and Mesoscopic Order in
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Abstract: Mesoporous zeolites are a new and technologically
important class of materials that exhibit improved diffusion
and catalytic reaction properties compared to conventional
zeolites with sub-nanometer pore dimensions. During their
syntheses, the transient developments of crystalline and mesoscopic order are closely coupled and challenging to control.
Correlated solid-state NMR, X-ray, and electron microscopy
analyses yield new molecular-level insights on the interactions
and distributions of complicated organic structure-directing
agents with respect to crystallizing zeolite frameworks. The
analyses reveal the formation of an intermediate layered
silicate phase, which subsequently transforms into zeolite
nanosheets with uniform nano- and mesoscale porosities.
Such materials result from coupled surfactant self-assembly
and inorganic crystallization processes, the interplay between
which governs the onset and development of framework
structural order on different length and time scales.

S

urfactant-directed zeolites with mesostructural order often
exhibit improved transport, adsorption, and reaction properties compared to conventional zeolites, especially with respect
to large molecules.[1–5] During their syntheses, coupled framework crystallization and surfactant self-assembly processes
occur that are not well understood and are challenging to
control. Here, we elucidate the molecular-level processes and
interactions that underpin simultaneous inorganic crystallization and surfactant-directed ordering during the syntheses
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of mesostructured zeolite silicalite-1, the siliceous analog of
the technologically important aluminosilicate zeolite ZSM-5
catalyst with an MFI-type structure. Transient local compositions, atomic and mesoscale structures, and surfactantframework interactions are monitored by ex situ solid-state
nuclear magnetic resonance (NMR) spectroscopy, X-ray
diffraction (XRD), and high-resolution transmission and
scanning electron microscopy (TEM, SEM) measurements.
The analyses establish the development and evolution of
transient framework structures during hydrothermal synthesis, revealing that siliceous zeolite MFI nanosheets form
through intermediate nanolayered frameworks with 2D
crystal-like structures.
Generally, mesoporous zeolites can be synthesized by
balancing colloidal aggregation, surfactant self-assembly, and
zeolite crystallization processes. Synthesis strategies have
relied on controlling aggregation of pre-nucleated zeolite
nanocrystals, such as by grafting hydrophobic species to the
nanoparticle surfaces,[6] or by directing their self-assembly
into mesostructured frameworks with organosilane species.[7, 8] Alternatively, zeolites with mesostructural order can
be synthesized by co-assembly of novel structure-directing
surfactants with inorganic precursors that subsequently condense and crystallize, while maintaining high extents of
uniform mesoscale order.[1, 2]
Until now, little has been known about how such selfassembled and crystalline frameworks develop and how their
structures transform over different length and time scales.
The majority of surfactant-directed materials with mesostructural order previously reported exhibit amorphous frameworks, such as MCM-[9] or SBA-type[10] mesoporous silicas.
Early attempts at synthesizing such materials with crystalline
frameworks used combinations of structure-directing species
that tended to form separate zeolitic or mesostructured
materials, producing either bulk zeolites, amorphous mesoporous materials, or their physically segregated mixtures.[11, 12]
Surfactant-directed materials with both long-range atomic
and mesoscopic order were synthesized using mono-quaternary ammonium surfactants that led to nanolayered silicates
with 2D crystal-like frameworks, although they were fragile
and non-porous.[13] By comparison, multi-quaternary ammonium surfactants have been shown to lead to more structurally
robust mesostructurally ordered zeolites with both highly
uniform bimodal nano- and mesoscale porosities and technologically important catalytic reaction properties.[1, 2] Few
such materials have been synthesized, in part because of the
difficulty of characterizing and controlling the coupled
crystallization and self-assembly processes.
For the case of mesostructured zeolite MFI nanosheets,
the development and evolution of crystalline and mesostruc-
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After 10 and 12 days of hydrothermal synthesis, the XRD
patterns (Figure 1 a) show scattering intensities that are
indexable to zeolite MFI frameworks with lamellar mesophase ordering (d-spacing 6.3 nm), as corroborated by TEM
(Figure 1 c). The 29Si CP-MAS spectra (Figure 1 b) reveal that
the five 29Si signals from the nanolayered silicate intermediate
exhibit diminished intensity and
eventually disappear, as MFI
crystallization is completed
after 12 days.[1] They are
replaced by broad 29Si signals
centered
at
101
and
112 ppm, associated with surface Q3 and Q4 29Si moieties of
the MFI frameworks, which
contain at least 24 crystallographically distinct 29Si sites,
though the signals of which are
overlapping in the 1D spectrum.[18] The zeolite MFI nanosheets thus appear to form
through an atomically ordered
nanolayered intermediate, as
governed by the coupled influences of zeolite- and mesostructure-directing moieties of the
surfactant species. Interestingly,
the XRD, NMR, and TEM
measurements all show eviFigure 1. a) Small- and wide-angle powder XRD patterns, b) solid-state 29Si CP-MAS NMR spectra, and
c) representative TEM images[14] of the products obtained after 1, 7, 8.5, 10, and 12 days during
dence (Figure 1) that the zeolite
hydrothermal synthesis (130 8C) of mesostructured zeolite MFI nanosheets. XRD reflections are labeled
MFI nanosheets have begun to
with respect to the different characteristic material structures: initially amorphous silica frameworks with
crystallize after seven days of
weak hexagonal mesophase ordering (green), intermediate nanolayered silicates (blue), and zeolite MFI
hydrothermal synthesis.
nanosheets (black).
Importantly, the di-quaternary ammonium headgroups of
the surfactant species direct the
formation of both the intermediate silicate and zeolite MFI
small- and wide-angle XRD patterns (Figure 1 a) of the
frameworks, as established by the solid-state 2D 29Si{1H}
intermediate product exhibit reflections that are consistent
with a weakly ordered hexagonal mesophase (unit cell
HETCOR NMR spectrum (Figure 2) acquired on the interparameter 5.4 nm), as corroborated by TEM (Figure 1 c),
mediate product after 8.5 days of hydrothermal synthesis.
and an atomically disordered silica framework. The 29Si crossStrong 2D intensity correlations are observed between the
five 29Si signals from the nanolayered silicate framework
polarization magic-angle spinning (CP-MAS) spectrum (Figure 1 b) shows three broad, overlapping signals at 89, 98,
(blue dashed lines) and the 1H signal at 3.3 ppm from the
2
3
4
and 109 ppm, corresponding to amorphous Q , Q , and Q
quaternary ammonium moieties N+CH2- (d) and N+CH3 (e)
29
of the surfactant headgroups, establishing their mutual
Si moieties, respectively, with increasing extents of crossinteractions. This same 1H signal is also correlated with
linking. After 7 and 8.5 days, the small-angle XRD reflections
indicate the appearance of a developing lamellar mesostrucpartially resolved 29Si signals from 111 to 113 ppm assoture (d-spacing 2.9 nm), as corroborated by TEM, while the
ciated with developing and crystallized Q4 sites in the MFI
29
29
framework (red dashed lines). 2D intensity correlations are
Si CP-MAS spectra reveal five resolved Si signals at 97.0,
also observed between the same 29Si signals from the nano100.8, 103.7, 109.0, and 114.7 ppm (labeled 1–5) that
reflect the development of appreciable short-range atomic
layered silicate and MFI frameworks and the 1H signal at
29
order. Interestingly, these isotropic Si chemical shifts are
1.5 ppm from the surfactant C6 alkyl chains (b,c). After
identical to those reported for a nanolayered silicate[13, 15–16]
12 days, an analogous 2D 29Si{1H} HETCOR spectrum (Figure S2) acquired on the mesostructured zeolite MFI product
synthesized under similar conditions, but using a monoreveals similar correlated intensity between 29Si signals from
quaternary ammonium surfactant. The wide-angle XRD
pattern also exhibits reflections that are consistent with the
incompletely condensed (likely surface) Q3 and Q4 MFI sites
a and b axes of these nanolayered silicates (d-spacings of 0.85
and 1H signals associated with both N+CH2- and N+CH3
[13, 15–16]
and 0.68 nm, respectively),
comparisons of which are
headgroup moieties (d,e) and the C6 alkyl chains (b,c). The
shown in the Supporting Information (Figure S1).
2D 29Si{1H} HETCOR spectra thus establish strong interactural order are highly coupled. Initially, products form with
weak mesophase ordering and amorphous frameworks that
transform into about 1 nm-thick silicate sheets with high
extents of 2D atomic order, which subsequently crystallize
into assemblies of mesostructured zeolite MFI nanosheets
with 3D atomic order (Figure 1). For example, after 1 day, the
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spectroscopy (Figure 4 a), which establish that zeolite crystallization under these conditions occurs within the same
domains and not by dissolution and re-precipitation.
Direct evidence for the conversion of the nanolayered
silicate intermediates into the zeolite MFI nanosheets is
established by 2D 29Si{29Si} correlation NMR spectra, which
reveal interactions between pairs of dipole–dipole-coupled
29
Si framework sites, as they are in the process of transforming. The 2D 29Si{29Si} NMR spectrum acquired for the
intermediate product (99 % 29Si-enriched) after 10 days of
hydrothermal synthesis (Figure 4 a) exhibits numerous
resolved 29Si signals that are correlated across the diagonal
(black dotted line), manifesting the mutual proximities
(< 8 [19, 20]) of different 29Si framework sites. 2D intensity
correlations are observed between the five distinct 29Si signals
associated with the nanolayered silicate framework (blue

Figure 2. Solid-state 2D 29Si{1H} HETCOR NMR spectrum of the
intermediate product of crystallizing zeolite MFI nanosheets after
8.5 days of hydrothermal synthesis. 1D 29Si CP-MAS and single-pulse
1
H MAS NMR spectra are shown along the horizontal and vertical
axes, respectively. A schematic diagram of a di-quaternary-ammonium
surfactant molecule is labeled with 1H signal assignments (a–g) of
covalently bonded hydrogen atoms.

tions between the surfactant headgroups and linking C6 alkyl
segments with both the nanolayered silicate and zeolite MFI
frameworks.
Electron microscopy measurements performed on materials at intermediate stages of zeolite crystallization provide
additional insights into how the nanolayered intermediate
silicates transform into the zeolite MFI nanosheets. The TEM
image acquired on the product after 8.5 days of hydrothermal
synthesis (Figure 1 c) shows regions where the nanolayered
silicates are crystallizing into zeolitic structures within the
same domains. SEM images of the same material (Figure 3)
reveal characteristic morphologies associated with the nanolayered silicates, zeolitic MFI nanosheets, and crystallizing
regions, which co-exist within the same particle. These results
corroborate the molecular insights provided by 2D NMR

Figure 3. a) Representative SEM image of the intermediate product of
crystallizing zeolite MFI nanosheets after 8.5 days of hydrothermal
synthesis. b) Enlarged region showing morphologies associated with
the intermediate nanolayered silicates, the zeolite MFI nanosheets,
and the transformation between them.
Angew. Chem. Int. Ed. 2015, 54, 927 –931

Figure 4. a) Solid-state 2D dipolar-mediated 29Si{29Si} correlation NMR
spectrum of the intermediate product of crystallizing zeolite MFI
nanosheets after 10 days of hydrothermal synthesis. A 1D 29Si CP-MAS
NMR spectrum is shown along the horizontal axis. b) TEM image
depicting a region in which intermediate nanolayered silicates are
transforming into zeolite MFI nanosheets.
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phase transition occurs, reflecting the dominant interactions
associated with the crystallizing silicate networks (for which
2D structures are common, e.g., clays), over the much weaker
van der Waals interactions associated with liquid-crystal-type
structures. Such coupled structural changes are consistent
with the large differences in enthalpies associated with zeolite
crystallization (ca. 900 kJ mol 1),[22] compared to transitions
between self-assembled surfactant phases (ca. 5 kJ mol 1
per methyl group[23]). Over longer hydrothermal synthesis
times (ca. weeks), the intermediate nanolayered silicates
transform into crystalline zeolite MFI nanosheets (Figure 5 c),
condensing together to an extent that depends on the number
of surfactant headgroups and the length of the hydrophobic
alkyl linkers. Under hydrothermal synthesis conditions, it is
likely that thermal fluctuations allow the pliable nanolayered
silicate sheets to make contact and cross-link, as required for
their further crystallization (see SI for more details).
Other researchers have reported that zeolites with 3D
crystalline frameworks can be synthesized from 2D layered
(alumino)silicates, although with important distinctions compared to the results reported here. For example, layered
materials have been used as precursors to form MWW-type[24]
zeolites (e.g., ITQ-1[25]), ferrierite,[26] as well as new zeolites
(e.g., CDS-1[27] and RUB-41[28]). However, such examples
have been shown[27, 28] or are suggested[26] to involve the
topotactic condensation of layered (alumino)silicates during
calcination, which retain their local structures as they
condense into zeolites. Intermediate layered aluminosilicates
have also been reported to form during hydrothermal
syntheses of zeolites ZMS-48 and Beta.[29] However, longrange ordering of the intermediate layered frameworks
disappeared prior to zeolite formation, suggesting that the
layered compounds dissolved and did not transform directly
into zeolitic structures.[29] Here, the nanolayered silicates
transform into zeolite MFI nanosheets non-topotactically, yet
with both framework structures co-existing in sub-nanometerscale proximities. Collectively, the results indicate that 2D
layered (alumino)silicates can transform into
3D zeolitic structures under different pathways and synthesis conditions.
In summary, the complicated atomic and
mesoscale framework transformations that
occur during hydrothermal syntheses of mesostructured zeolites are shown to be highly
correlated. Here, surfactant-directed mesostructured silica, initially formed with an
amorphous framework, transformed slowly
into an intermediate nanolayered silicate
that subsequently crystallized into self-supporting nanosheets of silicalite-1 with a MFI
structure and bimodal sub-nano- and mesoscale porosity. The combined NMR, XRD,
and TEM analyses establish the coupled
processes and molecular-level interactions
Figure 5. Schematic diagrams of the atomic and mesoscopic material structures that
that transiently govern framework crystallizaevolve during the hydrothermal crystallization of the zeolite MFI nanosheets: a) initially
tion and surfactant self-assembly and thereby
amorphous silica frameworks (gray) with weak hexagonal mesophase ordering, b) interinfluence the development and evolution of
mediate nanolayered silicates, and c) zeolite MFI nanosheets. Si and O framework atoms
framework structural order over different
are represented by blue and white spheres, respectively. The surfactant headgroups and
alkyl chains are represented by black circles and gray lines, respectively.
length and time scales. The resulting insights

anti-diagonal lines), establishing sub-nanometer-scale proximities between the different sites that are identical to those
previously reported for a 2D silicate framework.[15, 16] The
broad 2D correlated intensity straddling the spectrum diagonal at approximately 112 ppm is associated with 29Si site
pairs among the 24 crystallographically distinct Q4 sites of the
MFI frameworks. This 29Si intensity is also correlated with the
broad 29Si signal at approximately 104 ppm from surface Q3
moieties of the 2.7 nm-thick zeolite nanosheets.
Crucially, 2D intensity correlations are observed (Figure 4 a, red anti-diagonal lines) between 29Si signals associated with the transforming nanolayered silicates and the
developing crystalline Q4 29Si MFI sites, manifesting their subnanometer-scale proximities. For example, 29Si signals at
approximately 97 and 104 ppm associated with Q3 sites
1 and 2 in the nanolayered silicates, respectively, are
correlated with different 29Si signals from
111 to
116 ppm associated with crystallizing or fully crystalline
Q4 MFI framework sites. These results establish that the
nanolayered silicates locally transform into zeolite MFI
nanosheets within the same domains, as opposed to dissolving
and re-crystallizing into zeolitic structures in different regions.
Such observations are corroborated by TEM measurements
(Figure 4 b) that reveal regions where the nanolayered
silicates are crystallizing into zeolite MFI nanosheets, consistent with the TEM and SEM images above.
The different atomic and mesoscopic structures that
develop and evolve during hydrothermal crystallization of
the zeolite MFI nanosheets are depicted schematically in
Figure 5. Initially, the cationic organic surfactants and hydrolyzed anionic silica precursors co-assemble rapidly (ca.
seconds to minutes)[21] into MCM-41-like hexagonal mesostructures with amorphous silica frameworks (Figure 5 a).
Over longer times (ca. days), the di-quaternary ammonium
surfactants direct the formation of nanolayered silicates with
2D-crystal-like frameworks (Figure 5 b). As the atomically
ordered frameworks form, a hexagonal-to-lamellar meso-
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are expected to aid the development of design strategies
aimed at synthesizing new surfactant-directed zeolites with
different framework structures and mesophase ordering with
desirable transport and catalytic properties.

Experimental Section
Materials: Siliceous zeolite MFI nanosheets and intermediate products were synthesized according to the procedure of Na, et al.[3] from
the same starting mixture and under identical hydrothermal conditions, except for their reaction times. Detailed synthesis and
characterization procedures are described in the SI.
Solid-state NMR spectroscopy: All solid-state NMR experiments
were performed under ambient conditions on a Bruker AVANCE
IPSO 500 NMR spectrometer with an 11.74 Tesla widebore superconducting magnet operating at 500.13 and 99.35 MHz for 1H and 29Si
nuclei. All spectra were acquired at 4.6 kHz (2D 29Si{29Si} NMR
spectrum) or 12.5 kHz (all other NMR spectra) MAS. Additional
details are described in the Supporting Information.
Received: August 27, 2014
Published online: November 24, 2014
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