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Directing Zeolite Structures into
Hierarchically Nanoporous Architectures

Kyungsu Na,? Changbum Jo,%? Jeongnam Kim,* Kanghee Cho,"? Jinhwan Jung,
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Crystalline mesoporous molecular sieves have long been sought as solid acid catalysts for
organic reactions involving large molecules. We synthesized a series of mesoporous molecular
sieves that possess crystalline microporous walls with zeolitelike frameworks, extending the
application of zeolites to the mesoporous range of 2 to 50 nanometers. Hexagonally ordered
or disordered mesopores are generated by surfactant aggregates, whereas multiple cationic
moieties in the surfactant head groups direct the crystallization of microporous aluminosilicate
frameworks. The wall thicknesses, framework topologies, and mesopore sizes can be controlled
with different surfactants. The molecular sieves are highly active as catalysts for various
acid-catalyzed reactions of bulky molecular substrates, compared with conventional zeolites

and ordered mesoporous amorphous materials.

anoporous materials possessing pores of
N molecular dimensions can be used to

separate or selectively adsorb guest mol-
ecules according to size and shape (/-3). Zeolites
are the best-known group of these molecular sieves,
constituting a family of crystalline microporous
aluminosilicate minerals (~200 structures) (1, 4).
The pore diameters, shapes, and connectivities are
specified according to their framework structures,
which typically have pore diameters <2 nm. Zeo-
lites are also acid catalysts, cation-exchange ma-
terials, and nanoparticle supports, and they exhibit
high thermal, hydrothermal, and mechanical sta-
bilities (4-6). The framework acidity may be
tailored by the substitution of different hetero-
atoms (for instance, aluminum) into the frame-
work. Thus, zeolites have diverse applications
and occupy >40% of the entire solid catalysts
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currently used in the chemical industry (6). Never-
theless, zeolite applications are limited to small
molecules that can diffuse through the narrow
microporous frameworks.

The microporosity of zeolites is generated by
the incorporation of pore-generating species such
as alkyl-ammonium molecules, which compen-
sate negative charges on the crystallizing silicate
framework (4, 7). Such “porogens” can be removed
(e.g., by thermal calcination), generating a micro-
porous framework. Several porogens can aggre-
gate to generate pores that are larger than those
produced by nonaggregating porogens, but thus
far resulting crystalline zeolite structures have been
limited to pore diameters <2.2 nm (8). In 1992,
Kresge et al. reported a supramolecular templat-
ing mechanism that used surfactant aggregates as
porogens to synthesize ordered mesoporous ma-
terials [e.g., Mobil Composition of Matter No. 41
(MCM-41)] (9). The discovery of this supramo-
lecular porogenic mechanism extended the ap-
plication of molecular sieves to the mesoporous
range (2 to 50 nm). Initially, these mesoporous mo-
lecular sieves (MMSs) attracted attention as large-
pore acid catalysts for various reactions involving

bulky molecules (3, 9, 10). However, due to their
noncrystalline frameworks, these MMSs ex-
hibited insufficient framework acidities and,
consequently, low catalytic activities (3). Tremen-
dous efforts were made in recent years to synthe-
size ordered MMSs with crystalline frameworks
(11-19). However, such ordered MMSs were
difficult to obtain, except for the use of three-
dimensionally ordered mesoporous carbon as a
template (/7). A di-quaternary ammonium sur-
factant was recently tested as a porogen for such
MMSs, but the synthesis yielded two-dimensional
(2D) MFI zeolite nanosheets (18, 19).

We present a family of MMSs in which the
mesopore walls are zeolitelike microporous crys-
talline aluminosilicate frameworks. The synthe-
ses were performed with a series of gemini-type,
polyquaternary ammonium surfactants that could
generate micropores and mesopores simultaneous-
ly (fig. S1 and table S1) (20). Hexagonal meso-
structures were generated by aggregation of the
surfactant molecules, whereas the crystalliza-
tion of microporous frameworks was directed by
quaternary ammonium groups within the mesopore
walls. One notable member of this dual-porogenic
surfactant family has a molecular formula of
Cy5H37-N"(CH3),~C6H N (CH3),~CeH -
N'(CH;),~C;3gH37(Br )5 (abbreviated as 18-N5—18)
(Fig. 1A). This surfactant has a zeolite-directing
head group composed of three quaternary am-
moniums connected with —CgH1,— alkyl spacers
and two hydrophobic —C,gH3 alkyl tails. Hydro-
thermal synthesis using this surfactant resulted in
a hexagonally ordered MMS with 1.7-nm-thick
crystalline MFI-like microporous frameworks
(Fig. 1 and figs. S2 and S3). The use of surfac-
tants with different head groups, which include
higher numbers of quaternary ammonium groups
and the presence of phenyl rings, resulted in
MMSs with thicker mesopore walls and differ-
ent zeolitelike frameworks (Table 1 and figs.
S4 to S10). Although the extent of mesostructural
order decreases as the wall thickness increases,
the thickness of the crystalline walls was uniform
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and tailorable over a range of 2.3 to 5.1 nm accord-
ing to the overall length of the geminilike head
groups. The mesopores also exhibited a narrow
size distribution, where the mean mesopore diam-
eter could be systematically controlled over 3.8 to
21 nm by the addition of micelle swelling agents,
such as 1,3,5-trimethylbenzene. The mesopore
arrangement is reminiscent of Korea Advanced
Institute of Science and Technology No. 1 (KIT-1)
material (figs. S4 to S10), though KIT-1 frame-
works are noncrystalline (217).
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The synthesis procedure is similar to the hy-
drothermal crystallization of a typical bulk zeo-
lite, except for the use of dual-porogenic surfactants
instead of common organic structure-directing spe-
cies like tetrapropylammonium. Figure 1 shows
scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), and powder
x-ray diffraction (XRD) results of the hexagonal-
ly ordered, crystalline MMS, which was synthe-
sized with the 18-N;—18 surfactant (Fig. 1A). SEM
images (Fig. 1B and fig. S2) show uniform nano-
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Fig. 1. (A) 18—N5—18 surfactant (white spheres, hydrogen; gray spheres, carbon; red spheres, nitrogen).
(B) SEM, (C and D) TEM, [(Q) and (D), insets] Fourier diffractogram, and (E) XRD pattern of hexagonally
ordered crystalline MMS after surfactant removal. For structural comparison, an MFI framework model is
given in the bottom right inset of (D) (see also fig. S13). hk, Miller indices; a.u., arbitrary units.

Table 1. Structural properties of mesostructured molecular sieves.

. BET Total Mesopore
. Mean micropore Mean mesopore
Zeolite . . surface  pore wall
Surfactant* Mesophase diameter diameter .
framework (hm) (nm) areat volume thicknesst
(m%g™) (m?g™)  (hm)
18—N;—18 . Hexagonal 3.5 1190 1.58 1.7
22-N,—22 MFlike 055 3.8 1060 1.8 23
N4-phe . 3.6 940 1.24 2.9
N¢-diphe Beta  Disordered 0.65 45 870  1.14 3.9
Ng-triphe 4.7 780 0.98 5.1

*Gemini-type, poly-quaternary ammonium surfactants used in this work (see table S1 and fig. S1 for chemical formulas
and structures). 1BET surface area calculated from the adsorption data obtained at P/P, between 0.1 and 0.3, using
the Brunauer-Emmett-Teller (BET) equation. tMesopore wall thicknesses of crystalline MMSs were determined from
the pore diameters of its carbon replicas, except the hexagonally ordered crystalline MMS; its mesopore wall thickness was
determined from the BJH mesopore diameter and the hexagonal lattice parameter measured by XRD.
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crystals in size and morphology. No amorphous
aluminosilicas or bulk zeolite crystals were detected
throughout the entire sample. TEM images (Fig.
1, C and D, and fig. S3) show hexagonal arrays
of mesopores in the MMS nanocrystals and a
microporous framework within the mesopore
walls. Images taken perpendicularly to the meso-
pore walls show crystal lattice fringes with a uni-
form spacing of 1.16 nm (Fig. 1D and top left
inset), indicating that the mesopore walls pos-
sess a zeolitic crystalline microporous framework.
Figure 1E shows three resolved Bragg reflections
in the low-angle XRD region and four more re-
flections in the high-angle region. The low-angle
peaks can be indexed to (10), (11), and (30) re-
flections (diameter d = 4.51, 2.57, and 1.54 nm,
respectively), corresponding to a mesoscale lattice
with 2D hexagonal symmetry, similar to MCM-41
(9). The XRD resolution is not sufficient to dis-
tinguish the (20) reflection from the (30), which
may be the result of small crystallite sizes as shown
in the SEM images. The present MMSs show no
detectable differences in the 20 values (where 0 is
the angle between the incident x-ray and the scat-
tering planes) of the low-angle reflections between
as-synthesized and calcined samples. This is differ-
ent from MCM-41, which experiences framework
contraction during calcinations due to continued
condensation of the amorphous silica framework.
This difference is consistent with the fully con-
densed crystalline frameworks of the MMS mate-
rials. In the high-angle XRD region, four reflections
atd=1.16,0.59,0.39, and 0.31 nm are observed,
suggesting a regular stacking of lattice planes
with uniform spacing of 1.16 nm that is in good
agreement with the lattice fringes in the TEM im-
age. The presence of the higher-order reflections
beyond 1.16 nm indicates that the MMS frame-
work has atomic-scale ordering. Note that de-
termining the microporous framework structure
accurately by XRD is challenging because the
mesopore walls are composed of only a single
layer of zeolitic micropores, which can be less than
a single-unit-cell dimension of a bulk zeolite. In
addition, the zeolite-like mesopore walls extend
over a very narrow diffractive domain in width.
Diffractive interferences may also be considerable
between adjacent walls that join at a distinct angle.
The XRD reflections under these conditions are
thus insufficient for the precise determination of
the microporous framework structure.

The gemini-type surfactant species are designed
to promote the formation of both nanocrystalline as
well as liquid-crystal-like mesostructural order of
the zeolite frameworks. The dual roles of the
gemini-type dual-porogenic surfactants are eluci-
dated by 2D heteronuclear correlation (HETCOR)
nuclear magnetic resonance (NMR) spectroscopy
(22), which resolves the molecular proximities of
the dual-porogenic surfactant to specific frame-
work moieties. The 2D °Si{'H} HETCOR NMR
spectrum (Fig. 2) reveals the crucial role of the
quaternary ammonium groups in directing crys-
tallization of the zeolite frameworks. A sepa-
rately acquired 1D *°Si cross-polarization (CP)
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magic-angle-spinning (MAS) spectrum (hori-
zontal axis) exhibits broad signals associated
with 0" #Si aluminosilicate framework species
(23) with increasing extents of condensation. A
single-pulse 'H MAS spectrum (vertical axis)
reveals partially resolved 'H signals from the
surfactant molecules whose proton chemical-
shift assignments were determined from a 2D
3C{'H} HETCOR NMR spectrum (fig. S11).
The strongest 2D correlated signal intensities
associated with O°, 0*(1Al), and 0" *°Si frame-
work species at —100, —104, and —109 parts per
million (ppm) and —-N"CHj (1 and 6, see Fig. 2)
and -N"CH,— (2 and 5) 'H moieties at 3.2 ppm
provide strong evidence for intermolecular in-
teractions between the ammonium groups and
the aluminosilicate frameworks (24). Further-
more, 2D correlated signal intensities between
the same >°Si framework species and 'H signals
at 1.6 ppm associated with —CgH,— bridges be-
tween alkyl ammonium groups (3 and 4) establish
their inclusion within the microporous frame-
work. Importantly, there is an absence of 2D
correlated signal intensity between *°Si framework
moieties and 'H signals at 1.3 ppm associated
with —C,gH35 alkyl tails (7 and 8), indicating that
these tails are mobile and not molecularly prox-
imate to the framework. This observation is con-
sistent with the mesostructure-directing roles of
the long hydrophobic surfactant tails. Thus, the
quaternary ammonium groups and the —CgHo—
alkyl linkages between them interact strongly
with the aluminosilicate frameworks, establish-
ing both their role as the zeolite-directing part
of the surfactant and their inclusion within the
micropores.

The hierarchical porosities of the MMS are
evident in their adsorption properties. An argon
adsorption isotherm (fig. S12A) of the hexag-
onal MMS shows three well-resolved increasing
steps. The abrupt increase observed in the region
of 0.0 < P/Py < 0.1 (where P is the actual ad-
sorption pressure and Py is the equilibrium vapor
pressure of argon) is a result of micropore fill-
ing. The second sharp increase within the 0.4 <
P/Py < 0.6 region indicates capillary condensa-
tion of Ar in mesopores. The sharp increase above
P/Py = 0.8 is due to Ar condensation in the void
volume between particles. The adsorption branch
of the capillary condensation region has been
used to analyze the mesopore size distribution
according to the Barrett-Joyner-Halenda (BJH)
algorithm (25). The result shows a very narrow
distribution of mesopore diameters centered at
3.5 nm (fig. S12B), similar to MCM-41. The
actual pore diameter will be somewhat larger
than 3.5 nm because the BJH method tends to
underestimate mesopore diameters by ~1 nm (26).
By subtracting the pore diameter from the hex-
agonal lattice parameter measured by XRD, the
thickness of the mesopore walls is estimated to
be less than 1.7 nm. The micropore size distri-
bution within the mesopore walls has been an-
alyzed with nonlocal density functional theory
(NLDFT), using the adsorption region below

15 JULY 2011

Fig. 2. Solid-state 2D 2?Si{*H} HETCOR
NMR spectrum of the hexagonal MMS
(Si/AlL = 15). 1D #si CP MAS and single-
pulse *H MAS spectra are shown along the
horizontal and vertical axes, respectively.
A schematic diagram of the surfactant
molecule is labeled with 'H signal as-
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P/Py = 0.1 (26), revealing bimodal pore size
distributions with maxima at 0.55 and 1.2 nm
(fig. S12C). The 0.55-nm maximum is higher
than that at 1.2 nm, in terms of the correspond-
ing pore volume. The mean pore sizes and pore
volume ratios are similar to results obtained by
NLDFT analyses of MFI framework. For MFI,
the 0.55-nm maximum is attributed to micro-
pores associated with 10-membered oxygen rings
(10-MR). The 1.2-nm peak is attributed to a
transition in the adsorbate packing density (27)
or an orthorhombic-monoclinic transition in the
crystal symmetry caused by the gas adsorption
(28), which is known to be unique for MFI-type
zeolites. Moreover, lattice fringes of the micro-
porous frameworks in the TEM image (Fig. 1C)
are similar to those obtained for the MFI topology
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(fig. S13). Thus, the microporous aluminosilicate
framework of this MMS may be the same as or
similar to MFI zeolite.

A notable feature of the dual-porogenic
surfactant-driven synthesis route is that the thick-
ness of the crystalline microporous walls can be
uniformly tailored by the length of the micro-
porogenic part of the surfactant. For example,
the wall thickness can be increased according
to the number of ammonium groups. A series
of crystalline MMSs has been synthesized with
the dual-porogenic surfactants listed in Table 1.
The thicknesses of the mesopore walls were de-
termined from the pore diameters of their carbon
replicas (29), which exhibited narrow pore-size
distributions (Fig. 3A and fig. S14) that indicate
uniform mesopore wall thicknesses. The wall
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smaller than that of crystalline MMSs. Thus, the
present MMSs possess high concentrations of

Table 2. Comparison of catalytic conversions over different porous aluminosilicates*.

strong and accessible external acid sites, as com-
Hexagonal | Ng-diphe pared with AI-MCM-41 or bulk beta zeolite
Reactions MMS+ beta § Bulk beta | Al-MCM- (table S2).
(Si/Al = (Si/Al = (Si/Al= | 41 (Si/Al = In the dual-porogenic surfactant-driven syn-
15) 14) 15) 17) thesis mechanism, mesopores are generated by
surfactant aggregates, whereas crystalline mi-
) | | e | e | e | o ol famevots e gmeried b
@ +©A ©/\©+©/\ /\© (71%)§ (68%)§ (56%)§ (86%)§ thickness and framework topology can be adjusted
by using surfactants with different geminilike head
groups. The mesopore diameters are tailorable
82% 59% <5% <5% according to the surfactant tail length or by the
addition of hydrophobic swelling agents. The
mesoporous structure and strong zeolitic frame-
o~ 5204 65% <5% <5% work acidity result in substantially improved
o o o o o catalytic activities for various organic reactions
@*’@AMK@—' "‘Q)\@ (>95%) | (95%) | (>95%) | (>95%)| involving bulky molecules compared with con-
° ventional zeolites or amorphous MMSs. It is also
2% 61% 20% <5% possible to use cryst'fllline MMSS as a selc.ective
HO . Ic‘sHu _njomc . adsorbent for separation of proteins according to
on Ho o< (68%) (93%)] (26%)1 (95%)1] the molecular sizes. Bulky enzyme species can
be immobilized via covalent bonding, van der

*Catalytic activities are compared on the basis of the same weight of catalyst (see the supporting online material for detailed
reaction conditions and procedures). tHexagonally ordered crystalline MMS synthesized by using the 18-N;-18
surfactant. FCrystalline MMS built with zeolite beta framework synthesized by using N¢-diphe surfactant. §Numbers in
parentheses indicate percentage selectivity for diphenylmethane. IINumbers in parentheses indicate percentage selectivity

Waals forces, or electrostatic interactions with the
zeolite frameworks. Furthermore, the synthesis
of MMSs can be extended to other inorganic

for 4-benzoyl-1-methoxynaphthalene.

thicknesses increased from 2.9 to 5.1 nm as the
number of quaternary ammonium groups bridged
by —CH,C¢H,4CH,— increased from four to eight.
The zeolite wall thickness obtained by the car-
bon replication method may contain systematic
errors, due to carbon shrinkage by ~10% and un-
derestimation of pore diameters in the BJH anal-
ysis. These errors occur with opposite signs, so that
the total error can be less than 10%. Nonetheless, it
is noteworthy that the framework thickness of
crystalline MMSs can be very finely and systemat-
ically tuned as a function of microporogenic group
length. A single broad reflection is present in the
low-angle XRD patterns (Fig. 3B), indicating
modest mesostructural order and consistent with
TEM images that show a mesostructured frame-
work with 3D connectivity, similar to KIT-1 (figs.
S4 to S10) (27). High-angle XRD reflections be-
come better resolved as their wall thicknesses in-
crease (Fig. 3B) and exhibit reflections that are
consistent with those for zeolite beta. Moreover,
lattice fringes corresponding to beta zeolite were
observed inside the mesopore walls (figs. S7 to
S9). The micropores were stacked into two differ-
ent orientations as in bulk beta zeolite, which has
two polymorphs, A and B (30, 37). In addition,
the NLDFT analysis confirmed that the micro-
pore diameters of the disordered MMSs were
identical to that of beta zeolite having 12-MR
micropores (0.65 nm) (fig. S15). Hence, it is rea-
sonable that the bulky —CH,CsH4CH,— bridges
between ammonium groups were suitable to
direct 12-MR micropores. This is comparable
to the 10-MR pores generation generated by the
—CeHio— bridged 18-N3—18 surfactant for the

www.sciencemag.org SCIENCE VOL 333

YINumbers in parentheses indicate percentage selectivity for vitamin E (a-tocopherol).

synthesis of the hexagonally ordered MMS. When
an MMS was synthesized with the 22-N,—22 sur-
factant, the NLDFT analysis also yielded 10-MR
micropores of 0.55 nm (fig. S16), but the material
has thicker crystalline walls.

The crystalline MMSs are promising as acid
catalysts for various organic reactions involving
bulky molecules (Table 2), establishing that their
catalytic activity is much higher than both bulk
beta zeolite and AI-MCM-41 (20). This can be
attributed to the facile diffusion through the MMS
mesopores, strong acidities of their crystalline
zeolitic frameworks, and high concentrations of
surface acid sites that are accessible to organic
substrates. The acid concentrations were mea-
sured quantitatively by titrating the MMS with
triphenylphosphine oxide (TPPO) and analyz-
ing the populations and strengths of these sites
by *'P MAS NMR (fig. S17) (32, 33). Note that
TPPO is too large to penetrate into the 12-MR
micropores and hence binds exclusively to ex-
ternal acid sites on the mesopore surfaces. Ac-
cording to earlier investigations (32), the *'P
NMR chemical shift of TPPO increases with
increasing binding affinity to Brensted acid sites.
The *'P chemical-shift difference is attributed to
the strong adsorption of TPPO on protonated
Bronsted acid sites on the mesopore walls. The
crystalline MMSs titrated with TPPO yield *'P
NMR signals up to 55.7 ppm compared with
44.3 ppm for AI-MCM-41, which indicates that
the crystalline MMSs possess stronger acid sites
than AI-MCM-41. Bulk zeolite beta can also
yield NMR signals up to 55.7 ppm, but the quan-
tity of the strongest external acid sites is much

compositions, such as aluminophosphates.

N
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In western North America, snowpack has declined in recent decades, and further losses are
projected through the 21st century. Here, we evaluate the uniqueness of recent declines using
snowpack reconstructions from 66 tree-ring chronologies in key runoff-generating areas of the
Colorado, Columbia, and Missouri River drainages. Over the past millennium, late 20th century
snowpack reductions are almost unprecedented in magnitude across the northern Rocky Mountains
and in their north-south synchrony across the cordillera. Both the snowpack declines and their
synchrony result from unparalleled springtime warming that is due to positive reinforcement of the
anthropogenic warming by decadal variability. The increasing role of warming on large-scale
snowpack variability and trends foreshadows fundamental impacts on streamflow and water

supplies across the western United States.

snowpack controls the amount of runoff (4, 2),

affects temperature through surface albedo
feedbacks (3, 4), and influences myriad ecosystem
processes (5—8). In much of this region, snow-
pack declined since the 1950s (2, 9-11), and con-
tinued reductions are expected throughout the
21st century and beyond (2, /2). When coupled
with increasing demand, additional warming-
induced snowpack declines would threaten many
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current water storage and allocation strategies
(13) and lead to substantial strain on related in-
frastructure and overall supplies. Climate mod-
el simulations shed light on the relationships
between greenhouse gas forcing and observed
shifts in regional temperatures and hydrology
(2), but longer-duration records are needed to
characterize the range of natural snowpack var-
iability, particularly at decadal-to-multidecadal
time scales (/4). Did declines similar in dura-
tion, magnitude, and extent occur over the past
~1000 years, or are the recent snowpack losses
unprecedented? How were previous snowpack
declines driven by known mechanisms of tem-
perature and precipitation variability, and to what
degree can decadal-to-multidecadal climate vari-
ability amplify or dampen future warming-induced
trends?

To address these questions, we developed
annually resolved, multi-century to millennial-
length (500- to >1000-year) snowpack recon-
structions for the headwaters of the Columbia,
Missouri, and Colorado Rivers. Collectively,
these basins serve as the primary water source
for >70 million people, and 60 to 80% of their
water originates as snowpack (7, 2). Reconstruc-

tions are based on an extensive network of tree-
ring sites and provide information on patterns
and processes across spatial and temporal scales
relevant to water- and natural-resource manage-
ment (Fig. 1).

Tree rings have long been used to reconstruct
precipitation, drought (15, 16), streamflow (17, 18),
and temperature (19, 20), but to date there has
been no systematic effort to produce multi-scale
snowpack reconstructions for all three of these
river basins. Previous studies in the region show
that in certain topographic, edaphic, and climatic
settings, the amount of water available to trees
during the growing season is largely controlled
by the amount of water in the antecedent snow-
pack (18, 21). We capitalized on these snow-
water-growth linkages by using existing tree-ring
collections from areas where precipitation is do-
minated by snowfall and by sampling trees known
to be sensitive to snowpack (78, 21). To further
isolate the snowpack signal, particularly in the
northern portions of the study area, we used
recently collected tree-ring records from species
whose seasonal biology (timing of tree-ring
growth) ties them closely to snow (22, 23).

For calibration of the tree-ring—based recon-
structions, continuous annual, sub-watershed
(roughly 40,000 + & 25,000 km?) snowpack data
sets were constructed by standardizing individual
1 April snow water equivalent (SWE) records to
unit deviation then averaging across all records
from each watershed (fig. S1 and table S1) (24).
Snowpack as measured on 1 April is a crucial
component of regional runoff forecasting and
water supply evaluations, and records of 1 April
SWE are generally longer than for any other time
of the year. In addition, 1 April measurements
often approximate maximum SWE accumulation
in our study watersheds (4, /1), although peak
accumulation timing can vary substantially at in-
dividual measurement sites. Elevations of indi-
vidual measurement sites in the Upper Colorado
subregion (Fig. 1) tend to be higher than those in
the Greater Yellowstone (2807 £ 6 311 m versus
2307 + 6 291 m), and sites in the Greater Yellow-
stone region are higher on average than those in
the Northern Rockies (~1550 + ¢ 424 m). Over-
all, the 27 composite snowpack reconstructions

VOL 333 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on July 19, 2011


http://www.sciencemag.org/

www.sciencemag.org/cgi/content/full/333/6040/328/DC1

AYAAAS

Supporting Online Material for

Directing Zeolite Structures into Hierarchically Nanoporous
Architectures

Kyungsu Na, Changbum Jo, Jeongnam Kim, Kanghee Cho, Jinhwan Jung, Yongbeom
Seo, Robert J. Messinger, Bradley F. Chmelka, Ryong Ryoo*

*To whom correspondence should be addressed. E-mail: rryoo@kaist.ac.kr

Published 15 July 2011, Science 333, 328 (2011)
DOI: 10.1126/science.1204452

This PDF file includes:

Materials and Methods
SOM Text

Figs. S1to S17

Tables S1 and S2

Full Reference List



1. Materials Preparation

1.1 Synthesis of organic surfactants

A series of gemini-type, poly—quaternary ammonium surfactants are synthesized
according to the literature procedures (18, 19). The chemical formulas and corresponding
abbreviations of these surfactants are summarized in table S1.

For the synthesis of 18—N3—18 surfactant, C18H37—N+(CH3)2—C6H12—Br(Br') and C;gH37—
N'(CH3),—C¢H,-N(CH3), were prepared separately via organic reaction. First, 0.034 mol
of N,N’—dimethyloctadecylamine (99%, TCI) and 0.34 mol of 1,6—dibromohexane (99%,
TCI) were dissolved in 1000 mL acetonitrile/toluene mixture (1000 wt% per total organic
reactants, 1:1 v/v) and heated at 60°C for 12 h. After cooling to room temperature and
solvent evaporation, solid product with the formula of C1gH37—N+(CH3)2—C6H12—Br(Br')
was precipitated. This product was further filtered, washed with diethyl ether, and dried in a
vacuum oven at 50°C for 2 h. Second, 0.030 mol of 1-bromooctadecane (96%, Acros
Organics) and 0.300 mol of N,N,N’,N’—tetramethyl-1,6—diaminohexane (99%, TCI) were
dissolved in 600 mL acetonitrile/toluene mixture (1:1 v/v) and heated at 60°C for 12 h.
After quenching and purification, solid product with the formula of C;gH37~N"(CHs),—
CsH2>—N(CHs3),(Br’) was obtained. Finally, equimolar amounts of C18H37—N+(CH3)2—
CeH>—Br(Br’) and C1gH37—N+(CH3)2—C6H12—N(CH3)2(Br') were dissolved in acetonitrile
(200wt% per total organic reactants) and refluxed for 12 h. After solvent evaporation, the
precipitated product was filtered and dried in a vacuum oven at 50°C to obtain the final
product, the 18-N3—18 surfactant. The purity of the final solid product was analyzed by
solution-state '"H NMR, with CDCl; as the solvent.

For the synthesis of Nys—phe surfactant, 0.01mol of 1-bromodocosane (TCI) and 0.1mol
of  N,N,N’,N’—tetramethyl-1,6—diaminohexane were dissolved in 100mL
acetonitrile/toluene solvent (1:1 v/v) and heated 60°C for 12 h under magnetic stirring. This
solution was evaporated for a removal of solvent and then a white solid was precipitated.
The solid product with the formula of C22H45—N+(CH3)2—C6H12—N(CH3)3(Br') as denoted
Ca6.0 was washed using diethyl ether, filtered, and dried in a vacuum oven at 50°C.
Subsequently, 0.02 mol of Cy.69 and 0.0lmol of a,a’—dichloro—p—xylene (TCI) were
dissolved in 65 mL chloroform and refluxed for 12 h. This solution was evaporated for a
removal of solvent and then a final product (Ns—phe) was precipitated. The solid was
washed using diethyl ether, filtered, and dried in a vacuum oven at 50°C.

For the synthesis of Ng—diphe surfactant, 0.01 mol of Cj60 and 0.1 mol of a,0’—
dichloro—p—xylene were dissolved in 100 mL acetonitrile, which was heated at 60°C for 48
h. After the organic solvent was evaporated, solid product with the formula of CyHas—
N'(CH3),~CsH 2N (CH3)~CHy—~(p—CsHs)~CHo—CI(Br)(CI") as denoted Cagpheci Was
precipitated. This product was washed with diethyl ether, filtered and dried in a vacuum
oven at 50°C. Finally, 0.02mol of Ciz.¢.phe-c1 and 0.01mol of N,N,N’,N’—tetramethyl—1,6—



diaminohexane were dissolved in 100 mL chloroform and refluxed for 24 h. This solution
was evaporated for a removal of solvent and then a final product (Ne—diphe) was
precipitated. The solid was washed using diethyl ether, filtered, and dried in a vacuum oven
at 50°C.

For the synthesis of Ng—triphe surfactant, 0.01 mol of Cy.sphe-ci and 0.1 mol of
N,N,N’,N’—tetramethyl—1,6—diaminohexane were dissolved in 100 mL of acetonitrile at
60°C for 24 h. After cooling down to room temperature, the organic solvent was evaporated,
then solid product with the formula of Cy;H4s—N"(CH3),—CsH2~N"(CH3),—CHy—(p—CsHy)—
CH>-N'(CH3),~C6H1>-N"(CH3)3(Br)(Cl), as denoted Caygpheso Was precipitated. This
product was washed with diethyl ether, filtered and dried in a vacuum oven at 50°C. Finally,
0.02 mol of Cy.-phe-6-0 and 0.01 mol of N,N,N’,N’—tetramethyl-1,6—diaminohexane were
dissolved in 100 mL chloroform and refluxed for 24 h. This solution was evaporated for a
removal of solvent and then a final product (Ng—triphe) was precipitated. The solid was
washed using diethyl ether, filtered, and dried in a vacuum oven at 50°C.

1.2 Synthesis of crystalline mesoporous molecular sieves (MMSs)

A series of crystalline mesoporous molecular sieves (MMSs) were synthesized with the
poly—quaternary ammonium surfactants described in table S1, instead of common organic
structure—directing species like tetrapropylammonium. In a typical synthesis of hexagonally
ordered MMS built with crystalline microporous frameworks, tetraethylorthosilicate (TEOS,
95%, Junsei), NaAlO; (42.5wt% Na,0, 53wt% Al,Os, Sigma—Aldrich), NaOH, C;3—N3—Cjs
surfactant, ethanol and distilled water were mixed to obtain a gel composition of 6.67
NayO: 0.75 Al,Os: 30 SiO;: 1.5 C3—N3—C;g surfactant: 240 ethanol: 2132 H,O. Water glass
(an aqueous solution of sodium silicate, SiO,/Na = 1.75, 29 wt% SiO,) may be used as a
silica source instead of TEOS. The resultant gel mixture was agitated under magnetic
stirring at 60°C for 6 h. The final gel was transferred to a Teflon—coated stainless—steel
autoclave, and heated at 140°C for 4 d under tumbling conditions at 60 rpm. After
crystallization, the zeolite product was filtered, washed with distilled water and dried at
120°C. The product was calcined at 550°C for 4 h under flowing air in order to remove the
organic surfactants.

1.3 Carbon replication of crystalline MMSs

Carbon replication of mesopore channels of the mesoporous channels of the crystalline
MMSs was performed according to the literature procedure (29). First, 0.2 g of crystalline
MMS (after surfactant removal) was infiltrated with a mixture consisting of sucrose (0.25
g), sulfuric acid (0.015 mL) and distilled water (0.38 g), in a polypropylene bottle. The
infiltrated crystalline MMSs were dried at 100°C for 6 h in a drying oven, and which was
subsequently increased to 160°C and retained for 6 h. The carbon/crystalline MMS



composite containing partially decomposed sugar after heating was infiltrated again with
65% of the amount of the mixture that was first infiltrated. After heating to 160°C for 6 h
again, the black powder was further heated to 450°C for 3 h and subsequently heated to
700°C for 2 h under vacuum using a quartz tube. The crystalline MMS phase in the
resultant carbon/crystalline MMS composite was dissolved by successive washing with HF
and HCI mixture solution.

2. Characterization

Scanning electron micrograph (SEM) images were taken with a Hitachi S—4800 at a low
landing energy (2.0 kV, in gentle-beam mode), without crashing and metal coating.
Transmission electron microscope (TEM) images were taken with a JEOL JEM—-3010 with
an accelerating voltage of 300 kV (Cs = 0.6 mm, point resolution 0.17 nm). X-ray
diffraction (XRD) patterns were taken with a Rigaku Multiflex diffractometer equipped
with Cu K, radiation (40 kV, 30 mA). Ar adsorption isotherms were measured at liquid
argon temperature (87K) with a Micromeritics ASAP2020 volumetric adsorption analyzer.
N, adsorption isotherms were measured at liquid nitrogen temperature (77K) with a
Micromeritics Tristar II volumetric adsorption analyzer. Specific surface areas of materials
were calculated from the adsorption data obtained at P/Py between 0.1 and 0.3, using the
Brunauer—Emmett-Teller (BET) equation. Micropore size distributions were analyzed
below P/Py = 0.1, by applying nonlocal density—functional-theory (NLDFT) (26).
Mesopore size distributions were analyzed by using the Barrett-Joyner—Halenda (BJH)
algorithm (25).

Solid—state single—pulse *'P magic-angle—spinning (MAS) NMR experiments were
carried out using a Bruker AVANCE 400 MHz spectrometer with a 9.4 Tesla widebore
superconducting magnet operating at a Larmor frequency of 161.923 MHz. A Bruker "H/X
double—resonance MAS probehead with 4-mm zirconia rotors was used under conditions
of MAS at 12.0 kHz. *'P MAS NMR spectra were obtained using a pulse length 5 ps, and a
recycle delay of 5 s (32, 33). To obtain an adequate signal-to—noise ratio, 1024 and 14000
scans were acquired for the mesoporous and bulk zeolite samples, respectively. Prior to the
NMR measurements, triphenylphosphine oxides (TPPO) as a phosphorous probe molecule
were adsorbed on the samples, which only bind to external acid sites due to its large size. In
a typical adsorption process, 0.1 g of sample was mixed with 0.03 g (for AI-MCM—41) and
0.0125 g of TPPO (for zeolite samples), dissolved in 2 mL of CH,Cl, in the N, glove box,
and subsequently agitated in an ultrasonic shaker for 1 h. Then, CH,Cl, was removed by
applying a vacuum at 70°C for 1 h. Finally, the sample was transferred into the N, glove
box and then packed into a 4-mm zirconia rotor with a gas—tight Kel-F cap. *'P chemical
shifts were referenced to phosphoric acid (H3POy).

In order to analyze the relative amount of external acid sites per total number of Al sites,



the total phosphorous and aluminum contents of the samples after *'P NMR measurements
were first analyzed by inductively—coupled plasma atomic emission spectroscopy (ICP—
AES) (32). The relative quantity of phosphorous chemisorbed on the external acid sites
compared to the total amount of phosphorous adsorbed on the samples was analyzed by
deconvolution of the quantitative single—pulse *'P NMR spectra. The relative quantity of
chemisorbed phosphorous species was multiplied by the total amount of phosphorous
obtained from ICP—AES analysis yields the total amount of external acid sites.

Two-dimensional (2D) NMR experiments were performed using a Bruker AVANCE
IPSO 500 MHz NMR spectrometer with an 11.74 Tesla widebore superconducting magnet
operating at 500.13, 125.69, and 99.35 MHz for IH, 13C, and 2°Si nuclei, respectively,
which are 100%, 1.1%, and 4.7% naturally abundant. A Bruker "H/X double-resonance
MAS probehead with 4-mm zirconia rotors was used under conditions of MAS at 12.5 kHz.
For 'H single—pulse experiments, radio frequency (rf) pulse lengths and power levels were
optimized to achieve a 90° rotation of the net 'H magnetization (2.5 ps pulse). All °C and
*Si NMR spectra were acquired with simultaneous proton decoupling by applying the
Small Phase Incremental Alternation using 64 steps (SPINAL—64) pulse sequence with a 'H
if field of 100 kHz. All "C{'H} and *’Si{'H} cross—polarization measurements were
conducted adiabatically using a contact time of 1.0 and 4.0 ms, respectively. The HETCOR
NMR technique is a 2D extension of the 1D CP-MAS NMR experiment, providing
enhanced spectral resolution. During the 2D HETCOR experiment, 'H magnetization
evolves for an incremented spin evolution time period t; prior to transfer of 'H
magnetization to nearby (< 1 nm) °C or *Si spins, whose subsequent NMR free—induction
decays are measured directly during the acquisition time t,. Double Fourier transformation
converts the time domain signal S(t;,t;) into the frequency domain S(w;, @), which is
presented here as a 2D contour plot spectrum to 10% of full signal intensity. 'H-'H
homonuclear decoupling was applied during the proton spin evolution time t; with a phase—
modulated rf pulse of constant amplitude (100 kHz) using the eDUMBO-1,, (experimental
Decoupling Using Mind Boggling Optimization) pulse sequence (33). A magic—angle 'H
pre—pulse of 1.0 us was applied after t; but prior to cross polarization to rotate the net
proton magnetization from the effective plane under homonuclear decoupling to the
transverse plane in the rotating frame of reference. A scaling factor of A = 0.625 was
applied in the indirect '"H dimension, which was separately calibrated using 2D 'H{'H}
spin diffusion NMR experiments. Hypercomplex time—proportional-phase—incrementation
(STATES-TPPI) quadrature detection was used for the indirect dimension. 'H, c, ¥si
chemical shifts were referenced to tetramethylsilane (TMS, Si(CHs)s) with
tetrakis(trimethylsilyl)silane (TKS, Si[Si(CH3)3]4) as a 'H and *’Si secondary chemical shift
reference and adamantane (CioH¢) as a Bc secondary chemical shift reference.

For NHj; temperature—programmed desorption (TPD) measurement, 50 mg of calcined



powder sample was introduced into a quartz reactor and degassed under vacuum at 550°C.
After cooling to room temperature, NH3 gas was adsorbed for 1 h, which was followed by
desorption at 120°C for removing free and weakly physisorbed NH;. Desorption profile
was then measured using a TCD (thermal conductivity detector) with a temperature
decrease of 10°C min™.

3. Catalytic Tests

For catalytic reaction testing, all catalysts were first NH; —ion exchanged with a 1 M
NH4NO; solution three separate times (NH4NO3;/Al = 10), and then, subsequently
converted to the H™ form through calcination in air at 550°C. Prior to all catalytic reactions,
the samples were degassed under vacuum at 300°C.

3.1 Reagents
All reagents were received from Sigma Aldrich and used without further purification.

3.2 Friedel-Crafts alkylation of benzene with benzyl alcohol

Alkylation reaction was performed using a Pyrex batch reactor (EYELA chemistation)
equipped with a reflux condenser. Typically, 17.5 mL of benzene (190 mmol), 0.75 mL of
benzyl alcohol (7.24 mmol) and 50 mg catalyst were placed into the Pyrex chemistation
reactor and heated under stirring for 5 h at 80°C. After being cooled to room temperature,
the solid catalysts were filtered and the remaining liquid was analyzed on a gas
chromatograph equipped with a flame ionization detector and a HP-Innowax capillary
column (J&W Scientific: a 30-m-long, 0.32-mm-i.d., and 0.25-um-thick). The
conversion was calculated based on benzyl alcohol.

3.3 Friedel-Crafts alkylation of pyrene with 9—phenyl-9—fluorenol

For the alkylation reaction, 0.1 g of pyrene (0.5 mmol), 0.258 g of 9—phenyl-9—fluorenol
(1.0 mmol), 6 mL of chloroform and 50 mg catalyst were placed into the Teflon—lined
stainless-steel autoclave reactor and heated under tumbling for 2 h at 130°C. After cooling
to room temperature, the solid catalysts were filtered and the remaining liquid was analyzed
with solution—state 'H NMR with CDCI; as a solvent. The conversion was calculated based
on pyrene.

3.4 Friedel-Crafts acylation of 1-methoxynaphthalene with benzoic anhydride

For the acylation reaction, 0.145 mL of 1-methoxynaphthalene (1.0 mmol), 0.113 g of
benzoic anhydride (0.5 mmol), 6 mL of chloroform and 50 mg catalyst were placed into the
Teflon-lined stainless-steel autoclave reactor and heated under tumbling for 8 h at 150°C.
After being cooled to room temperature, the solid catalysts were filtered and the liquid part



of reaction mixture was analyzed on a gas chromatograph equipped with a flame ionization
detector and a HP-1 capillary column (J&W Scientific: a 30—m-long, 0.32-mm-i.d., and
0.25—um-thick). The conversion was calculated based on benzoic anhydride.

3.5 Synthesis of vitamin E (a—tocopherol)

For synthesis of vitamin E, 0.376 g of trimethylhydroquinone (2.48 mmol), 0.575 mL of
isophytol (1.65 mmol), 4 mL of propylene carbonate, 2 mL of heptane and 50 mg catalyst
were placed into the Pyrex chemistation reactor and heated under stirring for 5 h at 70°C.
After being cooled to room temperature, the solid catalysts were filtered and the remaining
liquid was analyzed on a gas chromatograph equipped with a flame ionization detector and
a HP—1 capillary column. The conversion was calculated based on isophytol.

4. Supporting Text for Catalytic Reactions

Friedel-Crafts alkylation of aromatic compounds has been one of the most important C—
C bond—forming processes for the production of valuable aromatic chemicals (34, 35).
Friedel-Crafts acylation of aromatic compounds produces aromatic ketones that are
intermediates for the production of fine, pharmaceutical, cosmetic, and agro chemicals (36,
37). However, the aromatic substrates and corresponding products are often too bulky to
diffuse through micropores of ordinary bulk zeolites. In this work, we tested our
mesoporous zeolitic materials as heterogeneous acid catalysts for Friedel-Crafts alkylation
reactions of benzene and pyrene, Friedel-Crafts acylation of 1-methoxynaphthalene, and
the synthesis of vitamin E. The results summarized in Table 2 indicate that the catalytic
activity of the present materials is much higher than both bulk beta zeolite and AI-MCM-—
41. The high catalytic performance can be explained in terms of facile molecular diffusion
into the mesopores (i.e., accessibility of the catalytic sites) and strong acid sites therein. For
the benzene alkylation, the substrates and corresponding products can diffuse into the
micropore apertures. A significant catalytic activity can be observed even when the solely
microporous bulk beta zeolite was used. However, since the hexagonal MMS and N¢—diphe
beta zeolites have very thin zeolitic framework with secondary mesoporosity, they exhibit
higher catalytic activity than both bulk beta zeolite and AI-MCM—41. On the contrary,
when the substrates are much larger (i.e., pyrene), the difference in catalytic conversion
becomes much larger due to the diffusion limitations of reactants and products. The very
low catalytic conversion over AI-MCM-41 is attributed to the low acid strength as
evidenced by *'P NMR (fig. S17, table S2).

In addition to the Friedel-Crafts alkylation, Friedel-Crafts acylation of I-
methoxynaphthalene is a diffusion—controlled, acid—catalytic reaction. Since 1-
methoxynaphthalene is sterically hindered for diffusion into the zeolite micropores, the
catalytic conversion over solely microporous bulk beta zeolite is negligible. In terms of
product selectivity, benzoylation of 1-methoxynaphthalene occurs normally at the 2— or 4—
position in the naphthalene ring (37). The high product selectivity for 4-benzoyl-1—
methoxynaphthalene after 1-methoxynaphthalene acylation reaction is due to the steric
constraint of the transition state during the formation of 2—-benzoyl-1-methoxynaphthalene.



Similarly, in the vitamin E (a—tocopherol) synthesis reaction, the crystalline MMSs exhibit
high catalytic activity and product selectivity as compared to the bulk beta and AI-MCM-
41. This reaction is known to be preceded by condensation of hydroxyl group at Bronsted
acid sites, and also by alkylation of olefin group at Lewis acid sites. The catalytic results
suggest that the crystalline MMSs possess both Bronsted and Lewis acid sites with
sufficient amount. In addition, the shorter diffusion pathways compared to the bulk beta
zeolite can produce vitamin E with higher selectivity. That is, in the case of bulk beta
zeolite, the diffusion pathway through the bulk zeolite crystals can be very long. Thus,
vitamin E can be further catalyzed by acid sites, and hence its product selectivity seems to
be low compared to the crystalline MMSs.
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Fig. S1. Gemini—type poly—quaternary ammonium organic surfactants, (a) 18-N3;—18, (b)
22-N4—22, (¢) Ny—phe, (d) Ng—diphe and (e) Ns—triphe from top to bottom, respectively
(white spheres, hydrogen; gray spheres, carbon; red spheres, nitrogen). For simplification,
counter anions (i.e., Cl" and Br’) for quaternary ammoniums are omitted.



Fig. S2. SEM images of a hexagonally ordered crystalline MMS synthesized with the 18—
N;3—18 surfactant.



Fig. S3. TEM images of a hexagonally ordered crystalline MMS synthesized with the 18—
N3—18 surfactant.



Fig. S4. TEM images of
surfactant.
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Fig. S5. TEM images of a disordered crystalline MMS built with zeolite beta frameworks
synthesized with the Ny—phe surfactant.
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Fig. S6. TEM images of a disordered crystalline MMS built with zeolite beta frameworks
synthesized with the Ng—diphe surfactant.

Fig. S7. (A) Schematic diagram of polymorph A in the zeolite beta framework (ref. 31) and
(B and C) TEM images of a disordered crystalline MMS built with zeolite beta frameworks
synthesized with the Ng—diphe surfactant. TEM images indicate that the present MMS
contains micropore stackings in polymorph A as in zeolite beta framework.



Fig. S8. (A) Schematic diagram of polymorph B in the zeolite beta framework (ref. 31) and
(B and C) TEM images of a disordered crystalline MMS built with zeolite beta framework
synthesized with the Ng—diphe surfactant. TEM images show that the present MMS
contains micropore stackings in polymorph B as in zeolite beta framework.
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Fig. S9. TEM image of a disordered crystalline MMS built with zeolite beta framework

synthesized with the N¢—diphe surfactant,

A and B.



Fig. S10. TEM images of a disordered crystalline MMS built with zeolite beta framework
synthesized with the Ng—triphe surfactant.
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Fig. S11. Solid-state 2D "“C{'H} HETCOR NMR spectrum of a hexagonally ordered
crystalline MMS (Si/Al=15) synthesized with the 18-N3-18 surfactant. 1D *C CP-MAS
and single—pulse '"H MAS spectra are shown along the horizontal and vertical axes,
respectively. A schematic diagram of the surfactant molecule is labeled with signal
assignments for C moieties and their covalently bonded protons. All spectra were
acquired under conditions of 12.5 kHz MAS at room temperature. A °C—'H CP contact
time of 1 ms was used. Contours are presented to 10% of full signal intensity.
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Fig. S12. (A) Ar adsorption isotherm, (B) BJH mesopore size distribution, and (C) NLDFT
micropore size distribution of a hexagonally ordered crystalline MMS synthesized with the
18—-N3—18 surfactant, where P is the adsorption pressure and Pg is the equilibrium vapor
pressure of Ar. For comparison, Ar adsorption data of bulk MFI zeolite are also provided
(white square plots).



Fig. S13. Proposed framework structure of the hexagonally ordered crystalline MMS. (A)
TEM image of a hexagonally ordered crystalline MMS and (B) structural model of the MFI
framework (also refer to the reference 38 for lattice fringes of MFI framework). The TEM
image corresponds to the side—view of the hexagonal mesopore channels, which shows a
regular interplanar spacing of 1.16 nm (refer to an electron diffraction pattern in the inset).
The structure of the microporous arrangements might be determined by correlating the
electron diffraction patterns with the structural model of the MFI framework (B). The
regular arrangement of lattice fringes can be fairly matched to the framework growth along
the [101] direction on the (a—C) plane of an MFI framework structure (B). However, no
1.16-nm d-spacings are detected in the XRD pattern of bulk MFI frameworks. This might
be attributed to the occurrence of considerable destructive interferences in large bulk
crystals. On the contrary, if the zeolite crystals are extremely thin, such destructive
diffractions could be dissipated. Hence, the 1.16-nm spacing in TEM might occur from
diffractive interferences between 1.12—nm (d;¢;) interplanar spacings and 1.20-nm inter—
micropore spacings in the MFI framework. More detailed study for the accurate
determination of microporous framework structure is challenging.
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Fig. S14. (A) N, adsorption isotherms of carbon replicas of crystalline MMSs synthesized
with Ns—phe (black), Ne—triphe (blue) and Ng—triphe (red) surfactants, and (B)
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Fig. S15. (A) Ar adsorption isotherm, (B) NLDFT micropore size distribution and (C) BJH
mesopore size distribution of a disordered crystalline MMS built with zeolite beta
frameworks synthesized with the N4s—phe surfactant, where P is the adsorption pressure and
Py is the equilibrium vapor pressure of Ar. For comparison, Ar adsorption data of bulk beta
zeolite are provided (white square plots)

0

o

.0

Adsorbed Amount (mL g-1, STP)
Differential Pore Volume (mL g'1)



Ny <
I‘,—’ 1400 o 3.0
1.4

="1200 - E 0.55 nm B | (38nmC
] -_¢1 2 | :‘ 25
= 1000 g o
£ 51.0 1 T 201

] Q —
*g' =00 > 0.8 | E 15
2 600 Sos6 5
b o 2 1.0
- 400 - = 0.4 5
Q =}
_E 200 % 02 1.2 nm 0 05 |
5 @

5 -
L o £o0 = 0.0 Ciiiatiees
< 000204060810 O 00 05 10 15 20 0 5 10 15 20

Relative Pressure (P/Pp) Pore Diameter (nm) Pore Diameter (nm)

Fig. S16. (A) Ar adsorption isotherm, (B) NLDFT micropore size distribution and (C) BJH
mesopore size distribution of a disordered crystalline MMS synthesized with the 22-N;—22
surfactant, where P is the adsorption pressure and Py is the equilibrium vapor pressure of Ar.
For comparison, Ar adsorption data of bulk MFI zeolite are provided (white square plots)
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Fig. S17.°'P MAS NMR spectra of triphenylphosphine oxide adsorbed on bulk beta zeolite
(Si/Al = 15, blue), AI-MCM—41 (Si/Al = 17, purple) and crystalline MMSs synthesized
with the 18-N3—18 (Si/Al = 15, black) and Ne-diphe (Si/Al = 14, red) surfactants. The 3lp
NMR chemical shift of TPPO increases with its increasing binding affinity to a Bronsted
acid site. Due to the large size of the molecule, TPPO cannot penetrate into the 12-MR
micropores. Hence, it can exclusively detect acid sites that are located on the external
surface of mesopore walls. The *>'P NMR spectra show that the crystalline MMSs yield a
3P NMR signal at the high chemical shift of 55.7 ppm (for the N¢—diphe surfactant—
directed material) and 47.3 ppm (for the 18-N3;—18 surfactant—directed material) after the
adsorption of TPPO. These NMR signals are attributed to the strong adsorption of the
oxygen atom in TPPO on the protonated Bronsted acid sites that exist on the mesopore
walls. Thus, the present MMSs have been confirmed to possess strong acid sites at high
external concentrations on the mesopore walls, as compared with AI-MCM—41 or bulk
zeolite beta. In the case of the bulk zeolite, there are strong acid sites both on the external
surface of the crystals and inside micropores. However, the number of strong acid sites
available on the external surface is limited by the low external surface area.



6. Tables

Table S1. Chemical formulas of gemini—type, poly—quaternary ammonium organic

surfactants used in this work and the corresponding abbreviations.

Chemical formula Abbreviation
C13H37-N"(CH3)>—CsH,-N"(CH3),—CH,-N"(CH3),—C3H37(Br); 18-N3—18
CaoHas—N"(CHz3)~CHi2-N(CH;3),~CeH 12N (CH;3)~CsHi»- N (CH3)o— 29-N,22
- —1IN4—.
CapoHys(Br)4
C2,H4s—N(CH3):—CeH >—N(CH3),—CH,—(p—CeH4) —CH,—N(CH3)— Nu_oh
CeH - N"(CH3),—CarHus(Br)x(Cl), 47phe
C,H4s—N(CH;3),—CeH1>—N"(CH3),—CHa— (p—CsH4) —CH,—N"(CH3)o—
CeH,,-N"(CH3),—CHy— (p—CsH,) -CH>—N"(CH3),—CsH»>—N(CH3),— N¢—diphe
CaoHys(Br)a(Cl )4
C22H45—N+(CH3)2—C(,H12—N+(CH3)2—CH2— (p—C6H4) —CHz—N+(CH3)2—
C6H12—N+(CH3)2—CH2— (p—C6H4) —CHz—N+(CH3)2—C6H12—N+(CH3)2—CH2— Ng—triphe

(p—C6H4) —CHz—N+(CH3)2—C6H 12—N+(CH3)2—C22H45(BI'_)z(Cl-)6

Table S2. Relative concentration of external acid sites compared to total Al sites.

Sample Si/Al ratio External acid sites/total Al sites
Disordered beta 0
(Ng-diphe) 14 34 %
Bulk beta 15 6 %
Hexagonally o
crystalline MMS 15 44%
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