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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
molecular dimensions can be used to
separate or selectively adsorb guest molecules according to size and shape (1–3). 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. Zeolites are also acid catalysts, cation-exchange materials, and nanoparticle supports, and they exhibit
high thermal, hydrothermal, and mechanical stabilities (4–6). The framework acidity may be
tailored by the substitution of different heteroatoms (for instance, aluminum) into the framework. Thus, zeolites have diverse applications
and occupy >40% of the entire solid catalysts
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currently used in the chemical industry (6). Nevertheless, 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 compensate negative charges on the crystallizing silicate
framework (4, 7). Such “porogens” can be removed
(e.g., by thermal calcination), generating a microporous framework. Several porogens can aggregate 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 templating mechanism that used surfactant aggregates as
porogens to synthesize ordered mesoporous materials [e.g., Mobil Composition of Matter No. 41
(MCM-41)] (9). The discovery of this supramolecular porogenic mechanism extended the application of molecular sieves to the mesoporous
range (2 to 50 nm). Initially, these mesoporous molecular sieves (MMSs) attracted attention as largepore acid catalysts for various reactions involving
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bulky molecules (3, 9, 10). However, due to their
noncrystalline frameworks, these MMSs exhibited insufficient framework acidities and,
consequently, low catalytic activities (3). Tremendous efforts were made in recent years to synthesize ordered MMSs with crystalline frameworks
(11–19). However, such ordered MMSs were
difficult to obtain, except for the use of threedimensionally ordered mesoporous carbon as a
template (17). A di-quaternary ammonium surfactant 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 crystalline aluminosilicate frameworks. The syntheses were performed with a series of gemini-type,
polyquaternary ammonium surfactants that could
generate micropores and mesopores simultaneously (fig. S1 and table S1) (20). Hexagonal mesostructures were generated by aggregation of the
surfactant molecules, whereas the crystallization 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
C18H37–N+(CH3)2–C6H12–N+(CH3)2–C6H12–
N+(CH3)2–C18H37(Br–)3 (abbreviated as 18–N3–18)
(Fig. 1A). This surfactant has a zeolite-directing
head group composed of three quaternary ammoniums connected with –C6H12– alkyl spacers
and two hydrophobic –C18H37 alkyl tails. Hydrothermal 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 surfactants 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 different 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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The synthesis procedure is similar to the hydrothermal crystallization of a typical bulk zeolite, except for the use of dual-porogenic surfactants
instead of common organic structure-directing species like tetrapropylammonium. Figure 1 shows
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and powder
x-ray diffraction (XRD) results of the hexagonally ordered, crystalline MMS, which was synthesized with the 18–N3–18 surfactant (Fig. 1A). SEM
images (Fig. 1B and fig. S2) show uniform nano-

Fig. 1. (A) 18–N3–18 surfactant (white spheres, hydrogen; gray spheres, carbon; red spheres, nitrogen).
(B) SEM, (C and D) TEM, [(C) 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.
Zeolite
Surfactant*
Mesophase
framework
18–N3–18
22–N4–22
N4-phe
N6-diphe
N8-triphe

MFI-like
Beta

Hexagonal
Disordered

BET
Total Mesopore
Mean micropore Mean mesopore
surface pore
wall
diameter
diameter
area† volume thickness‡
(nm)
(nm)
(m2g−1) (cm3g−1)
(nm)
0.55
0.65

3.5
3.8
3.6
4.5
4.7

1190
1060
940
870
780

1.58
1.48
1.24
1.14
0.98

1.7
2.3
2.9
3.9
5.1

*Gemini-type, poly-quaternary ammonium surfactants used in this work (see table S1 and fig. S1 for chemical formulas
and structures).
†BET surface area calculated from the adsorption data obtained at P/P0 between 0.1 and 0.3, using
the Brunauer-Emmett-Teller (BET) equation.
‡Mesopore 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 mesopore walls show crystal lattice fringes with a uniform spacing of 1.16 nm (Fig. 1D and top left
inset), indicating that the mesopore walls possess a zeolitic crystalline microporous framework.
Figure 1E shows three resolved Bragg reflections
in the low-angle XRD region and four more reflections in the high-angle region. The low-angle
peaks can be indexed to (10), (11), and (30) reflections (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 distinguish 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 2q values (where q is
the angle between the incident x-ray and the scattering planes) of the low-angle reflections between
as-synthesized and calcined samples. This is different 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 condensed crystalline frameworks of the MMS materials. In the high-angle XRD region, four reflections
at d = 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 image. The presence of the higher-order reflections
beyond 1.16 nm indicates that the MMS framework has atomic-scale ordering. Note that determining 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 elucidated by 2D heteronuclear correlation (HETCOR)
nuclear magnetic resonance (NMR) spectroscopy
(22), which resolves the molecular proximities of
the dual-porogenic surfactant to specific framework moieties. The 2D 29Si{1H} HETCOR NMR
spectrum (Fig. 2) reveals the crucial role of the
quaternary ammonium groups in directing crystallization of the zeolite frameworks. A separately acquired 1D 29Si cross-polarization (CP)
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and tailorable over a range of 2.3 to 5.1 nm according to the overall length of the geminilike head
groups. The mesopores also exhibited a narrow
size distribution, where the mean mesopore diameter 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 frameworks are noncrystalline (21).
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Fig. 2. Solid-state 2D 29Si{1H} HETCOR
NMR spectrum of the hexagonal MMS
(Si/Al = 15). 1D 29Si CP MAS and singlepulse 1H MAS spectra are shown along the
horizontal and vertical axes, respectively.
A schematic diagram of the surfactant
molecule is labeled with 1H signal assignments of covalently bonded protons.
Contours are presented to 10% of full
signal intensity.
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Fig. 3. (A) Framework
thickness distributions
and (B) XRD patterns
of disordered crystalline
MMSs synthesized with
N4-phe (black), N6-diphe
(blue), and N8-triphe (red)
surfactants. For comparison, the XRD pattern of
bulk beta zeolite is provided (green).

P/P0 = 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 corresponding 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 micropores 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 microporous 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 thickness of the crystalline microporous walls can be
uniformly tailored by the length of the microporogenic 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 determined 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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6
x8

single-pulse
1H MAS

magic-angle-spinning (MAS) spectrum (horizontal axis) exhibits broad signals associated
with Q n 29Si aluminosilicate framework species
(23) with increasing extents of condensation. A
single-pulse 1H MAS spectrum (vertical axis)
reveals partially resolved 1H signals from the
surfactant molecules whose proton chemicalshift assignments were determined from a 2D
13
C{1H} HETCOR NMR spectrum (fig. S11).
The strongest 2D correlated signal intensities
associated with Q3, Q4(1Al), and Q4 29Si framework species at –100, –104, and –109 parts per
million (ppm) and –N+CH3 (1 and 6, see Fig. 2)
and –N+CH2– (2 and 5) 1H moieties at 3.2 ppm
provide strong evidence for intermolecular interactions between the ammonium groups and
the aluminosilicate frameworks (24). Furthermore, 2D correlated signal intensities between
the same 29Si framework species and 1H signals
at 1.6 ppm associated with –C6H12– bridges between alkyl ammonium groups (3 and 4) establish
their inclusion within the microporous framework. Importantly, there is an absence of 2D
correlated signal intensity between 29Si framework
moieties and 1H signals at 1.3 ppm associated
with –C18H37 alkyl tails (7 and 8), indicating that
these tails are mobile and not molecularly proximate to the framework. This observation is consistent with the mesostructure-directing roles of
the long hydrophobic surfactant tails. Thus, the
quaternary ammonium groups and the –C6H12–
alkyl linkages between them interact strongly
with the aluminosilicate frameworks, establishing 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 hexagonal MMS shows three well-resolved increasing
steps. The abrupt increase observed in the region
of 0.0 < P/P0 < 0.1 (where P is the actual adsorption pressure and P0 is the equilibrium vapor
pressure of argon) is a result of micropore filling. The second sharp increase within the 0.4 <
P/P0 < 0.6 region indicates capillary condensation of Ar in mesopores. The sharp increase above
P/P0 = 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 hexagonal lattice parameter measured by XRD, the
thickness of the mesopore walls is estimated to
be less than 1.7 nm. The micropore size distribution within the mesopore walls has been analyzed with nonlocal density functional theory
(NLDFT), using the adsorption region below

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

*Catalytic activities are compared on the basis of the same weight of catalyst (see the supporting online material for detailed
reaction conditions and procedures).
†Hexagonally ordered crystalline MMS synthesized by using the 18–N3–18
surfactant.
‡Crystalline MMS built with zeolite beta framework synthesized by using N6-diphe surfactant.
§Numbers in
parentheses indicate percentage selectivity for diphenylmethane.
||Numbers in parentheses indicate percentage selectivity
for 4-benzoyl-1-methoxynaphthalene.
¶Numbers in parentheses indicate percentage selectivity for vitamin E (a-tocopherol).

smaller than that of crystalline MMSs. Thus, the
present MMSs possess high concentrations of
strong and accessible external acid sites, as compared with Al-MCM-41 or bulk beta zeolite
(table S2).
In the dual-porogenic surfactant-driven synthesis mechanism, mesopores are generated by
surfactant aggregates, whereas crystalline microporous zeolite frameworks are generated by
multiple quaternary ammonium groups. The wall
thickness and framework topology can be adjusted
by using surfactants with different geminilike head
groups. The mesopore diameters are tailorable
according to the surfactant tail length or by the
addition of hydrophobic swelling agents. The
mesoporous structure and strong zeolitic framework acidity result in substantially improved
catalytic activities for various organic reactions
involving bulky molecules compared with conventional zeolites or amorphous MMSs. It is also
possible to use crystalline MMSs as a selective
adsorbent for separation of proteins according to
the molecular sizes. Bulky enzyme species can
be immobilized via covalent bonding, van der
Waals forces, or electrostatic interactions with the
zeolite frameworks. Furthermore, the synthesis
of MMSs can be extended to other inorganic
compositions, such as aluminophosphates.

synthesis of the hexagonally ordered MMS. When
an MMS was synthesized with the 22–N4–22 surfactant, 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 Al-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 measured quantitatively by titrating the MMS with
triphenylphosphine oxide (TPPO) and analyzing the populations and strengths of these sites
by 31P MAS NMR (fig. S17) (32, 33). Note that
TPPO is too large to penetrate into the 12-MR
micropores and hence binds exclusively to external acid sites on the mesopore surfaces. According to earlier investigations (32), the 31P
NMR chemical shift of TPPO increases with
increasing binding affinity to Brønsted acid sites.
The 31P chemical-shift difference is attributed to
the strong adsorption of TPPO on protonated
Brønsted acid sites on the mesopore walls. The
crystalline MMSs titrated with TPPO yield 31P
NMR signals up to 55.7 ppm compared with
44.3 ppm for Al-MCM-41, which indicates that
the crystalline MMSs possess stronger acid sites
than Al-MCM-41. Bulk zeolite beta can also
yield NMR signals up to 55.7 ppm, but the quantity of the strongest external acid sites is much
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thicknesses increased from 2.9 to 5.1 nm as the
number of quaternary ammonium groups bridged
by –CH2C6H4CH2– increased from four to eight.
The zeolite wall thickness obtained by the carbon replication method may contain systematic
errors, due to carbon shrinkage by ~10% and underestimation of pore diameters in the BJH analysis. 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 systematically 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 framework with 3D connectivity, similar to KIT–1 (figs.
S4 to S10) (21). High-angle XRD reflections become better resolved as their wall thicknesses increase (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 different orientations as in bulk beta zeolite, which has
two polymorphs, A and B (30, 31). In addition,
the NLDFT analysis confirmed that the micropore diameters of the disordered MMSs were
identical to that of beta zeolite having 12-MR
micropores (0.65 nm) (fig. S15). Hence, it is reasonable that the bulky –CH2C6H4CH2– bridges
between ammonium groups were suitable to
direct 12-MR micropores. This is comparable
to the 10-MR pores generation generated by the
–C6H12– bridged 18–N3–18 surfactant for the
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The Unusual Nature of Recent
Snowpack Declines in the North
American Cordillera
Gregory T. Pederson,1,2,3* Stephen T. Gray,3,4 Connie A. Woodhouse,3,5 Julio L. Betancourt,6
Daniel B. Fagre,1 Jeremy S. Littell,7 Emma Watson,8 Brian H. Luckman,8 Lisa J. Graumlich9
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.
n the mountains of western North America,
snowpack controls the amount of runoff (1, 2),
affects temperature through surface albedo
feedbacks (3, 4), and influences myriad ecosystem
processes (5–8). In much of this region, snowpack declined since the 1950s (2, 9–11), and continued reductions are expected throughout the
21st century and beyond (2, 12). When coupled
with increasing demand, additional warminginduced snowpack declines would threaten many
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current water storage and allocation strategies
(13) and lead to substantial strain on related infrastructure and overall supplies. Climate model 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 variability, particularly at decadal-to-multidecadal
time scales (14). Did declines similar in duration, 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 temperature and precipitation variability, and to what
degree can decadal-to-multidecadal climate variability amplify or dampen future warming-induced
trends?
To address these questions, we developed
annually resolved, multi-century to millenniallength (500- to >1000-year) snowpack reconstructions 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 (1, 2). Reconstruc-
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tions are based on an extensive network of treering sites and provide information on patterns
and processes across spatial and temporal scales
relevant to water- and natural-resource management (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 snowpack (18, 21). We capitalized on these snowwater-growth linkages by using existing tree-ring
collections from areas where precipitation is dominated by snowfall and by sampling trees known
to be sensitive to snowpack (18, 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 reconstructions, continuous annual, sub-watershed
(roughly 40,000 T s 25,000 km2) 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, 11), although peak
accumulation timing can vary substantially at individual measurement sites. Elevations of individual measurement sites in the Upper Colorado
subregion (Fig. 1) tend to be higher than those in
the Greater Yellowstone (2807 T s 311 m versus
2307 T s 291 m), and sites in the Greater Yellowstone region are higher on average than those in
the Northern Rockies (~1550 T s 424 m). Overall, the 27 composite snowpack reconstructions
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