




template.Moreover, the absence of an organic tem-
plate implies that no high-temperature calcination
step is required for opening up the pore system
for the intended applications.

Typically, a high concentration of OSDA is
needed to prepare nanosized zeolites to achieve a
high degree of supersaturation by which the crys-
tal size can be controlled and the resulting nano-
particles can be stabilized. We synthesized the
ultrasmall (6- to 15-nm) and nanosized (50- to
70-nm) EMT crystals at near ambient conditions
within a very short time; that is, 36 hours under
conventional heating and 4min undermicrowave
irradiation, respectively (see supporting online ma-
terial, fig. S1). We used these “soft” conditions to
avoid the formation of the more stable and denser
phase hydroxysodalite (SOD) and the formation
of a FAU-type phase observed in precursor sus-
pensions with slight changes of the oxide ratios
and water content (fig. S2).

The ultrasmall EMTcrystals prepared at 30°C
for 36 hours under conventional heating are
shown in Fig. 1. Nearly 63% of the amorphous
aluminosilicates were transformed into ultrasmall
hexagonal EMT zeolite (Si/Al = 1.14). The par-
ticles were single crystals with a size of ~6 to
15 nm, and they contained channels in a highly
ordered hexagonal arrangement. The x-ray dif-
fraction (XRD) pattern of this sample (fully crys-
talline EMT-type zeolite) exhibited broadened
Bragg peaks, which suggests the presence of very
small crystallite sizes (Fig. 2D). The pattern was
indexed using the hexagonal EMT structure in
the P63/mmc space group, with a reliability factor
as low as weighted Rw = 1.5%, Bragg RB =
1.12%, and experimental Rexp = 0.62%, which
gave rise to a goodness-of-fit of 6. In addition,
zeolites X and Y (FAU-type structures) were con-
sidered in the modeling; however, they did not fit
the first three peaks characteristic of the EMT
zeolite, nor the anisotropic line broadening (fig. S3).

Fig. 2. XRD patterns representing the evolution of
ultrasmall EMT crystals from template-free precur-
sor suspensions at 30°C under conventional heat-
ing for (A) 8 hours, (B) 14 hours, (C) 24 hours, and
(D) 36 hours. Vertical ticks correspond to line in-
dexing of the EMT phase. The difference diagram
between calculated and experimental points is
shown at the bottom of each XRD pattern. (Insets)
Crystallite sizes and shapes calculated based on
the XRD data. The whole pattern was fitted using
the combined analysis formalism (30) implemented
in the MAUD program (31), based on the Rietveld
analysis approach. Fourier analysis was applied to
deconvolute the instrumental- and sample-broadening
parts from the measured XRD lines. The instrumen-
tal contribution to the line broadening was calibrated
with an LaB6 standard powder from the National In-
stitute of Standards and Technology. The Popa for-
malismwas then used to describe anisotropic crystallite
sizes and shapes (32), and an arbitrary texture correc-
tion model (31) was used to account for the moderate
preferred orientations introduced in the EMT powder in
a flat sample holder. a.u., arbitrary units.

Fig. 3. TEM images of (A) amorphous-shaped particles in the template-free precursor suspension after 8
to 14 hours, (B) birth of ultrasmall EMT nuclei after 24 hours, and (C) fully crystalline ultrasmall EMT after
36 hours of conventional heating at 30°C. Scale bars, 10 nm.
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The refined cell parameters, a = 1.7616(1) nm
and c = 2.838(2) nm, correspond very well to the
EMT-type structure (5). Moreover, the refined
shape of the particles was a hexagonal crystal
with mean sizes of 10 nm along the [100] direc-
tion, 15 nm along [110], and 2.0 nm along [001].
The refined shape of the crystallites matched the
size and shape of the EMT crystals measured
with high-resolution transmission electron mi-
croscopy (HRTEM) (Figs. 1 and 2D). Moreover,
the fitting of this XRD pattern (sample synthe-
sized at 30°C for 36 hours) with isotropic and
platelike EMT crystals did not provide better
fitting results (fig. S3 and table S1).

We investigated the entire process of nucle-
ation and growth of the ultrasmall EMT crystals
in the system subjected to conventional heating
for a total period of 36 hours. HRTEM images of
the solid particles extracted at different crystalli-
zation times revealed the presence of amorphous
gel after 8 to 14 hours and fully crystalline EMT
particles after 36 hours of heating at 30°C (Fig. 3).
We did not observe any difference between the
TEM pictures of samples heated for 8 and 14
hours. Amorphous objects of about equal size
with a diameter of 2 to 10 nm were seen in these
samples (Fig. 3A); some of these particles had a
size and morphology similar to the final EMT
crystallites. The XRD pattern of the sample
heated only for 8 hours did not exhibit any Bragg
peaks, confirming the amorphous nature (Fig.
2A), whereas analysis of the diffraction pattern
for the sample heated for 14 hours (Fig. 2B) re-
sulted in nonsatisfactory fitting based on the use
of one phase only (either amorphous or crystal-
line). Thus, we used a mixture of amorphous and

nanocrystalline EMT-type zeolite for the fitting.
On the basis of this refinement (Fig. 2B), the
relative amount of the crystalline phase calculated
is ~30%. More developed anisotropy of both
unit-cell (c/a = 1.44) and mean crystallite shape
(2.1 × 2.3 × 1.0 nm3) was calculated for this
sample based on the XRD. Although the XRD
pattern corresponds to an entirely amorphous sam-
ple, based on the Rietveld refinement, we con-
cluded that the particles had anisotropic shapes
with mostly developed hexagonal platelike mor-
phology (fig. S4 and table S2) (28). Moreover,
the refined crystallite volume was comparable to
the unit-cell volume, which is a signature of the
starting of EMT growth (fig. S5). After 24 hours
of heating, ultrasmall crystallites of zeolite EMT
appeared in the amorphous matrix (Fig. 3B). The
XRD pattern of this sample contains amorphous
matter and low intense Bragg peaks (Fig. 2C).
The size of the crystalline domains calculated
based on XRD is 5.5 × 2.0 × 5.1 nm3 (table S3).
Moreover, the crystalline particles existing in
the aluminosilicate system after 14 and 24 hours
heating at 30°C already exhibited the hexagonal
shape (insets in Fig. 2, B and C).

As the crystallization proceeded, the intensity
of the Bragg peaks increased, but they were still
broad because of the small crystalline domains.
After 36 hours of heating, the amorphous par-
ticles were turned entirely into crystalline matter,
as demonstrated with HRTEM and XRD (Figs.
2D and 3C). In the fully crystalline sample, we
detectedwell-formed hexagonal particles with crys-
talline fringes. A closer look at these nanocrystals
(Fig. 1) revealed that the apparent size and the
hexagonal arrangement of the micropores corre-

spond to the EMT-type zeolite. Further evidence
for the high crystallinity of the samples was pro-
vided byN2 sorption and spectroscopic data (infra-
red and nuclear magnetic resonance spectroscopy)
(figs. S6 to S9 and table S4). The nitrogen sorp-
tion measurement of the fully crystalline sample
(36 hours) revealed a type I sorption isotherm;
micropores of 7.3 Å were observed in addition to
textural mesoporosity (pores of 2 to 50 nm) attri-
buted to the random packing of the ultrasmall
nanocrystals. The Brunauer-Emmett-Teller sur-
face area for the ultrasmall and nanosized EMT
materials was 578 and 562 m2/g, and the pore
volume was 0.78 and 0.84 cm3/g, respectively
(table S4).

We compared the ultrasmall EMT crystals
synthesized under conventional heating (Fig. 4,
A and B) with nanosized EMT crystals synthe-
sized under microwave heating (Fig. 4, C and D)
at 30°C. The HRTEM images of the sample pre-
pared with microwave treatment revealed the
presence of small EMT crystals with the char-
acteristic hexagonal platelike morphology (Fig.
4C). The crystalline solids showed a uniform par-
ticle size of 50 to 70 nm (Fig. 4D and figs. S1 and
S10). The selected-area electron diffraction (SAED)
pattern of the nanosized EMT exhibits sixfold
symmetry, which is indicative of the EMT struc-
tural features (Fig. 4F and table S5). The distance
between two fringes based on the TEMmeasure-
ment is 1.3 nm. The ABABAB stacking of the
faujasite sheets is observed in the EMT nano-
crystals; this stacking gives the hexagonal crystal
shape and EMT topology (Fig. 4E). Unlike high
silica micrometer-sized EMT zeolite, the nanosized
EMT grow favorably in the a direction, rather

Fig. 4. TEM images of
ultrasmall EMT crystals
at different magnifica-
tions with scale bars of
(A) 10nmand (B) 500nm,
as well as nanosized EMT
single crystals with scale
bars of (C) 20 nm and
(D) 500 nm. (E) Magni-
fied TEM image and cor-
responding schematic
diagramof the framework
structure (ABABA stack-
ing of faujasite sheets
highlighted in purple and
blue). (F) SAED pattern
of a nanosized EMT sin-
gle crystal, projectedalong
[100].
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than in the c direction, thus resulting in the thin
hexagonal-plate form due to the limited crystal
growth via the layer-by-layer mechanism along
the c direction (29).

The homogeneity of the two samples, ultra-
small (6- to 15-nm) and nanosized (50- to -70 nm)
EMT crystals, is illustrated at two different mag-
nifications in Fig. 4, A to D. The hexagonal mor-
phology of both samples is evident. Moreover,
their colloidal stability was examined by mea-
suring the zeta potential values, which are equal
to –45 mV. This negative charge leads to electro-
static stabilization of the hexagonal nanoparticles.

Why has EMT never been observed in
organic-free synthesis solutions? The reason may
be surprisingly simple. When the same synthesis
solutions as described above were heated at the
same temperature for extended times or at higher
temperatures, the nanoscale EMT materials con-
verted into the well-known FAU and SOD struc-
tures (fig. S2). We propose that under appropriate
conditions the EMT is the first kinetic, metastable
product in this synthesis field, followed by con-
version into the more stable cubic FAU and more
dense SOD structures. This hypothesis is strong-
ly supported by several reports on EMT/FAU in-
tergrowths (9–14). Indeed, we suggest that it may
be possible to capture other important zeolite
phases that occur as intergrowths by exploiting
the very early stages of synthesis and thus avoid-
ing the use of organic reagents that are commonly
needed to stabilize the desired phases.

From an environmental perspective, the syn-
thesis of EMT zeolite presented here is extremely
attractive, as the nanocrystals can be easily syn-
thesized at very high yield at near ambient tem-
perature without using any organic templates,
suggesting that scale-up of an energy-efficient

synthesis would be easily feasible. These nano-
scale EMT materials offer exciting opportunities
for both fundamental study and potential indus-
trial applications. The possible green mass pro-
duction of EMT-type zeolite provides excellent
opportunities for applications in catalysis, ad-
sorption, and separations involving larger mole-
cules and for designing thin films, membranes, or
nanoscale devices.
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An Exhumation History of Continents
over Billion-Year Time Scales
Terrence J. Blackburn,1* Samuel A. Bowring,1 J. Taylor Perron,1 Kevin H. Mahan,2

Francis O. Dudas,1 Katherine R. Barnhart2

The continental lithosphere contains the oldest and most stable structures on Earth, where fragments
of ancient material have eluded destruction by tectonic and surface processes operating over billions of
years. Although present-day erosion of these remnants is slow, a record of how they have uplifted, eroded,
and cooled over Earth’s history can provide insight into the physical properties of the continents and
the forces operating to exhume them over geologic time. We constructed a continuous record of ancient
lithosphere cooling with the use of uranium-lead (U-Pb) thermochronology on volcanically exhumed
lower crustal fragments. Combining these measurements with thermal and Pb-diffusion models constrains
the range of possible erosion histories. Measured U-Pb data are consistent with extremely low erosion
rates persisting over time scales approaching the age of the continents themselves.

The preservation of fragments of stable
Archean continental lithosphere, or “cra-
tons,” over geologic time is intimately

linked with the presence of a low-density mantle
root that supports and protects the overlying
crust (1). The long-term stability of these roots
has been attributed to an apparent “isopycnic”

balance between the negative thermal buoyancy
from contraction during cooling and the pos-
itive chemical buoyancy from the depletion of
the root’s denser basaltic component during cra-
ton formation (1, 2). Despite this stability, cra-
tons must survive exposure to surface processes
working to erode on durations lasting billions

of years, a process that results in continued rock
exhumation toward Earth’s surface. Although
present-day erosion within these stable regions
is low, the assembly of continental masses through
mountain-building processes (3) requires that
these terranes experienced periods of rapid ero-
sion after the construction of topographically
high mountain belts. An erosional history record-
ing the duration of this early rapid erosional phase
and the timing and rate of transition to the slow
erosion observed today will allow us to under-
stand more about the composition and density of
the lithosphere, its relationship with the underly-
ing mantle, and the thermal, buoyant, and me-
chanical forces operating to exhume or bury the
continents over the geologic history of Earth.

Because the exhumation or burial of Earth’s
surface has a direct effect on the rate of heat
loss within the lithosphere, a continuous record

1Earth Atmospheric and Planetary Sciences, Massachusetts
Institute of Technology, Cambridge, MA 02139, USA. 2Depart-
ment of Geological Sciences, University of Colorado, Boulder,
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