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Introduction
Zeolite mordenite is a widely used industrial catalyst

that has long been suspected of framework variability.
Zeolites exhibit absorptive and catalytic properties that
are fundamentally shape-selective. The specificity of a
given application, such as methanol-to-gasoline
conversion or air separation, depends strongly on the local
environment of the active sites, as well as the sizes and
shapes of the micropores that permit guest molecules to
access them. Framework defects, such as metal-
substituted tetrahedral sites, intergrowths, faults, and
hydroxide nests, greatly complicate zeolite characteriza-
tion. Even in very small concentrations, framework
defects locally reshape the pore structure, creating a
variety of new potential active sites that may significantly
alter the useful material properties.

Early single-crystal x-ray diffraction studies of natural
mordenite samples have reported evidence of a dilute
concentration of tetrahedral sites that appeared to be
shifted by ½[001] relative to their expected locations [1].
More recent work on synthetic mordenites has shown that
it is sometimes possible to improve Rietveld fits to x-ray
powder diffraction data by assuming the presence of
½[001]-shifted framework material [2]. Electron
diffraction patterns from mordenite [3] have shown
diffuse scattering within the l = 2n+1 planes of reciprocal
space, suggesting the presence of linear fault defects [4].
This observation was recently explained by Campbell and
Cheetham [5], who found that the presence of long c-axis
columns of material that have been fault-shifted by
½[001] transfer intensity uniformly out of the l = 2n+1
Bragg reflections and into diffuse sheets within the
l = 2n+1 planes. The present work [6] provides a
gigapixel x-ray diffuse scattering survey of intensity
variations within these sheets that establishes the structure
of mordenite’s columnar framework defects and yields
surprising evidence for correlated columnar defects that
form a block-mosaic network of planar stacking faults.

Methods and Materials
Synchrotron x-ray diffuse scattering measurements

were carried out at UNI-CAT beamline 33-ID at the APS
by using a photon energy of 20 keV. The natural single-
crystal mordenite sample from Challis Valley, Idaho,
exhibited a typical needle-shaped habit, with the needle

axis parallel to [001] and with lateral dimensions of 40 ×
40 µm. The needle was oriented parallel to the omega axis
of the goniometer, which was perpendicular to the
200-µm x-ray beam. The use of a charge-coupled device
(CCD) x-ray detector (Bruker APEX) permitted the rapid
acquisition of a large 3-D volume of reciprocal space. At
each crystal position, a curved 2-D section of reciprocal
space was projected onto the CCD detector. By rotating
the crystal about the omega axis in 0.1º increments and
collecting one CCD frame (approximately 10 s) at each
position, a large, approximately cylindrical volume with
an outer diameter q = 9.5 Å-1 was mapped out in just a
few hours.

Results and Discussion
The detailed atomic structure of mordenite’s columnar

defects is a challenging problem that may have important
consequences for its catalytic properties. The normal
mordenite framework structure can be assembled from a
smaller motif consisting of a four-membered ring (4MR)
of (Si,Al)O4 tetrahedra and eight tetrahedral legs attached
to the outer vertices. The 4MR motifs stack in columns
parallel to the [001] channel axis. A logical model for an
isolated columnar defect can be constructed by displacing
a single column of 4MR motifs by half a unit cell along
[001], which preserves stoichiometry and tetrahedral
coordination and also allows for reasonable Si-O bond
lengths [4]. Experimental verification of such a model
requires mapping out the 3-D diffuse scattering
distribution in detail. The CCD detector image contained
in Fig. 1 is representative of the x-ray diffuse scattering
patterns obtained from mordenite in the present study.
Diffuse streaks of intensity are evident in the data, each
spanning roughly the width of the frame from left to right.
The positions of these streaks remain constant as the
crystal is rotated through 100º, revealing the streaks to be
the cross sections of large sheets of diffuse intensity in the
reciprocal lattice planes normal to (001). Because the
sheets of diffuse scattering are observed to be very tightly
compressed at integer values of l, we assume that the
columnar defects effectively span the entire crystal along
[001].

The experimental l = 2n+1 reciprocal lattice planes
(from l = −5 to +5) were reconstructed by combining
portions of each of the 2-D CCD images collected. The
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FIG. 1. CCD camera image of high-energy (20-keV) x-ray
diffuse scattering from mordenite. The circular shadow of
the beam stop has been blackened out on the left-hand
side of the image. The needle-shaped crystal was oriented
with its [001] axis parallel to the left-hand edge and
mounted 5 cm in front of the center of the detector.
 2004 by The International Union of Crystallography,
http://journals.iucr.org/.

intersection of a reciprocal lattice plane with the Ewald
sphere is a circle, which then projects outward as a cone
into the laboratory space. The intersection of this cone
with the flat detector plane then forms a general conic
section, explaining the hyperbolic shape of the diffuse
streaks in Fig. 1. To reconstruct a given plane, the
relevant conic section must be calculated and extracted
from each CCD frame. These 1-D slices are then placed
side by side to form an image of the whole plane, as
shown in Fig. 2(a) for the hk5 plane. This image reveals a
wealth of structure and contains at least three distinct
types of diffuse features: (1) broad features that span the
space around several Bragg reflections, (2) star-shaped
intensity distributions centered around certain Bragg
reflections, and (3) narrow streaks of intensity along lines
for which h±k = integer. The linear streaks appear to join
together to form diamonds at some positions, while the
broad features give the appearance of filling in the interior
of some of the diamonds.

Computer simulations of the diffuse scattering distribu-
tion, based on computer-generated mordenite models
incorporating a random spatial distribution of defects,
were used to verify the defect structure. Figure 2(b)
contains the simulated pattern obtained from the final
model described below. This diffuse scattering simulation
utilized a mordenite crystal model containing
256 × 256 × 16 = 210 unit cells, thus spanning
512 columnar motifs along both the [100] and [010]

FIG. 2. (a) Reconstructed image of the hk5 reciprocal
lattice plane obtained by extracting the hyperbolic l = 5
streak from each CCD frame as the crystal was rotated
about the [001] axis in increments of ∆ω = 0.1°.
(b) Simulated diffuse scattering pattern of the same
reciprocal space region based on the final columnar
defect model represented in Fig. 3.  2004 by The
International Union of Crystallography, http://journals.
iucr.org/.

directions. The sharp experimental features indicate fairly
long-range defect structures that required this
extraordinarily large real-space model. Defects were
injected into the model by using a 2-D array of random
variables Xi,j, where the i and j indices each run from
1 to 512. A value of Xi,j = 0 indicates that the columnar
motif labeled (i,j) is in its normal position, whereas a
value of Xi,j = 1 indicates that the motif has been displaced
by ½[001]. The resulting defect fraction p is simply the



probability of obtaining a value of Xi,j = 1. The
simulations were performed by using the program
DIFFUSE [7], which calculates the diffraction pattern by
using the method of lots. Because the columnar defects
traverse the structure along [001], their actual length has
no effect on the structure of the diffuse scattering within
planes normal to [001]. Therefore, we found it practical to
reduce the lot size considerably along this direction. After
preliminary testing, a lot size of 14 × 14 × 2 unit cells was
chosen, and the number of lots was selected to be 100, so
that about 3.7% of the model crystal was sampled in one
simulation.

The final structural model is represented in Fig. 3,
which reproduces each of the essential diffuse scattering
feature types observed experimentally. The broad peaks
and nodes in Fig. 2 are the Fourier transform of an
isolated columnar defect. The good match between the
calculated and experimental patterns verifies the 4MR
columnar motifs as the defect-shifted blocks of material in
real mordenite. The narrow streaks and star-shaped
scattering features, on the other hand, arise as a result of
longer-range intercolumnar correlations along the <110>
crystal directions. These features are strong evidence of
½[001] stacking faults, as illustrated in Fig. 3(a). One
such fault plane comprises a sheet of columnar motifs that
become cooperatively displaced relative to their normal
positions. The best match to the experimental data in
Fig. 2(a) was achieved by creating a block-mosaic pattern
of stacking faults superimposed on a random distribution
of isolated columnar defects. The pixel map
representation of the final structural model in Fig. 3(b)
was used to produce the simulated diffuse scattering
pattern in Fig. 2(b).
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