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I. INTRODUCTION

Porous materials are classified in three different categories based on the size of pores rpore, i.e.,

microporous for rpore < 20 Å, mesoporous for 20 Å < rpore < 500 Å, and macroporous for rpore >

500 Å. Here we confine ourselves in micro-and mesoporous materials. Microporous crystals

(hereafter called zeolites) with more than 130 different framework-type structures have been

reported. Recently, new ordered mesoporous silicas have also been synthesized in acidic or

basic condition by using self-organization of amphiphilic molecules, surfactants, and polymers,

and macroporous materials have been synthesized by using a different type of bead as a mold.

Transmission electron microscopy (TEM) can provide detailed structure of zeolites. In this

chapter, we use the word ‘‘characterize’’ or ‘‘characterization’’ for structural study on a unit cell

scale, such as various kinds of structural defects and basic structural units, and ‘‘determine’’ or
‘‘determination’’ for obtaining atomic coordinates within the unit cell for all atoms of a crystal.

A simple text or reviews for structural characterization of porous materials can be found in a

book or review articles (1–5). Now we are in a new era, i.e., we can determine new structures of

micro-and mesoporous materials only by electron microscopy (EM), an area called electron crys-

tallography (EC) (6–9). In this chapter, we cover the basic principles of TEM, discuss a few

examples of structural characterization by the traditional approach, and then document the

latest progress in EC for structure determination of micro- and mesoporous materials.

TEM has several advantages for structural studies of porous materials over X-ray

diffraction (XRD) and can overcome the following problems:

1. Most porous materials synthesized are microcrystalline with particle dimensions of

1 Am or less, and are too small for structural determination by single-crystal XRD

experiment.

2. Microporous and mesoporous crystals may often contain different kind of faults and

tend to form intergrowths. Therefore, the first task is to characterize structural units

followed by analysis of the defects or intergrowths and then to derive/speculate ideal

structure(s) from the observations.
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3. In the case of microporous crystals, the difficulties in solving crystal structures from

powder XRD are that the three-dimensional structural information is projected to one

dimension (d spacing). Without having a reasonable initial structure model, it is hard

to decompose the heavily overlapped powder XRD profile into individual reflections
and to refine atomic coordinates.

4. In case of mesoporous materials, it is hard to synthesize a single phase. This is

because mesoporous materials show local structural variations caused by local fluc-
tuations in synthesis conditions. Even for a single-phase material it is difficult to

determine the crystal class, let alone determine the structure by powder XRD ex-

periment, because only a few reflections with large broadening are observed at the

small scattering angles in powder XRD pattern.

Bearing these problems in mind, we discuss below the fundamental issues of TEM.

Readers seeking additional information should consult one of general textbooks of TEM (10).

II. TRANSMISSION ELECTRON MICROSCOPY

As far as we are concerned, (TEM) is a method to obtain information of electrostatic potential

distribution within a specimen by scattering of incident electrons through the electron dis-

tribution at the exit surface of the specimen. The distribution is formed by transmitted and

scattered electrons in a specimen from an incident plane wave, and a simplified illustration is

shown in Fig. 1. The major advantage of TEM is that structural study can be done from very

small regions of the specimen. That is, one can obtain structural information with high S/N ratio

even from an area as small as a few tens of square nanometers. This is because interaction

between electron and matter is strong, and a highly-coherent and bright electron gun can be

used to obtain TEM images and electron diffraction (ED) patterns. Modern TEM has many

Fig. 1 Simplified schematic electron beam diagram inside and outside of the material and a schematic

drawing of electron distribution at the exit surface.
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electromagnetic lenses under the specimen position and focal distances of the lenses are

variable by adjusting lens current. Therefore, from the same area one can obtain both TEM

images with a magnification from 1000 � to 2 � 106 � and electron diffraction (ED) patterns

with different camera lengths just by changing lens current.

Incident electrons pass through the specimen by elastic or inelastic scattering process, and

structural information can be obtained from the elastically scattered electrons. For the elastic

scattering process within the specimen, we assign the term kinematical if the scattering cross-

section for electrons by the specimen is so small or specimen thickness is so thin that the

electrons are scattered once in the specimen. In this case, the effect of multiple scattering is

negligible comparable to ordinary X-ray scattering. We assign the term dynamical when the

multiple scattering process cannot be neglected. When kinematical scattering is appropriate, the

electron distribution at the exit surface is proportional to the projected crystal potential. In gen-

eral, however, the scattering power of electron is so strong that the electron density distribution

is modulated from that of the projected potential by dynamical scattering effect, which we know

in detail and can estimate well. The dynamical scattering effect increases with crystal thickness,

density of the crystal, atomic number of the element in the specimen, and wavelength of the

incident electrons. The wavelength of electrons E (in angstroms) is given by de Broglie at an

accelerating voltage E, which is measured in volts;

EðÅÞ ¼ ðh =2meÞ1=2½1=Eð1þ eE=2mc2Þ�1=2

¼ 12:26=½E1=2ð1þ 0:9778� 10�6EÞ1=2� ð1Þ
The role of the objective lens is to bring the Fourier transformation of the electron density

distribution at exit surface from infinity to the back focal plane of the lens (as an ED pattern) and

to make Fourier inverse transformation at the image plane as shown in Fig. 2. The image at the

plane is enlarged by the successive intermediate and projection lenses onto the image screen.

The high-resolution electron microscopy (HREM) image, which shows the electron den-

sity distribution at the exit surface and corresponds to the fine structure of the specimen in

Fig. 2 Schematic diagram of electron optics to show the relation among the exit wave, ED pattern,

and image.
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atomic scale, can be obtained by interference between the direct beam and diffracted beams

under an observation condition. Therefore, in order to take a HREM image, the following factors

should be adjusted:

1. EM is electron optically aligned.

2. Specimen must be tilted to the right orientation.

3. Objective lens (OL) condition, defocus value, and OL aperture size must be properly

chosen.

The HREM image shows fine structure corresponding to a projection of the crystal

potential. However, the image might be modified by dynamical scattering effects within the crys-
tal and aberration of OL. Once the crystal structure is derived from the HREM image, it is

important to compare the HREM image and the simulated one. There are some general simulation

methods, including the effect from dynamical scattering, i.e., eigenvalue method or multislice

method, and some software packages are available. Because of the advantages of the smaller

memory size and shorter calculation times, the multislice method is more popular and is dem-

onstrated below for characterization.

By changing the mode of imaging lenses, the ED pattern is easily obtained from the

same area by using selected area aperture. Generally, the ED pattern does not equate with a

Fourier transform of the projected crystal potential when dynamical scattering effects are not

negligible.

A. Overview of TEM Applications for Zeolite and Mesoporous Materials

The problems to be studied by TEM are shown schematically in Fig. 3.

1. Three-dimensional structures of porous materials, i.e., framework structures for

zeolites, and pore sizes and pore arrangements for mesoporous

2. Surface structures

3. Fine structures of various defects, including intergrowths

B. Experimental Remarks Especially for Zeolite and Mesoporous Materials

Sample preparation for TEM observation is usually not difficult for powder materials with enough

hardness. That is, specimen is crushed by an agate mortar and dispersed in solvent, then dropped

Fig. 3 Schematic drawing to show the problems to be studied by TEM.
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on a microgrid (holey carbon film). We can prepare TEM samples easily in this way for zeolites or

silica-based mesoporous materials.

Ionization, knock-on, and phonon excitation processes of electrons in the specimen cause

irradiation damage. Sometimes crystalline specimen converts to an amorphous state by the

irradiation damage. In particular, zeolites are very electron beam sensitive, with the trans-

formation from crystalline to amorphous occurring so easily that it is not easy to obtain an

HREM image of zeolites. In order to obtain an HREM image of zeolite, it is better to use (a) an

acceleration voltage higher than 200 kV to reduce the damage and (b) highly sensitive electron

micrograph film to reduce the necessary number of electrons (or density) for recording. For all

observations in this chapter, we used high-voltage TEMs (300, 400, and 1250 kV), highly-

sensitive film (MEM, Mitsubishi Paper Mills Ltd.), and a slow-scan CCD camera (for

quantitative analysis).

III. STRUCTURE CHARACTERIZATION

A. Sharp Spots and Diffuse Streaks

When the crystal is perfect and a selected area aperture for ED pattern does not include specimen

edge, all diffraction spots have sharp profiles at reciprocal lattice points and no extra intensity is

observed in the ED pattern. Sometimes the ED pattern includes diffuse intensity distribution that

is produced either by crystallite shape or crystal defects. If linear defects exist in the area, planar

diffuse scattering is produced, and planar defect makes linear diffuse scattering (Fig. 4). Since

the diffuse streak is easily discernible and the direction of the streak is normal to the plane of

defect, the streak observation gives useful information for characterization of crystal defects.

However, it is hard to observe it when the defect density is low.

Taken as an example, ETS-10 is a titanosilicate crystal and has three-dimensional channel

system in the framework structure (11–13). A SEM image suggests that the crystal has a pseudo-

fourfold axis (along the z axis), and this was also confirmed by an HREM image taken with the z

axis and corresponding ED pattern. If there are defects in the stacking sequence in a crystallite,

streaks appear in the ED pattern perpendicular to the stacking plane. Strong streaks, observed in

an ED pattern shown in Fig. 5 in the vertical direction exist across hkl reflections with h = even.

HREM image taken in the x direction is shown in Fig. 6a and the same image as Fig. 6a

was taken along the y axis. The schematic drawing of the image is shown in Fig. 6b. The

rod structure was obtained from analysis of the image together with the observed ratio of

Fig. 4 Schematic drawing to show the relation between two typical defects in a crystal and ED patterns

at back focal plane.
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Si/Ti = 5 from chemical analysis as shown in Fig. 7a. The framework consists of a stacking

sheet that is constructed from a rod unit as shown in Fig. 7b. The feature of streaks corresponds

to the manner of sheet stacking with a shift of 1/4 period to the right or left side as observed in

Fig. 6a. Many polytypes are observed in the images, and two structures with ABCD stacking

and ABAB stacking can be derived as end members of polytypes (Fig. 8a and b).

B. HREM Image, Fourier Diffractogram, and ‘‘Mask Filtering’’

In this section, processes of obtaining a Fourier diffractogram from HREM image and of en-

hancing information of certain objects by ‘‘mask filering’’ are shown.

Fourier diffractogram is defined by a two-dimensional map of magnitudes of Fourier

transform of HREM image as a function of wave vectors, i.e., in reciprocal space. In an HREM

image, contrast of crystal defects can be enhanced by a technique of mask filtering. This is

inverse Fourier transform of the Fourier diffractogram that is masked except for characteristic

reflections of the crystal defects.

Both MFI [space group (SG): Pnma] and MEL (SG: I 4m2) framework structures contain

the same structural units, i.e., pentasil chain and pentasil sheet. The pentasil sheet is constructed

with two pentasil chains (L & R) connected each other by mirror symmetry (Fig. 9a and b) (14–

16). Both MFI and MEL can be produced by the stacking of the pentasil sheet in the [100]

direction. MFI consists of pentasil sheet stacking with inversion symmetry, and MEL with

mirror symmetry as shown in Fig. 9c and d, where the symmetry elements are marked.

B-MEL (boron-containing MEL) has a planar fault in the framework structure perpen-

dicular to {100}; therefore, weak streaks parallel to the <100> directions are observed in ED

patterns taken with incident beam parallel to the [100] and [001] directions as shown in Fig. 10a

and b (12). To enhance the visibility of planer fault in the HREM image (Fig. 11a), the mask

Fig. 5 An ED pattern of ETS-10. Strong diffuse streaks are observed vertically at every two rows.
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filtering method was applied. That is, inverse Fourier transform was performed after all re-

flections in a Fourier diffractogram, except equivalent reflections of 110 and 000, are masked in

Fig. 11b. Figure 11c shows some planar defects parallel to the {001} plane, and also the defect

planes are regarded as antiphase boundary. According to this observation, we can conclude

that the structure of B-MEL is built up as shown in Fig. 12, and this suggests that the crystal

growth unit of the pentasil chain (rod) and that way of producing MFI nuclei in MEL as defects.

C. Surface Structure

When crystallite has sharp facets with well-defined surface with Miller index hkl, one can

observe the projected surface termination structure of the crystallite by taking HREM images

with incident beam parallel to the facet plane, i.e., edge-on view. Because the image contrast

Fig. 6 (a) An HREM image taken along x or y axis and (b) schematic drawing of the image.
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near the specimen edge is sensitive to defocusing of OL as well as crystal thickness, in order to

determine the surface termination structure of the framework of zeolite, the observed HREM

images must be compared with the simulated ones based on different surface-terminated frame-

work structures. In some cases, the possibility of a mixed surface, involving mixtures of different
termination types along the beam, must be considered. Studies on two surface structures of FAU

and LTL are shown here.

1. Surfaces of FAUand EMT

The ideal framework-type structure of FAU has a space group of Fd 3m. The structure is

described by sodalite cages linked via D6R to four other sodalite cages in such a way that all

the sodalite cages are related by inversion at the centers of D6R. According to the point group

symmetry, the crystallite’s shape for FAU structure is frequently of octahedral morphology

surrounded by {111} surface (Fig. 13a). If one of four connectivities of sodalite cages of FAU

along the <111> direction is changed to mirror, then a framework-type structure of EMT, which

is hexagonal, is obtained (Fig. 13c d). Therefore structures of both FAU and EMT can be de-

scribed by a common structure unit, the so-called faujasite sheet, and the {111} surface of FAU

and the (001) of EMT are the same in the framework structures. EMT is regarded as a polytype

of FAU (17–19). Crystallite’s shape of EMT is a hexagonal prism with facets of (001) and

Fig. 8 Schematic drawings of two end members of polytypes (a and b).

Fig. 7 (a) Schematic drawing of an essential structural unit of ETS-10. Rod structure and (b) stacking of

sheet formed by the rods.
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{100} surfaces (Fig. 13b). Figure 13e and f shows schematic drawings of the projected

framework along to the [110] direction of FAU and the [100] direction of EMT. HREM images

are taken with incident beam parallel to the [110] and the [100] direction of FAU (Fig. 14a b)

and EMT (Fig. 14c), respectively. Arrows in Fig. 14a–c indicate the step positions. Three types

of framework termination model of the faujasite sheet were supposed (Fig. 15), and multislice

simulation images were calculated by using the models. From comparison between observed

images and simulated ones, the surface termination of FAU is identified as type 1 or type 3 and

that of EMT is type 3 (18,19). These results suggest that D6R plays an important role in crystal

growth process.

Fig. 9 Schematic drawings of (a) pentasil chains of L and R, (b) pentasil sheet formed by L and R rods

and framework type structures of (c) MFI and (d) MEL.
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2. Surface Structure of LTL

High-quality synthesized LTL crystal has clean surface and cylindrical shape consisting of

(001) surface on the top and the bottom plane and (100) and (110) on the sidewall. Figure 16

shows HREM images taken with incident beam parallel to the [001], [100], and [110] direction.

Three different models (I, II, and III) for termination of (001) and two (IV and V) for ter-

mination of sidewall were considered (Fig. 17). Model I shows that the framework is

terminated with D6R on the (001) surface, and models II and III have the cancrinite (CAN)

cages and without the D6R (same as incomplete CAN cage), respectively. On the sidewall,

models IV and V correspond to the termination structures with the CAN cages and with only

four-membered rings, respectively. Best-fitted framework models and simulated images are

inserted in the images. These results indicate that the surface termination on the (001) plane has

D6R and that on the sidewall has CAN cage as shown in Fig. 18 (20,21).

D. Mesoporous Materials

Silica mesoporous materials have the following characteristic features:

1. Disorder on the atomic scale (short range). This can be seen as diffuse intensity at

medium range of scattering angles.

2. Distinct order on the mesoscopic scale (long range). In other words, mesoporous ma-

terials consist of periodically arranged cages/channels separated by amorphous sil-

ica walls.

The local structural variations in mesoporous materials that are commonly observed pro-

duce a small number of reflections and large peak widths in powder XRD patterns. This situation

can be shown by an example for powder XRD of MCM-41 in Fig. 19a. From the powder XRD

pattern, it is hard to determine the crystal structure or even the crystal system. However, from the

TEM image, it is straightforward to show one-dimensional character channels and their two-

dimensional hexagonal arrangement (p6mm) and to measure channel shape and wall thickness

(22,23). Kresge and coworkers were thoughtful to combine EM observations in order to solve the

Fig. 10 ED patterns taken with <100> incidence (a) and [001] incidence. Diffuse streaks are observed

along [010] in (a) and along [100] and [010] in (b).
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structures with powder XRD experiments; however, many papers have been published since

then, unfortunately mixing up speculative structural models and structure solutions. Figure 19b

shows a TEM image of MCM-41 taken with the incident beam parallel to the channel direction.

Independently from MCM series, Kuroda et al. and Inagaki et al. reported mesoporous materials

with two-dimensional channel systems, KSW-1 and FSM-16, respectively (24,25). Figure 19c

shows another example of one-dimensional channels in two-dimensional rectagular of KSW-2,

and from the powder XRD pattern it is rather difficult to characterize this deviation from p6mm

(26). The most difficult aspect of the structural studies of silica mesoporous materials is that it

is hard to obtain single-structure type or large domains of one type with high regularity. It is

easy from the TEM image to judge whether a silica mesoporous material is single structure or

not—an issue of considerable importance for characterization of the mesoporous materials.

The TEM image shown in Fig. 20 indicates that the material is the result of intergrowth of

two different structures in fine scale.

In general, we can determine the structure of any three-dimensional-object by thousands of

projected images from different directions obtained by Fourier analysis, so-called tomography,

which is widely used for medical imaging. However, if the material is crystalline, we can apply

crystallography instead of tomography; then we can reduce number of images required dra-

matically and also enhance the S/N ratio by collecting information only at reciprocal points.

Fig. 11 (a) An HREM image taken with [001], (b) its Fourier diffractogram, and (c) ‘‘mask-filtered’’

image, which is Fourier inverse transformed from the encircled beams.

Copyright © 2003 Marcel Dekker, Inc.



In order to determine the three-dimensional-structure of silica mesoporous materials at

about 10 Å resolution, electron crystallography (described below) may be the only method

available.

IV. STRUCTURE DETERMINATION (ELECTRON CRYSTALLOGRAPHY)

A crystal is a three-dimensional periodic array of unit cells, each of which contains the same

arrangement of atoms. Even in a case of periodic mesoporous materials, there will be no basic

change except continuous object rather than discrete atoms as long as we are concerned with

mesoscale structure. To determine the distribution of scattering density, V(r), in a unit cell is a

central problem for structure analysis. V(r) can be obtained from analysis of crystal structure

factor (CSF), F(h), for h reflection, which is a Fourier coefficient of V(r) as

FðhÞ ¼ mV ðrÞexp 2ki h r dr ¼ jFðhÞjexpfiuðhgg ð2Þ
where u(h) is phase of CSF and h is a reciprocal vector. h is given by a set of (h,k,l) and

reciprocal lattice vectors, a*, b*, c*,

h ¼ h a*þ k b*þ lc*: ð3Þ
CSF is complex in general. Once the three-dimensional dataset of F(h) is obtained, then structure

V(r) can be determined by an inverse Fourier transform straightforwardly as

V ðrÞ ¼ mFðhÞexpð�2p ir hÞdh ð4Þ
Diffraction intensity I(h) for h reflection is given by

IðhÞ ¼ FðhÞ*FðhÞ ¼ jFðhÞj2 ð5Þ

Fig. 12 Schematic drawing of structure of MEL showing how MFI is formed as defects by using

essential structural unit of pentasil chains of L and R.
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Fig. 13 SEM images of (a) FAU and (b) EMT. Schematic drawings showing that FAU and EMT

framework-type structures are formed by sodalite cages (c and d). The structures of FAU and EMT can be

described by successive ‘‘faujasite sheets’’ connected through D6R via inversion along (c) <111> and

mirror along (d) [001]. Projected framework structure of FAU along (e) <110> and that of EMT along

(f) [100].
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and loses phase information. Therefore, we can obtain only absolute value of moduli F(h) from

diffraction intensity. For a centrosymmetrical crystal, we can make F(h) real, that is phases of

F(h) are either 0 (+) or k (-) by taking an origin at inversion center. In the case of zeolite, the

problem is how to find atomic position r from observed V(r) in the unit cell by fractional co-

ordinates with lattice vectors a, b, c, as

V ðr Þ ¼
X
i

viðrÞ
r ¼ xaþ ybþ zc ð6Þ

where vi(r) is the ith atom scattering density being referred to the unit cell origin.

Framework structure determination or characterization of zeolites is usually carried out by

the single-crystal X-ray diffraction (XRD) method, if large single crystallites can be synthesized.

In most cases, however, synthesized crystallites are in the micrometer range and contain planar

defects and multiphase (including polytypes). In such cases, the crystal structure is difficult to

Fig. 14 (a, b) HREM images of FAU [110] incidence and (c) EMT [100] incidence.
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determine by the ordinary XRD method. TEM is the only method for solving framework struc-

ture in the above cases because both the ED pattern and the HREM image can be easily obtained

from a single crystalline region. Some framework structures were derived from HREM images

(27,28), but without quantitative intensity analysis. Since recent high-resolution electron

microscopes have a point resolution of about 0.18 nm or higher, determination of framework

structures from HREM images is straightforward. However, zeolites are too sensitive under a

high density of electron irradiation, which is necessary for taking images at high magnification,

Fig. 15 Schematic drawing of three types of framework termination for FAU and EMT.

Fig. 16 HREM images of LTL surface taken with the (a) [001], (b) [100], and (c) [110] direction,

respectively.
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and consequently the point resolution of an observed HREM image of a zeolite is lower than

0.2 nm. Therefore, the positions of the T atoms cannot be derived directly from HREM images.

In previous work, T-atom networks were extracted from HREM images based on trial and error

together with deep insights.

During the past 20 years, quantitative and wide dynamic range recording systems for TEM

have become available, i.e., imaging plate and slow-scan CCD camera. These instruments make

it possible to quantitatively analyze ED patterns and HREM images. Electron crystallography is

a method for solving crystal structure by the use of quantitative analysis of ED pattern and/or

HREM image intensity, and this has been developed following big improvements in the re-

cording systems.

When an ED pattern is taken from the thin region where dynamical scattering effect can be
negligible, i.e., weak phase object approximation (WPOA), diffracted intensity in the ED pattern

is proportional to the square of the crystal structure factor.

Fig. 17 Schematic drawings of surface terminations of LTL.

Fig. 18 Three-dimensional schematic drawing of the surface structure of LTL.
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Fig. 19 (a) Powder XRD pattern and (b) TEM image of MCM-41.
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Furthermore, for HREM images taken from such a thin region, the value of the

intensity with phase, which is obtained from Fourier diffractograms of the HREM image, can

be regarded as proportional to crystal structure factor F(h) multiplied by contrast transfer

function (CTF).

IimageðhÞ ¼ FTfIHRTEM ðxÞgðhÞ~CTF � FðhÞ; for h p 0 ð7Þ
where, F(h) is crystal structure factor, FT is Fourier transformation, IHRTEM(x) is the intensity

at x in the HRTEM image, and Iimage(h) is a complex value (with modulus and phase)

obtained from the Fourier diffractogram. That is, when the CTF is known and dynamical

scattering is negligible, crystal structure factor can be obtained from an HREM image. Figure

21 shows the EC process for structure analysis.

Fig. 19 (c) TEM image of KSW-2.
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Fig. 20 TEM image of a three-dimensional mesoporous structure with an intergrowth.

Fig. 21 Schematic drawing of EC process for structure analysis.
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A. Fourier Reconstruction

A three-dimensional potential distribution is obtained by merging several projected distribution

(two-dimensional information)with different projection direction. Usually, to merge several

projections for making three-dimensional distribution, Fourier reconstruction is applied. That is,

Fourier diffractograms are obtained from each HREM image. Two-dimensional CTF data sets,

obtained from the diffractogram, are merged to make a three-dimensional CTF data set with

concerning of intensity normalizing by common reflection and phase matching (corresponding

to find a proper position of the origin for each HREM image) allowing space group. Then the

three-dimensional CTF data set is inversely Fourier transformed.

By noticing three-dimensional mesoporous material as crystalline, we have developed a

new method for solving the structures with mesoscale ordering without assuming any structural

models. The resolution for the structure is primarily limited by the quality of the HREM

images, which depends on the long-range mesoscale ordering and treatment of the EM image

processing. Further progress in HREM images may give better resolution, but no change in the

conclusions about structure will be necessary because the validity of a solution does not depend

on the resolution (7,8,29).

Figure 22 shows a real procedure for solving the three-dimensional structure of SBA-6

suggested in Fig. 21. From a set of observed HREM images, Fourier transforms of each image

give a two-dimensional crystal structure factor datum, both amplitudes and phases. Fourier

diffractograms, which display only amplitude term, give extinction conditions and therefore

possible space groups. Point group symmetry was determined by crystal morphology, SEM

image, as m3̄m and the space group of SBA-6 was uniquely determined to be Pm3̄n. The two-

dimensional crystal structure factor data were merged into a three-dimensional data set after ad-

Fig. 22 A detailed procedure to solve three-dimensional structure of SBA-6.
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justment of the origin of two-dimensional datum and correction of an effect of objective lens

contrast transfer function. The basic structure of SBA-6 can be obtained only from two HREM

images of [100] and [110] incidences. The images of [111] and [210] incidences improved fine
details of structures of cages and tunnels between them (8). The cages are arranged in A3B

type as shown in Fig. 23, where the A cage is the larger with a diameter of 85 Å at (1/2,0,1/4),

(1/2,0,3/4), (0,1/4,1/2), (0,3/4,1/2), (1/4,1/2,0), and (3/4,1/2,0), and the B cage is the smaller

with a diameter of 73 Å at (0,0,0) and (1/2,1/2,1/2). A B cage is surrounded by 12 A cages that

are connected through openings of 20 Å, whereas the openings between A cages are about

33 � 41 Å.

B. ED Intensity and Direct Method

Direct method, the most powerful approach to determining the crystal structure by single-crystal

XRD method, retrieves atom positions from lattice parameters, space groups, and data sets of

diffraction intensity. Software packages including the method, such as SHELEX and SIR, are well

known and used widely. In general, direct method seems to be inapplicable to ED intensity be-

cause dynamical scattering is not negligible. However, when the density of material is low (as

zeolite) and specimen thickness is thin enough, the direct method seems appropriate.

A success case is a framework determination of SSZ-48 (framework type SFE) (6). The

integrated intensities in ED patterns are quantitatively measured from 11 zones for 600

reflections (326 unique reflections). From these observations, unit cell parameters of a =

11.19 Å, b = 4.99 Å, c = 13.65 Å, and h = 100.7j (V = 748.6 Å3) and a space group P21 (No. 4)

were obtained. Excitation error (curvature of the Ewald sphere) was neglected, kinematical

treatment was first applied, and then the effect of dynamical scattering was checked. Reflections
with normalized structure factors between 0.65 and 10.0 were used in the direct methods

Fig. 23 Three-dimensional structure of SBA-6.
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structure solution, resulting in 157 reflections that were employed to calculate 2588 unique

triple-product relations. The phases obtained from the direct methods structure solution were

used to generate a three-dimensional potential map that easily revealed the seven silicon atoms

in the basis set of the framework structure for SSZ-48. The three-dimensional potential map

also contained the positions of 5 of the 14 oxygen atoms. Additional scattering material in the

potential map was located in the channel system of the model and is attributed to the occluded

organic structure-directing agent N,N-diethyldecahydroquinolinium (Fig. 24a). The remaining

oxygen atoms in the framework were located using distance least-squares refinement (DLS)

(30) to optimize Si-O bond distances and O-Si-O bond angles, and the DLS-refined model (R =

0.0028) contains 7 silicon and 14 oxygen atoms in the asymmetrical unit as shown in Fig. 24b,

including template molecules.

In order to clarify a condition of crystal thickness to obtain framework structure by the

direct method, two ED patterns were taken with incident beam parallel to the [110] direction

from nanocystallites of FAU, the regions taking the ED patterns have average crystal

thicknesses of about 40 nm and 60 nm, respectively. After application of the direct method,

only a datum measured from the ED pattern of the thinner one gave the correct framework

structure with one O-atom position missing. Concerning the case of SSZ-48, we can conclude

that the crystal thickness, at least, must be thinner than 50 nm to obtain framework structure.

C. Framework Enhancement

Zeolites are more sensitive to high-density electron irradiation than mesoporous materials

constructed of amorphous walls; therefore, it is difficult to take several HREM images of

zeolite with different incident directions. A few HREM images produce a blurred three-

dimensional potential distribution, and retrieval of atom positions in the framework is difficult.

In such cases, if several ED patterns are obtained, sometimes the framework structure can be

enhanced in the blurred distribution by using the ED information.

Fig. 24 Structure solution of SSZ-48. Model obtained by electron crystallography (a) and framework

with the organic structure-direct agent after energy minimization (b).
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BEC, a new phase of zeolite h, was synthesized in a multiphase h sample, and the

structure was solved by the Fourier reconstruction and framework enhancement method (31).

Seven ED patterns and two HREM images were scarcely obtained from a thin region of

about 30 nm in the new phase. After determining the space group as P42/mmc, direct method

was applied, but the structure could not solved. Fourier reconstruction was performed by

using the HREM images and three-dimensional potential density distribution was obtained.

However, because the number of HREM images was insufficient, the density distribution

was too blurred to retrieve Si atom positions in the framework. Then we developed a new

atom position enhancement method (9). Using only the new method, the reasonable frame-

work topology was retrieved. Finally, after O atoms were put temporally at the centers of

two neighboring Si atoms, all atom positions were refined by using a simple molecular

mechanics calculation similar to DLS, which is a least-squares minimization of Si-O bond

length and O-O distance in each SiO4 tetrahedron for the given mean bond length, 0.16 nm

and 0.26 nm, respectively. Figure 25 shows a schematic drawing of the resultant framework

projected along the [100] direction. This is the same structure as hypothetical polytype C of

h (32,33), and recently the isotype framework structure of BEC was reported in a GeO2

system (34).

V. CONCLUSIONS

Electron microscopy is very powerful approach for characterizing structures of both micro-

porous and mesoporous materials by some examples together with some basic background.

Recent progress in electron crystallography structural solutions is shown, and this approach

should be extended to tackle structures of novel materials with orders in both atomic and

mesoscopic scales.

Fig. 25 Structure solution of BEC. Projected structure along [100] direction (a) and three intersecting

straight channels (b).

Copyright © 2003 Marcel Dekker, Inc.



ACKNOWLEDGMENTS

The authors thank many collaborators who have contributed to the original papers. Part of the

work was supported by Core Research for Evolutional Science and Technology (CREST)

Project, Japan Science and Technology Corporation (JST). OT thanks Prof. S. Kawaji,

Director of Quantum Effects and Related Physical Phenomena, CREST projects, for

continuous encouragement.

REFERENCES

1. O Terasaki. Molecular Sieves, Vol. 2, Heidelberg: Springer-Verlag, 1999, pp 71–112.

2. O Terasaki. J. Electron Microscopy 43:337–346, 1994.

3. O Terasaki, T Ohsuna, N Ohnishi, K Hiraga. Curr Opin Solid State Mater Sci 2:94–100, 1997.

4. O Terasaki, T Ohsuna. In: A Galarneau, F Di Renzo, F Fajula, J Vedrine, eds. Studies in Surface

Science and Catalysis, Vol. 135. New York: Elsevier, 2001, pp. 61–71.

5. JM Thomas, O Terasaki, PL Gai, W Zhou, J Gonzalez-Calbet. Acc Chem Res 34:583–594, 2001.

6. P Wagner, O Terasaki, A Ritsch, SI Zones, ME Davis, K Hiraga. J Phys Chem B103:8245–8250,

1999.

7. A Carlsson, M Kaneda, Y Sakamoto, O Terasaki, R Ryoo, SH Joo. J Electron Micros 48:795–798,

1999.

8. Y Sakamoto, M Kaneda, O Terasaki, DY Zhao, JM Kim, G Stucky, HJ Shin, R Ryoo. Nature

408:449–453, 2000.

9. T Ohsuna, Z Liu, O Terasaki, K Hiraga, MA Camblor. J Phys Chem B 106:5673, 2002.

10. DB Williams, CB Carter. Transmission Electron Microscopy, Vols. 1–4. New York: Plunum Press,

1996.

11. MW Anderson, O Terasaki, T Ohsuna, A Philippou, SP MacKay, A Ferreir, J Rocha, S Lidin. Nature

367:347–351, 1994.

12. T Ohsuna, O Terasaki, D Watanabe, MW Anderson, S Lidin. Stud Surf Sci Catal 84:413–420,

1994.

13. MW Anderson, O Terasaki, T Ohsuna, PJ O’Malley, A Philippou, SP MacKay, A Ferreir, J Rocha, S

Lidin. Phil Mag B 71:813–841, 1995.

14. O Terasaki, JM Thomas, GR Millward, D Watanabe. Chem Mater 1:158–162, 1989.

15. O Terasaki, T Ohsuna, H Sakuma, D Watanabe, Y Nakagawa, RC Medrud. Chem Mater 8:463–468,

1996.

16. T Ohsuna, O Terasaki, Y Nakagawa, S Zones, K Hiraga. J Phys Chem B 101:9881–9885, 1997.

17. O Terasaki, T Ohsuna, V Alfredsson, JO Bovin, D Watanabe, SW Carr, MWAnderson. Chem Mater

5:452–458, 1993.

18. V Alfredsson, T Ohsuna, O Terasaki, JO Bovin. Angew Chem Int Ed 32:1210–1213, 1993.

19. T Ohsuna, O Terasaki, V Alfredsson, JO Bovin, D Watanabe, SW Carr, MW Anderson. Proc R Soc

Lond A 452:715–740, 1996.

20. T Ohsuna, O Terasaki, K Hiraga. Mater Sci Eng A217/218:135–138, 1996.

21. T Ohsuna, Y Horikawa, K Hiraga, O Terasaki. Chem Mater 10:688–691, 1998.

22. CT Kresge, ME Leonowicz, WJ Roth, JC Vartuli, JS Beck. Nature 359:710–714, 1992.

23. M Kruk, M Jaroniec, Y Sakamoto, O Terasaki, R Ryoo, CH Ko. J Phys Chem B104:292–301,

2000.

24. T Yanagisawa, T Shimizu, K Kuroda, C Kato. Bull Chem Soc Jpn 63:988–992, 1990.

25. S. Inagaki, Y Fukushima, K Kuroda. J Chem Soc Chem Commun: 680–682, 1993.

26. T Kimura, T Kamata, M Fuziwara, Y Takano, M Kaneda, Y Sakamoto, O Terasaki, Y Sugahara, K

Kuroda. Angew Chem Int Ed 39:3855–3859, 2000.

27. RF Lobo, M Pan, I Chan, HX Li, RC Medrud, SI Zones, ME Davis. Science 262:1543, 1993.

28. RF Lobo, M Pan, I Chan, RC Medrud, SI Zones, ME Davis. J Phys Chem 98:12040, 1994.

29. M Kaneda, T Tsubakiyama, A Carlsson, Y Sakamoto, T Ohsuna, O Terasaki, SH Joo, R Ryoo.

J Phys Chem B106:1256–1266, 2002.

Copyright © 2003 Marcel Dekker, Inc.



30. Ch Baerlocher, A Hepp, WM Meier. ETH Zurich Report, 1977.

31. Z Liu, T Ohsuna, O Terasaki, MA Camblor, MJD Cabanas, K Hiraga. J Am Chem Soc 123:5370–

5371, 2001.

32. JM Newsam, MMJ Treacy, WT Koestsier, CB de Gruyter. Proc R Soc Lond A420:375–???,

1988.

33. JB Higgins, RB LaPierre, JL Schlender, AC Rohrman, JD Wood, GT Kerr.Zeolites 8:446, 1988.

34. T Conradsson, MS Dadachov, XD Zou. Micropor Mesopor Mater 41:183–191, 2000.

Copyright © 2003 Marcel Dekker, Inc.


	Handbook of Zeolite Science and Technology
	Table of Contents
	Chapter 8: Structural Study of Microporous and Mesoporous Materials by Transmission Electron Microscopy
	I. INTRODUCTION
	II. TRANSMISSION ELECTRON MICROSCOPY
	A. Overview of TEM Applications for Zeolite and Mesoporous Materials
	B. Experimental Remarks Especially for Zeolite and Mesoporous Materials

	III. STRUCTURE CHARACTERIZATION
	A. Sharp Spots and Diffuse Streaks
	B. HREM Image, Fourier Diffractogram, and ‘‘Mask Filtering’’
	C. Surface Structure
	1. Surfaces of FAU and EMT
	2. Surface Structure of LTL

	D. Mesoporous Materials

	IV. STRUCTURE DETERMINATION (ELECTRON CRYSTALLOGRAPHY)
	A. Fourier Reconstruction
	B. ED Intensity and Direct Method
	C. Framework Enhancement

	V. CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES






