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Abstract. The structure of the complex zeolite IM-5
(Cmem, a= 14334 A, b=5692) A, ¢=20.32(7)A)
was determined by combining selected area electron diffrac-
tion (SAED), 3D reconstruction of high resolution transmis-
sion electron microscopy (HRTEM) images from different
zone axes and distance least squares (DLS) refinement. The
unit cell parameters were determined from SAED. The
space group was determined from extinctions in the SAED
patterns and projection symmetries of HRTEM images.
Using the structure factor amplitudes and phases of 144 in-
dependent reflections obtained from HRTEM images along
the [100], [010] and [001] directions, a 3D electrostatic
potential map was calculated by inverse Fourier transforma-
tion. From this 3D potential map, all 24 unique Si positions
could be determined. Oxygen atoms were added between
each Si—Si pair and further refined together with the Si
positions by distance-least-squares. The final structure
model deviates on average 0.16 A for Si and 0.31 A for O
from the structure refined using X-ray powder diffraction
data. This method is general and offers a new possibility for
determining the structures of zeolites and other materials
with complex structures.

1. Introduction

Zeolites have attracted considerable interest because of
their diverse industrial applications in the areas of cataly-
sis, separation and ion exchange. In particular, the synth-
esis of new high-silica zeolites has been actively pursued,
because these zeolites tend to have higher thermal stability
and consequently wider applications [1]. Structural infor-
mation is fundamental to the understanding of zeolite
chemistry and therefore to its application and possible
modification. Unfortunately, most high-silica zeolites are

* Correspondence author (e-mail: xiaodong.zou@mmbk.su.se)

polycrystalline or not even pure phases, and this has made
the determination of their structures extremely difficult.

X-ray powder diffraction has been one of the most im-
portant techniques for solving the structures of unknown
zeolites [2]. Several novel approaches such as incorporat-
ing crystal chemical information (FOCUS) [3, 4], using
pore/channel information to generate structure envelopes
[5, 6], or using textured samples to generate more single-
crystal-like data [7, 8] have been developed for this pur-
pose. However, when the structures become too complex
and a large portion of the reflections overlap in the pow-
der diffraction pattern, structure determination from X-ray
powder diffraction data alone is very difficult.

Recently X-ray powder diffraction has been combined
with electron crystallography to determine the structures
of several complex zeolites: TNU-9 [9], IM-5 [10], SSZ-
74 [11] and ITQ-37 [12]. The advantages of electron crys-
tallography as a complementary tool to powder diffraction
are twofold: (1) electrons interact much more strongly
with atoms than do X-rays, so polycrystalline materials
down to 10 nm behave like single crystals with electrons
on a TEM, and (2) the crystallographic structure factor
phases, which are lost in a diffraction experiment, can be
obtained from high resolution transmission electron micro-
scopy (HRTEM) images. The phase information facilitates
structure solution significantly.

Electron crystallography has been used to determine the
structures of a large range of polycrystalline compounds,
especially nano- and micro-sized crystallites. These include
minerals [13], oxides [14—17], metal clusters [18—20], and
intermetallic compounds [21]. One complex structure of
v-AlCrFe with a = 40.687 A, ¢ = 12.546 A, space group
P63/m was solved by combining information from HRTEM
images and selected area electron diffraction (SAED) pat-
terns from 13 zone axes [21]. There, 124 of the 129 unique
atoms were determined by electron crystallography. Even
structures of membrane proteins have been solved by elec-
tron crystallography [22, 23]. Thus, it is clear that extremely
complex structures can be solved by electron crystallography.

Electron crystallography has also been applied to zeo-
lites and ordered mesoporous materials [24-29]. The
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structures of many interesting zeolites and related porous
materials remain unsolved, because the samples contain
more than one phase, have defects and/or the structures
are just too complex to be solved from X-ray powder dif-
fraction data alone. In such cases, the advantages of elec-
tron crystallography come to light.

Recently a novel approach to structure solution using a
charge-flipping algorithm was reported [30]. Several com-
plex zeolite structures have been solved by combining X-
ray powder diffraction data and electron crystallography
using this new approach [10—12]. One example is that of
the high-silica zeolite catalyst IM-5, whose synthesis was
first reported in 1998 [31]. It has proven to be an impor-
tant thermally stable catalyst for hydrocarbon cracking and
NO reduction [32]. IM-5 is one of the most complex
known zeolites, with 24 Si-atoms in the asymmetric unit,
and crystallizes only in polycrystalline form. Even the unit
cell dimensions are difficult to determine from X-ray pow-
der diffraction data, because the large unit cell and coinci-
dental relationships between the lengths of the axes cause
an extreme degree of reflection overlap. Electron diffrac-
tion, however, is a single crystal technique and all reflec-
tions are recorded individually. This makes electron dif-
fraction very powerful for the determination of unit cell
parameters. Originally, the structure of IM-5 could only be
solved by combining transmission electron microscopy
and X-ray powder diffraction data in a charge-flipping
structure solution algorithm [10].

It is important to know if the structures of materials as
complex as IM-5 can be solved by electron crystallogra-
phy. It is also important to establish a general approach
for doing so. In this paper, we examine a complete ab
initio structure determination of the zeolite IM-5 using
only electron crystallography and no prior structure infor-
mation.

2. Experiments

The sample of IM-5 was synthesized by Benazzi et al. as
reported earlier [31]. A small amount of IM-5 sample was
ground to a fine powder and dispersed in acetone. A drop
of this suspension was transferred onto a holey carbon
film supported by a copper grid. SAED patterns were col-
lected on Philips CM-30, JEOL JEM-3010 and JEOL
JEM-2000FX transmission electron microscopes operated
at 300 kV, 300 kV and 200 kV, respectively. For the deter-
mination of the unit cell parameters, several tilt series of
SAED patterns were collected by tilting the crystals
around diffraction rows with the shortest reciprocal dis-
tances. HRTEM images were obtained along the main
axes on JEOL JEM-3010 transmission electron micro-
scopes at 300 kV (point resolution 1.7 A). The SAED pat-
terns and HRTEM images were recorded by a Gatan mul-
tiscan A40 or Keenview CCD cameras. To minimize the
dynamic effects, only the thinnest edges of the crystals
were selected for SAED and HRTEM.

All SAED patterns were analyzed by the program ELD
[33]. The program Trice [34] was used to combine the
SAED patterns from each tilt series, with the positions
and intensities given by ELD, into 3D reciprocal space.

The unit cell parameters were then determined from the
3D reciprocal space. Crystallographic image processing of
the HRTEM images was performed by the program
CRISP [35]. For each HRTEM image, the thinnest part of
the crystal was selected and its Fourier transform was cal-
culated. The corresponding contrast transfer function
(CTF) was estimated from the Fourier transform, and the
effects of the CTF were compensated for. The positions of
the diffraction spots were determined and the correspond-
ing reciprocal lattice was refined. The amplitude and
phase were then extracted from each diffraction spot. Note
that due to the lath-like crystal morphology of IM-5
(Fig. 1), crystals were mostly oriented with the a-axis per-
pendicular to the holey carbon film. While HRTEM
images with large thin areas (>100 nm) were relatively
easy to obtain in the [100] projection, it was very difficult to
find the [010] and [001] directions under TEM, especially
crystals containing thin areas in the projections. In the
best cases, very small thin areas (10—20 nm) could be ob-
tained at the edges of the crystals in [010] and [001] pro-
jections. They were just enough for the image processing.

In order to determine the projection symmetry of the
crystal, all possible plane groups were tested to see which
one best fitted the experimental image. The corresponding
projection symmetry was determined only from the
phases, since different plane groups can give the same am-
plitude relationships. In addition, a slight crystal misalign-
ment can introduce large changes in the amplitudes, but
not in the phases. For each plane group, the phases of
symmetry-related reflections obey some simple relation-
ships if the origin is at a symmetry element. For example,
a 2-fold axis is always selected as the origin for the plane
group p2, and then all phases are restricted to 0 or 180°.
A weighted average difference between the experimental
phases and the phases after imposing the phase relations
and restrictions is defined as the phase residual (@ys). It is
calculated using the equation:

Pres = Z Apk A(phk Z Apk
hk hk

where Ay is the amplitude of reflection zk and Afyy is the
phase error of reflection k. When the origin is moved to
a different position within a unit cell, all phases will be
changed accordingly, while amplitudes remain the same.
So, for a certain plane group, by searching throughout the
whole unit cell, we can find the origin(s) that correspond
to the lowest phase residual ¢,.s. The origin is then moved
to such an origin. The R-value for symmetry-related re-
flections and the lowest phase residual were calculated for
each possible plane group. The plane group that corre-
sponds to the lowest phase residual @5 and highest possi-
ble symmetry will be chosen as the correct projection
symmetry.

Finally, the projection symmetry was applied to the am-
plitudes and phases. The amplitudes for the symmetry-re-
lated reflections are set to be equal. The phases of all re-
flections were adjusted to correspond to the nearest
possible phases according to the phase relationships and
the phase restrictions. For example, for projections con-
taining a 2-fold axis, all phases were adjusted to the near-
est of 0° or 180°. The final amplitudes and phases will be



Structure determination of the zeolite IM-5 using electron crystallography

79

close to those of the structure factors, if the crystal is thin
enough. A projection of the potential map can be calcu-
lated by inverse Fourier transform using the amplitudes
and phases after imposing the projection symmetry. The
reflections obtained from HRTEM images along different
zone axes were merged together. A 3D electrostatic poten-
tial map was calculated using the program eMap [36], and
the atomic positions were determined from this 3D poten-
tial map. The geometry of the final structure model was
optimized using the distance least-squares program DLS-
76 [37]. SAED patterns were simulated using the program
MacTempas [38], and the atomic coordinates from the mod-
el.

3. Results and discussion

The complete structure determination of IM-5 is divided
into the following steps: (1) determination of the unit cell,
lattice type and Laue group from SAED patterns, (2) de-
termination of the projection symmetry and crystal struc-
ture factors from each HRTEM image, (3) 3D reconstruc-
tion from different projections and determination of atomic
positions, (4) structure optimization by distance least-
squares refinement, and (5) structure verification. Each
step is described in detail below.

3.1 Determination of unit cell, lattice type
and Laue group

A general way of determining the unit cell is from a tilt
series of SAED patterns, as shown in Fig. 1. The 2D lat-
tice for each SAED pattern was detected and further re-
fined using the program ELD [33]. The positions, d-values
and intensities of all diffraction spots were extracted. This
information, together with the corresponding tilt angle for
each SAED pattern in the tilt series, was used to recon-
struct the 3D reciprocal space using the program Trice
[34]. From the reconstructed 3D reciprocal lattice, the cell
parameters were determined to be a=14.1(5) A,
b=569(1)A, c=19.8(1) A, a =90.03)°, 8 =90.8(6)°,
y = 89.6(5)°. The reflection condi-

Fig. 1. A series of SAED patterns from
the same crystal of IM-5 tilted along
the two shortest perpendicular recipro-
cal axes. The tilt axes are indicated by
arrows. The corresponding tilt angle for
each SAED pattern is given. The unit
cell parameters were determined from
the tilt series and the SAED patterns
were then indexed. SAED patterns
along the [501], [-5 O 1], [301] and
[—3 0 1] directions show a mirror-sym-
metry perpendicular to the b*-axis.
Thus, the crystal has a mirror symme-
try perpendicular to the b* axis in reci-
procal space. Similarly, the SAED pat- ¢ =
terns along the [100], [11 1 O] and : ‘ :

[—11 1 O] directions all have the mir- . -
ror-symmetry perpendicular to the ¢*-
axis. A TEM image of a typical plate-
like IM-5 crystal is inserted.

2390 [1110]

tion was h + k = 2n for all reflections, indicating that
IM-5 is C-centered.

To check whether IM-5 is orthorhombic or adopts a
lower symmetry, its Laue class needs to be determined.
The SAED pattern along the [100] direction clearly shows
2mm symmetry (see Fig. 1). All SAED patterns obtained
by tilting the crystal around the b*-axis show a mirror-
symmetry perpendicular to the b*-axis. Thus, the crystal
has a mirror symmetry perpendicular to the b™ axis in
reciprocal space. Similarly, the crystal has a mirror sym-
metry perpendicular to the ¢™-axis in reciprocal space.
Since reciprocal space is always centrosymmetric, there
must also be a mirror symmetry perpendicular to the a*-
axis. Thus, the diffraction pattern of IM-5 belongs to the
Laue class mmm and its unit cell is C-centred orthorhom-
bic. The similar intensity distributions and tilt angles of
the symmetry-related SAED patterns (for example [501]
and [-5 O 1], [301] and [-3 O 1] and [11 1 O] and
[-11 1 O] in Fig. 1) further confirm the mirror symmetry
perpendicular to the a*-axis. The deviations of unit cell
angles from 90° were caused by lens distortions of the
TEM instrument [39], errors of the tilt angles due to the
goniometer, and sample misalignment. The final unit cell
parameters were obtained from the SAED patterns taken
along the three main zone axes (see Fig. 2a—c) as
a=141A, b=570A and c=19.8 A, because these
are usually more accurate than those obtained from a tilt
series.

3.2 Determination of space group

The space group of IM-5 can be deduced from the sys-
tematic absences observed in the SAED patterns taken
along the three main zone axes (shown in Fig. 2a—c). This
gives the following reflection conditions: hkl: h + k = 2n;
Okl: k =2n; hOl: h =2n, | =2n; hkO: h+ k = 2n; h00:
h =2n; 0kO: k = 2n; 00L: [ = 2n.

There are only 3 possible space groups corresponding
to these reflection conditions: Cmc2;, C2cm and Cmcm
[11]. These three space groups have the same systematic
absences and can not be distinguished from diffraction

213°  [1110]

[501]

15.20 [:5 01] c !

24.6° [-301]
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data. However, their projection symmetries are different,
as shown in Table 1. Since HRTEM images maintain the
phase information, it is possible to determine the projec-
tion symmetries from HRTEM images. In this way, we
can uniquely determine the space group.

HRTEM images along the three main zone axes are
shown in Fig. 3. The projection symmetry was determined
by crystallographic image processing using the program
CRISP [35] (Fig.4). Amplitudes and phases for all ob-
served reflections were extracted from the Fourier trans-
form of each HRTEM image. The corresponding lowest
phase residual ¢, was given for each plane group. The
lowest phase residuals for the HRTEM image along the
[100] projection are 4.5°, 9.1° and 11.1°, corresponding to
pm (m Lc), pg (¢ Lb) and pmg (m L ¢) symmetries, re-
spectively (Table 2). Since pmg is a supergroup of pm and
pg and its phase residue is only higher by a few degrees
than those for pm and pg, the higher projection symmetry
pmg is the most reasonable one for IM-5 along the [100]
direction. The projection symmetries along the [010] and
[001] directions were obtained in a similar way from the
HRTEM images, and found to be pmm and cmm, respec-
tively, by comparing the corresponding phase residuals
(see Table 2). The space group of IM-5 could be then
deduced from the projection symmetries from the three
main directions, to be Cmcm, according to Table 1.

The phase residuals ¢ along the three main zone
axes are 11.1, 13.2 and 16.0°, corresponding to the sym-
metries pmg, pmm and cmm, respectively. As a rule of
thumb, phase residuals less than 20° are often acceptable
so that the space group Cmcm is the most probable one. It
is worth mentioning that due to the lath-like shape of the
IM-5 crystals (see Fig. 1), the crystals along [010] and
[001] directions are relatively thick, which makes the sym-
metry determination less reliable for those projections. We
cannot completely rule out the possibility that the real
structure may be slightly distorted from Cmcm symmetry.

Table 1. Projection symmetries for three possible space groups.

Space group [100] [010] [001]
Cmc2, 124 pm (m L a) cmm
C2cm pmg pm (m L c) cm (m L b)
Cmcem pmg pmm cmm

Fig. 2. Experimental SAED patterns of
IM-5 taken along (a) [100], (b) [001],
(c) [010] and (d) [3 —1 0] directions.
The corresponding simulated ED pat-
terns along (e) [100] (thickness
=100 4), (f) [001] (r=180A), (g)
[010] (r=200A) and (h) [3 —1 0]
(+=150 A) directions. The accelerat-
ing voltage was 300 kV.

For example, the projection symmetries along the [010]
and [001] directions may be pm (m L ¢) and cm (m L b),
which gave much lower phase residuals (3.7 and 6.4°, re-
spectively). In such a case, the space group would be
C2cm.

o ety
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-
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Fig. 3. HRTEM images along the three main crystallographic axes.
The inserts show their corresponding Fourier transforms, lattice aver-
aged images and images after imposing the Cmcm symmetry.
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Fig. 4. Determination of projection
symmetry and retrieval of the structure
projection from an HRTEM image ta-
ken along the [100] direction by crys-
tallographic image processing using
CRISP [39]. The lowest phase resi-
duals are 4.5°, 9.1° and 11.1°, corre-
sponding to pm (m _Lc), pg (g Lb)
and pmg (m L c¢) symmetries, respec-
tively. Since pmg is a supergroup of
pm and pg and its phase residue is
only higher by a few degrees than
those for pm and pg, the higher projec-
tion symmetry pmg is the most reason-
able one. The final projected potential
map after imposing the projection sym-
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metry pmg is shown in the lower right.

3.3 Reconstruction of projected potential maps
and 3D potential map

Once the projection symmetry is determined, a 2D map
can be calculated from the amplitudes and phases ex-
tracted from the HRTEM image by an inverse Fourier
transform. After imposing the symmetry, the maps corre-
spond to the projected potential (Fig.5). 10-ring channels
could be observed in the [100] and [001] projections, but
not along the [010] direction. In addition, 4-, 5- and 6-
rings can be identified in the [001] projection. Since
atoms are overlapped in all projections, it is necessary to
combine the HRTEM images from different projections to
obtain a 3D potential map, from which the 3D atomic co-
ordinates can be determined. The best approach is from
reciprocal space, by merging the structure factor ampli-
tudes and phases deduced from the Fourier transforms of
the HRTEM images along the different projections.

A total of 281 reflections were obtained from the three
projections (133 from [100], 34 from [010] and 114 from
[001], Table S1 in the Supporting information), and of
these, 144 were unique. Reflections from the [010] and
[001] projections were merged into the reflection data
from the [100] projection based on the common reflec-
tions, since the HRTEM image along the [100] direction

Table 2. Phase residuals corresponding to different projection symmetries.

was the best one, with the thinnest area, the smallest
phase residual @5 and the highest resolution. One impor-
tant step for merging the reflections is to select the same
phase origin for the three projections. For each projection,
there are four possible choices of origin. The common
origin for the three projections is found when reflections
to the different projections, especially the strongest ones,
common have the same phases. The common reflections
are 0kO for the [100] and [001], 00! for the [100] and
[010] and £00 for the [010] and [001] projections. In total,
14 pairs of common reflections were obtained, and 12 of
them have consistent phases. The phase coherence of the
common reflections shows the reliability of phases ob-
tained from HRTEM images, which is essential for obtain-
ing a correct potential map. The remaining two pairs of
common reflections, (008) and (600), did not have the
same phases for different projections. In both cases, the
amplitudes of the reflection pair differed very much, 1454
and 164 for (008), and 750 and 203 for (600). This is due
to dynamical effects. Here the amplitude and the phase of
the strongest reflection from each pair were used for the
3D reflection data.

Once the common origin is found, new phases are re-
calculated according to the common origin by
@new(hkl) = @oa(hkl) + 360 (hx, + ky, + lzg), where

Plane group pm (m L a) pm (m Lc) pg (g Lb) cm (m L a) cm (m L b) pmg (m Lec) pmm cmm
[100] - 4.5 9.1 - — 11.1 — -
[010] 9.3 3.7 - — - — 13.2 —
[001] - — — 7.8 6.4 - - 16.0
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(x5y525) 1s the origin shift. Since the HRTEM images were
taken near the Scherzer defocus where all reflections were
inside the first zero-crossover of the contract transfer func-
tion, black features (low intensity) in the HRTEM images
correspond to atoms while white features (high intensity)
to pores. Consequently, all phases should be shifted by
180° to make them comparable to crystal structure factor
phases. Then atom positions will correspond to high den-
sity, as is the case in density maps calculated in X-ray
crystallography.

The amplitudes of the reflections from different projec-
tions were scaled to one another using the common reflec-
tions with the same phases. This resulted in 144 unique
reflections and Rj, was about 0.30 for Cmcm symmetry,
which is acceptable for electron microscopy data. Some
strong reflections, for example (0 0 10) extend to 2.0 A
resolution, which is sufficient for determining Si positions
(a typical Si—Si distance is 3.1 A).

Once the structure factor amplitudes and phases had
been prepared, the 3D potential map of IM-5 was recon-
structed by inverse Fourier transform using eMap (Fig. 6).
With a proper threshold, a clear framework envelope was
obtained. Since very few strong reflections were measured

a), a3

V\A*WW‘W — m
s @) e B —

Ww _—"‘*«A;-:aﬁ AMW

Fig. 6. A 3D potential map reconstructed from 144 unique reflections
using the program eMap [36]. (a) An overview of the 3D potential
map (cyan is towards the wall and blue towards the pores) with the
structure model derived from it, and (b) a 2D projection of the 3D
potential map along the c-axis. (¢) The Si framework viewed along
the c-axis in the final structural model.

Fig. 5. Reconstructed projected poten-
tial maps along (a) [100], (b) [010] and
(¢) [001] directions.

beyond the resolution of a Si—Si distance (about 3.1 A),
the peaks in the 3D potential map are not well resolved.
Nonetheless, 24 unique peaks could be identified inside
the envelope and assigned to Si positions by changing the
threshold to a higher value (Fig. 6). All of these Si posi-
tions are four-connected to others and are shown in
Fig. 6a with an oxygen inserted between each Si—Si pair.
The atomic coordinates for these 24 Si positions were de-
termined from the 3D map and are listed in the Support-
ing Information.

3.4 Distance least squares refinement

Because of the relatively low resolution of the HRTEM
images, the Si positions obtained from the 3D potential
map were not accurate. In order to get more accurate posi-
tions, it is necessary to refine the Si positions either by
performing a Rietveld refinement using powder diffraction
data or by optimizing the geometry using a distance least
squares (DLS) refinement if the sample is not pure or
powder diffraction data are not available. Here, we choose
the distance least squares refinement, using the program
DLS-76 [37].

Before refinement, it is necessary to find the connec-
tions between all Si atoms. In some cases, not all connec-
tions were obvious. There are several rules for high-silica
zeolites: all Si atoms are connected to four other Si atoms
via oxygen atoms; 5- and 6-rings are more common than
3-rings or double 4-rings. For IM-5, most framework oxy-
gen atoms are inside the envelope in Fig. 6a, and the con-
nections through these oxygen atoms were obvious. The
few remaining connections could be found easily using
the rules above. In total, 47 independent Si—Si connec-
tions were found and the distances between the Si pairs
varied from 2.3 to 4.2 A.

Oxygen atoms were introduced exactly half-way be-
tween the 47 Si—Si pairs, and then 47 Si—Si (3.0824 A),
94 Si—0O (1.616 A) and 120 O—O (2.639A) distances
were specified and assigned the weights 1, 4, and 2, re-
spectively. With these 261 distances, the 174 coordinates
defining the 24 Si and 47 O atoms could be refined. After
distance least-squares refinement, the structural model was
significantly improved. Then, the unit cell parameters were
refined together with all coordinates and became
a=14334) A, b=5692)A and ¢=2032(7)A. Al
atomic coordinates are listed in the Supporting Informa-
tion.
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In this final structural model, the estimated standard
deviations of the atomic positions are about 0.1 A for Si
and 0.2 A for O atoms, and this is sufficiently accurate to
allow further refinement with X-ray diffraction data. All
bond distances and most angles are reasonable. The only
exception is Sil0—025—Sil0, which is constrained to be
180° by the Cmcm symmetry (see Supporting Informa-
tion). Compared with the initial positions obtained from
the 3D potential map, the largest shift of Si positions is
0.88 A (for Si4) which might be due to the incomplete-
ness and low accuracy of the data. Nonetheless, all final
Si positions are in the high density region shown in
Fig. 6a, and this means that even if some of the Si atoms
moved considerably, the final structure model is still con-
sistent with the potential map.

3.5 Structure verification

The procedure described above allowed all the atomic po-
sitions for Si and O for IM-5 to be obtained. The question
is how reliable the final structure model is. Since the
structure is already known [10], our final structural model
can be compared directly with the published one to get
some feeling about its reliability. The unit cell parameters
obtained from the SAED patterns were close to the re-
ported ones with a deviation about 1%.

The phases the strongest 53 reflections obtained by
electron crystallography are the same as those calculated
from the published structure, with the exception of three
relatively weak ones, (5 9 0, 8 0 0) and 3 21 0. The am-
plitudes of these three reflections are approximately 4—5%
of the strongest reflection. All amplitudes with incorrect
phases in all 144 reflections add up to only 7.5% of the
total amplitude sum, which will only give very minor con-
tributions to the final 3D potential map.

The amplitudes are also close to the calculated ones.
Some peaks with low d-values (e.g. 0 0 10, 008, etc.)
have much weaker intensities than they should, because
no correction was made for the curvature of the Ewald
sphere. This was not done because the thickness of the
crystal was not known. The deviation of the amplitudes is
about 37% for the 53 strongest reflections. In summary,
both phases and amplitudes were consistent with those
calculated from the published structure with acceptable de-
viations, and sufficiently small to allow the correct struc-
tural model to be found.

The 24 Si atomic positions obtained from HRTEM
images are quite close to the ones refined by X-ray pow-
der diffraction, with an average deviation of 0.47 A. After
DLS refinement, the average deviations decreased to
0.16 A for Si and 0.31 A for O, and the largest deviations
were 0.35 A for Si5 and 0.89 A for O13. As shown in
Fig. 7, our final structure model and the structure refined
by X-ray powder diffraction match very well.

If IM-5 had been a totally unknown structure, the qual-
ity of the structural model would have to be checked dif-
ferently. Of course, the reliability of each step described
above would have to be examined carefully, but the ob-
served SAED patterns could also be compared with those
calculated from the structural model. Four calculated
SAED patterns are shown in Fig. 2e—h and they show

Fig. 7. Final structure model (in yellow) compared with the structure
refined by X-ray powder diffraction (in red). The average deviations

are 0.16 A for Si atoms and 0.31 A for oxygen. The largest devia-
tions are 0.89 A for O13 and 0.35 A for SiS.

good agreements with the experimental SAED patterns
(Fig. 2a—d). So, even without knowing the structure, we
could assess the model obtained from HRTEM images.
For all the simulated SAED patterns in Fig. 2, large thick-
nesses were used (100 ~ 200 A), and the dynamic effects
are significant. This is why we used the amplitudes from
the HRTEM images rather than those from SAED patterns
for the 3D reconstruction.

The SAED patterns can be interpreted further in view
of the final model. The IM-5 structure is dominated by 5-
and 10-rings along the [001] direction (Fig. 6). The strong
reflections along the [001] direction show a pseudo 10-
fold symmetry at the resolution about 3.5 A (Fig. 2b). It
can also be observed that every third reflection along the
b*-axis in Fig.2b is strong, indicating that the structure
has a pseudo three-fold super-lattice as shown in Fig. 6¢.
Turning to the [100] direction, there are 4 large pores per
unit cell along the b axis, and the corresponding SAED
pattern shows that every fourth reflection along the b™-
axis is strong. Thus the final model is in good agreement
with the experimental SAED patterns.

4. Conclusions

The unit cell and space group of the complex zeolite IM-5
were obtained directly from SAED patterns and HRTEM
images. A structural model of IM-5 was deduced by electron
crystallography from HRTEM images along the three main
zone axes and then refined by DLS. The final structural
model is very close to the structure refined by X-ray powder
diffraction, with atomic positions differing on average by
0.16 A for Si and 0.31 A for O. The method presented here
is especially useful for crystals that are too small, samples
that are not pure, or zeolites with complicated structures.
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Table S1. The original 281 reflections obtained from HRTEM images along [1 0 0], [0 0 1]
and [01 O] directions by the program CRISP.

Table S2. Si positions obtained from the electrostatic map.

Table S3. Final atomic position compared with the position refined by X-ray powder
diffraction.

Table S4. CIF of IM-5 after the DLS refinement.

Table S1. The original 281 reflections obtained from HRTEM images along [1 0 0], [0 1 O]
and [0 0 1] directions by the program CRISP. Amplexy, Amplsym and Amplcy are experimental,
symmetry-imposed and calculated (from the model refined by powder XRD data) amplitudes.
Phaseexp, Phasesym and Phasecy are experimental, symmetry-imposed and calculated phases.
The CTF correction was done on the phases. (*) Experimental and calculated phases deviate.

From [1 0 0] direction

hi Kk || d-val /A | Amplexp | Amplsym | Ampley | Phaseexp| Phasesym| Phasecy
0| 0] 2| 10.00{f 5113 5112| 6184 9 0 0
0] 0] 4 500/ 6272 6272| 4474 -171 180 180
0| 0] 6 3.33] 2300 2300| 3193 -1 0 0
0] 0] 8 2.50 112 112| 3662 -49 0 180
0| 2| 1] 16.39 206 120 397 -24 0 0
0| 2| -1] 16.39 34 120 397 161 180 180
0| 2| 2 9.44 396 464 563 14 0 0
o] 2| -2 9.44 532 464 563 8 0 0
0] 2| 3 6.49 407 433 158 -40 0 0
0| 2| -3 6.49 459 433 158 161 180 180
o 2| 4 4.92 0 138 111 31 0 180
o 2| -4 4.92 275 138 111 -18 0 180
0| 2| 5 3.96 637 504 620 163 180 180
0] 2| -5 3.96 371 504 620 -5 0 0
0] 2| 6 3.31 214 107 285 13 0 0
0| 2| -6 331 0 107 285 47 0 0
of 2| 7 2.84 94 93 357 171 180 180
0| 2| -7 2.84 92 93 357 -133 0 0
o 2| 8 2.49 65 85 375 -35 0 0
0] 2| -8 2.49 104 85 375 33 0 0
0| 4] 0] 1431 101 101 383 -170 180 180
0 4 1 11.64 3254 3617| 4337 11 0 0




hi Kk || d-val /A | Amplexp | Amplsym | Amplea | Phaseex| Phasesym| Phasecy
0| 4] -1| 1164 3981 3617| 4337 -175 180 180
0| 4] 3 6.04| 4531 4893| 3351 -164 180 180
0| 4] -3 6.04| 5254 4893| 3351 5 0 0
0| 4| 5 3.85| 6804 6832| 9587 -172 180 180
0| 4| -5 3.85| 6860 6832| 9587 3 0 0
0| 4] 6 3.25 80 40 201 10 0 180
0| 4| -6 3.25 0 40 201 -89 0 180
0] 4] 7 2.80 158 104| 1508 -57 0 180
0] 4| -7 2.80 51 104| 1508 -158 180 0
of 4| 9 2.20 49 45| 1736 -162 180 0
0| 4| -9 2.20 40 45| 1736 17 0 180
0| 6] 0 9.54| 6138 6138| 6400 175 180 180
0] 6] 1 8.61 472 426 434 24 0 0
0| 6] -1 8.61 381 426 434 180 180 180
0| 6] 2 6.90 355 453 625 167 180 180
0| 6] -2 6.90 550 453 625 164 180 180
0| 6] 3 5.46 259 369 132 -137 180 180
0| 6] -3 5.46 479 369 132 28 0 0
0] 6| 4 4.43 132 143 648 19 0 0
0 6| -4 4.43 154 143 648 -127 0 0
0| 6] 5 3.69 611 569| 1126 174 180 180
0| 6| -5 3.69 529 569| 1126 17 0 0
0| 6| 6 3.15 186 93| 1199 163 180 180
0| 6] -6 3.15 0 93| 1199 92 180 180
0| 8 0 7.15] 3996 3996| 3264 0 0 0
0] 8 1 6.74 595 691 540 -13 0 0
0| 8] -1 6.74 785 691 540 163 180 180
0| 8] 2 5.82| 2159 2524 | 2196 -174 180 180
0| 8| -2 5.82| 2890 2524 | 2196 -178 180 180
0| 8] 3 4.88 437 516 378 151 180 180
0| 8] -3 4.88 594 516 378 -24 0 0
0| 8| 4 4.10 187 224 12 102 0 180
0| 8| -4 4.10 261 224 12 -36 180
0| 8/ 5 3.49 292 146 642 151 180 180
0| 8| -5 3.49 0 146 642 -28 0 0
0| 8] 6 3.02 220 182 809 34 0 0
0| 8| -6 3.02 145 182 809 54 0 0
0| 8 8 2.36 98 76 656 -86 0 180
0| 8] -8 2.36 54 76 656 -15 0 180
0| 10| O 5.72 934 934| 1294 0 0 0




hi Kk || d-val /A | Amplexp | Amplsym | Amplea | Phaseex| Phasesym| Phasecy
0] 10| 1 5.50 416 462 980 179 180 180
0| 10| -1 5.50 508 462 980 -31 0 0
0| 10| 2 4.97 361 429 228 -173 180 180
0| 10| -2 4.97 497 429 228 164 180 180
0| 10| 3 4.34 950 889| 1217 1 0 0
0| 10| -3 4.34 828 889| 1217 177 180 180
0| 10| 4 3.76 137 108 473 -91 0 180
0| 10| -4 3.76 78 108 473 -34 0 180
0| 10| 5 3.28 121 257| 1771 -36 180 0
0| 10| -5 3.28 393 257 1771 45 0 180
0| 10| 7 2.56 84 71 832 108 0 180
0| 10| -7 2.56 60 71 832 145 180 0
0] 12 0 4.77 1840 1840| 1614 170 180 180
0] 12| 1 4.64 464 448 823 -53 0 0
0] 12| -1 4.64 431 448 823 143 180 180
o 12| 2 4.30 405 352 404 158 180 180
0| 12| -2 4.30 299 352 404 155 180 180
0| 12| 3 3.88| 2014 1958| 3917 164 180 180
0| 12| -3 3.88| 1903 1958| 3917 -9 0 0
0| 12| 5 3.06 243 186| 2389 144 180 180
0| 12| -5 3.06 128 186| 2389 -80 0 0
0| 12| 6 2.73 0 58 262 107 0 180
0| 12| -6 2.73 117 58 262 54 0 180
0| 12| 7 2.45 57 164| 1369 -95 180 0
0| 12 -7 2.45 271 164| 1369 23 0 180
0| 14 O 4.09 847 847| 1994 178 180 180
0] 14| 1 4.01 362 329 688 -31 0 0
0| 14| -1 4.01 298 329 688 143 180 180
0| 14| 2 3.78 304 294 352 177 180 180
0| 14| -2 3.78 284 294 352 -173 180 180
0| 14| 3 3.48 402 306| 1278 153 180 180
0| 14| -3 3.48 209 306| 1278 -28 0 0
0| 14| 4 3.16 47 86 641 -140 180 0
0| 14| -4 3.16 125 86 641 -134 180 0
0| 14| 5 2.86 127 203| 1600 91 0 180
0| 14| -5 2.86 279 203| 1600 -142 180 0
0] 14| 7 2.34 70 50 977 -158 180 0
0| 14| -7 2.34 31 50 977 -123 0 180
0| 16| © 3.58 905 905| 3639 -26 0 0
0| 16| 1 3.52 154 152 69 157 180 0




hi Kk || d-val /A | Amplexp | Amplsym | Amplea | Phaseex| Phasesym| Phasecy
0] 16| -1 3.52 152 152 69 -39 0 180
0] 16| 2 3.37 215 210| 1456 -20 0 0
0| 16| -2 3.37 204 210| 1456 -21 0 0
0| 16| 4 2.91 40 47 118 -111 0 180
0| 16| -4 2.91 54 47 118 39 0 180
0| 16| 5 2.67 29 90 607 -58 180 0
0| 16| -5 2.67 150 90 607 -3 0 180
0| 16 6 2.44 47 65 775 176 180 0
0| 16| -6 2.44 84 65 775 -176 180 0
0| 16| 7 2.23 0 40 764 -85 180 0
0| 16| -7 2.23 80 40 764 39 0 180
0| 18] © 3.18 67 67| 2181 105 180 180
0| 18 1 3.14 94 47 178 -11 0 180
0| 18| -1 3.14 0 47 178 -176 180 0
0] 18] 2 3.03 76 60 667 51 0 180
0| 18| -2 3.03 44 60 667 8 0 180
0| 18] 3 2.87 20 62 207 106 180 180
0| 18] -3 2.87 104 62 207 22 0 0
0| 18] 5 2.49 50 71 945 -134 180 0
0| 18] -5 2.49 92 71 945 62 0 180
0] 20| 1 2.83 140 133| 1096 175 180 0
0| 20| -1 2.83 127 133| 1096 3 0 180
0| 20| 3 2.63 100 125| 1532 4 0 180
0| 20| -3 2.63 150 125| 1532 -152 180 0
0| 20| 4 2.48 27 45 180 -165 0 0
0| 20| -4 2.48 63 45 180 -56 0 0
0| 20| 5 2.33 75 78| 2214 -35 0 180
0| 20| -5 2.33 82 78| 2214 -140 180 0
0| 22| 1 2.58 86 75 359 87 180 180
0| 22| -1 2.58 63 75 359 22 0 0
0| 24 O 2.38 70 70| 1614 -65 0 180
From [0 O 1] direction
0] 6] O 9.54| 5565 5565| 6400 156 180 180
0] 8/ O 7.15| 1827 1827| 3264 -18 0 0
0| 10/ O 5.72 1341 1341 1294 -12 0 0
0] 12| 0 477 2198 2198| 1614 159 180 180
0| 14| O 4.09| 1577 1577| 1994 -178 180 180
0| 16| O 3.58| 1587 1587| 3639 24 0 0
0| 18] O 3.18 631 631 2181 -173 180 180
0| 26| O 2.20 244 244 991 -176 180 0




h| k I| d-val /A| Amplexy| Amplsym| Amplea| Phaseexy| Phasesym| Phasec
0| 30| O 1.91 117 117| 2208 -175 180 0
1/ 3] 0 11.40| 3236 4185| 5342 155 180 180
1] -3] O 11.40 5134 4185| 5342 -176 180 180
1] 5] O 8.91 246 305 28 -147 180 180
1] 5] 0 8.91 364 305 28 102 180 180
11 71 0 7.09| 2065 2097 | 2170 169 180 180
1] -7 0 7.09| 2128 2097| 2170 173 180 180
11 9] 0 5.80 728 1401 550 172 180 180
11 9] 0 5.80| 2076 1401 550 -170 180 180
1] 11} 0 4.89 247 430 107 154 180 180
11 -11] 0 4.89 613 430 107 -147 180 180
1] 13] 0 4.21 0 423 674 43 0 0
1] -13] O 4.21 846 423 674 -11 0 0
1/ 15| 0 3.69| 2377 3950| 5153 3 0 0
11-15] 0 3.69| 5521 3950| 5153 -13 0 0
1] 171 0 3.28 172 133 234 108 0 0
11-17] 0 3.28 93 133 234 -50 0 0
1] 191 0 2.95 100 133| 1066 93 0 180
1/-19) 0 2.95 167 133| 1066 -72 0 180
1] 21| O 2.68 111 179 744 30 0 180
1/-21) 0 2.68 247 179 744 85 0 180
2| 0] O 7.10| 7483 7483| 5481 178 180 180
2| 2| O 6.90 0 340 105 -58 180 0
2| 2| O 6.90 681 340 105 170 180 0
2] 6] O 570 3219 6131| 3973 -179 180 180
2| 6] O 570 9042 6131| 3973 -178 180 180
2] 8] 0 5.04 840 1528| 1534 171 180 180
2| -8 O 5.04| 2217 1528 | 1534 171 180 180
2| 10| O 4.46 513 1006 983 -14 0 0
2| -10] O 4.46| 1498 1006 983 -8 0 0
2| 12| 0 3.96 311 156 388 52 0 0
21 -12) 0 3.96 0 156 388 -61 0 0
2| 14| O 3.54 0 615| 1187 -138 180 180
2| -14] O 3.54| 1228 615| 1187 178 180 180
2| 16| O 3.20 199 425| 3565 -44 180 180
2| -16] O 3.20 652 425| 3565 127 180 180
2| 201 O 2.65 126 192| 1285 -168 180 0
21 -200 0 2.65 260 192 1285 162 180 0
3] 1] 0 4.72 0 283 37 -176 180 0
3] ‘1] O 4.72 566 283 37 172 180 0




h| k I| d-val /A| Amplexy| Amplsym| Amplea| Phaseexy| Phasesym| Phasec
3] 3] 0 4.60 948 1301 1281 12 0 0
3] -3] O 460 1654 1301 1281 15 0 0
3] 5 0 4.38 0 326 638 -69 0 0
3] 5] O 4.38 650 326 638 50 0 0
3] 9] O 3.80| 2493 6803| 8490 11 0 0
3] 9] O 3.80| 11113 6803| 8490 0 0 0
3] 13] 0 3.22 0 434| 2058 43 0 0
3/-13] O 3.22 868 434| 2058 -28 0 0
3] 17 0 2.74 246 179| 1227 -29 0 0
3| -17] O 2.74 111 179| 1227 155 0 0
3] 21 O 2.36 0 401| 2310 97 0 180
3] -21] O 2.36 801 401 2310 -31 0 180
3] 23] 0 2.20 137 124| 1236 126 180 180
3] -23] 0 2.20 111 124| 1236 -46 180 180
3] 25| O 2.06 110 268| 1722 1 180 0
3] -25| O 2.06 425 268| 1722 105 180 0
4 0| 0 3.55| 4278 4278 | 10000 17 0 0
4 2| 0 3.53 399 335 458 167 180 180
4, -2 O 3.53 271 335 458 150 180 180
4 4] 0 3.45 254 299 802 -174 180 180
4, -4 O 3.45 344 299 802 -78 180 180
4 6| 0 3.33 695 1093| 4512 -177 180 180
4 -6/ 0 3.33] 1490 1093| 4512 160 180 180
4/ 10 0 3.02 0 256 266 -161 0 0
4/ -10| O 3.02 512 256 266 -14 0 0
4/ 12| 0 2.85 95 244 137 -37 0 0
41 -12| 0 2.85 392 244 137 -32 0 0
41 14| 0 2.68 230 254 606 -124 0 180
4/ -14| 0 2.68 280 254 606 15 0 180
4/ 18| 0 2.37 29 187 264 -166 0 0
41 -18| 0 2.37 344 187 264 23 0 0
4/ 20| O 2.23 199 188 238 72 180 0
41 -20] O 2.23 178 188 238 122 180 0
41 24| 0 1.98 95 346| 3405 76 180 0
41 -241 0 1.98 595 346| 3405 134 180 0
5/ 3] 0 2.81 276 378| 3070 -57 0 180
5/ -3] 0 2.81 479 378| 3070 -46 0 180
5 7] 0 2.68 0 127| 1125 -52 180 180
5| -7 0 2.68 254 127 1125 -144 180 180
5/ 9] 0 2.59 0 530| 1877 -75 0 180




h| k I| d-val /A| Amplexy| Amplsym| Amplea| Phaseexy| Phasesym| Phasec
5 -9/ 0 259 1061 530| 1877 -13 0 180
5/ 11| 0 2.49 206 222| 1162 -121 0 180
5/-11] 0 2.49 239 222| 1162 30 0 180
5/ 15| 0 2.28 0 160 678 -49 180 0
5/ -15] 0 2.28 321 160 678 125 180 0
5/ 31] 0 1.55 156 133 639 -71 180 0
5/ -31] 0 1.55 111 133 639 -143 180 0
5/ 33] 0 1.48 68 122 965 -155 180 0
5/ -33] 0 1.48 177 122 965 117 180 0
6| 0| O 2.37 226 226| 1107 148 180 0
6| 4/ O 2.34 0 118 728 133 180 0
6] 4] O 2.34 235 118 728 175 180 0
6| 8| O 2.25 86 129 620 -167 0 180
6| -8 0 2.25 171 129 620 43 0 180
6| 18| O 1.90 102 189 455 119 180 0
6|-18| O 1.90 276 189 455 -167 180 0
70 71 0 1.97 131 154 683 -105 0 180
7 71 0 1.97 174 154 683 -59 0 180
71 9/ O 1.93 0 189| 5487 -130 180 0
71 -9 0 1.93 378 189| 5487 150 180 0
7/ 15| O 1.79 69 124| 3197 24 0 180
71 -15| 0 1.79 181 124| 3197 20 0 180
9] 5| O 1.56 154 118 112 88 0 0
9| 5| 0 1.56 84 118 112 11 0 0
10/ 8| O 1.39 152 128 619 111 180 0
10 -8/ O 1.39 104 128 619 -174 180 0
From[01 rection
0] O 10.00| 4231 4231| 6184 7 0 0
0] 0] 4 5.00| 5289 5289| 4474 180 180 180
0] O 3.33| 4165 4165| 3193 -1 0 0
0] O 2.50 997 997| 3662 178 180 180
0| 0] 10 200 1274 1274| 8153 -159 180 180
2] 0 7.10| 5556 5556| 5481 133 180 180
A 579| 1429 865 964 125 180 180
AR 5.79 300 865 964 119 180 180
2| 0 3.02 259 130 239 -35 0 180
2] 0 3.02 0 130 239 -132 0 180
2] 0 2.36 376 294 26 119 180 180
AR 2.36 212 294 26 112 180 180
2] 0 1.92 479 311| 1068 165 180 0




h| k || d-val /A| Amplexy | Amplsym | Amplea| Phaseexp| Phasesym| Phasec
2| 0] -10 1.92 145 311| 1068 24 180 0
4, 0| 0 3.55| 15722 15722| 10000 0 0 0
4 0| 2 3.35| 2223 1871| 1637 -3 0 0
4, 0| -2 3.35| 1519 1871| 1637 -2 0 0
4 0] 4 2.90| 1338 811 916 159 180 180
4 0| -4 2.90 285 811 916 -156 180 180
4 0| 6 2.43 616 440 784 -50 0 0
4 0| -6 2.43 265 440 784 134 0 0
4, 0| 8 2.04 242 258 364 26 0 0
4/ 0| -8 2.04 275 258 364 7 0 0
4/ 0] 10 1.74 241 233| 1856 23 0 180
4/ 0] -10 1.74 226 233| 1856 -44 0 180
6| 0] O 237 1179 1179| 1107 14 0 0
6| 0] 2 2.30 436 335 396 -1 0 0
6] 0] -2 2.30 233 335 396 15 0 0
6| 0| 4 2.14 280 156| 1025 29 0 0
6| 0] -4 2.14 32 156| 1025 98 0 0
8 0] O 1.78 479 479 925 176 180 0
8| 0] 2 1.75 157 139 196 -167 180 0
8| 0] -2 1.75 119 139 196 178 180 0
10/ 0| O 1.42 139 139| 5962 -164 180 0




Table S2. Si positions obtained from the electrostatic map.

Atoms X y z
Sil 0.00 0.070 0.05
Si2 0.00 0.123 0.16
Si3 0.00 0.209 0.16
Si4 0.00 0.261 0.06
Si5 0.00 0.406 0.16
Si6 0.00 0.464 0.15
Si7 0.20 0.065 0.05
Si8 0.20 0.137 0.16
Si9 0.20 0.186 0.14
Si10 0.20 0.271 0.05
Sill 0.20 0.392 0.15
Sil2 0.20 0.490 0.16
Sil3 0.30 0.019 0.05
Sil4 0.30 0.110 0.05
Sil5 0.30 0.231 0.16
Sil6 0.30 0.318 0.05
Sil7 0.30 0.359 0.06
Sil8 0.30 0.437 0.15
Si19 0.50 0.042 0.05
Si20 0.50 0.098 0.06
Si2l 0.50 0.249 0.16
Si22 0.50 0.286 0.05
Si23 0.50 0.388 0.05

Si24 0.50 0.424 0.15




Table S3. Final atomic position compared with the position refined by X-ray powder diffraction.

AtOMS | XHRTEM  Xxray YHRTEM Yxray | ZHRTEM Zaay | SIA  SJA  SJA  SIA
Si1 0.000 0.0000 | 0.0818(9) 0.0819 | 0.058(2) 0.0561 | 0.000 0.004 0.039 0.039
Si2 0.000 0.0000 | 0.1188(12) 0.1132 | 0.176(2) 0.1733 | 0.000 0.322 0.060 0.328
Si3 0.000 0.0000 | 0.2083(11) 0.2106 | 0.174(2) 0.1727 | 0.000 0.133 0.019 0.135
Si4 0.000 0.0000 | 0.2454(8) 0.2465| 0.058(2) 0.0596 | 0.000 0.061 0.034 0.070
Si5 0.000 0.0000 | 0.3991(9) 0.4051 | 0.126(3) 0.1313|0.000 0.343 0.105 0.358
Si6 0.000 0.0000 | 0.4558(8) 0.4575| 0.125(3) 0.1235|0.000 0.097 0.034 0.103
Si7 0.196(2) 0.1985| 0.0605(6) 0.0628 | 0.030(2) 0.0304 | 0.034 0.129 0.010 0.134
Si8 0.203(2) 0.1956 | 0.1379(7) 0.1369 | 0.173(1) 0.1699 | 0.107 0.058 0.070 0.140
Si9 0.195(2) 0.1866 | 0.1895(7) 0.1887 | 0.129(2) 0.1224 | 0.123 0.047 0.136 0.188
Si10 | 0.203(1) 0.2028 | 0.2639(4) 0.2642 | 0.060(1) 0.0611 | 0.005 0.017 0.012 0.022
Si11 | 0.203(1) 0.2029 | 0.3911(8) 0.3906 | 0.174(1) 0.1738 | 0.007 0.030 0.003 0.031
Si12 | 0.187(2) 0.1893 | 0.4801(6) 0.4811 | 0.173(1) 0.1712|0.032 0.059 0.042 0.079
Si13 | 0.318(3) 0.3125| 0.0180(3) 0.0179 | 0.061(1) 0.0611 | 0.083 0.003 0.008 0.084
Si14 | 0.295(1) 0.2938 | 0.1069(3) 0.1083 | 0.064(2) 0.0677 | 0.014 0.081 0.072 0.109
Si15 | 0.299(2) 0.2941 | 0.2350(8) 0.2331 | 0.173(1) 0.1711|0.073 0.110 0.043 0.139
Si16 | 0.304(2) 0.3075| 0.3106(5) 0.3105 | 0.028(2) 0.0371 | 0.048 0.005 0.188 0.193
Si17 | 0.295(1) 0.2964 | 0.3637(5) 0.3621 | 0.055(2) 0.0538 | 0.025 0.094 0.032 0.102
Si18 | 0.305(2) 0.3042 | 0.4374(8) 0.4364 | 0.128(2) 0.1298 | 0.006 0.060 0.035 0.069
Si19 0.500 0.5000 | 0.0444(7) 0.0430 | 0.025(3) 0.0369 | 0.000 0.080 0.234 0.246
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Si20
Si2l
Si22
Si23
Si24
o1
02
03
04
05
06
o7
08
09
010
011
012
013
014
015
016

0.500
0.500
0.500
0.500
0.500

0.092(1)
0.000
0.000

0.092(1)
0.000
0.000

0.092(1)
0.000
0.000

0.091(1)
0.000

0.092(1)
0.000
0.000

0.091(1)

0.226(2)

0.5000
0.5000
0.5000
0.5000
0.5000
0.0899
0.0000
0.0000
0.0901
0.0000
0.0000
0.0887
0.0000
0.0000
0.0907
0.0000
0.0917
0.0000
0.0000
0.0887
0.2321

0.1009(8)
0.2528(12)
0.2913(8)
0.3810(9)
0.4173(11)

0.0655(9)
0.0986(13)
0.0976(15)
0.1349(12)
0.1081(24)
0.2168(21)
0.1927(11)
0.2311(12)
0.2274(10)

0.2622(7)

0.4275(8)
0.3890(10)
0.3900(18)
0.4650(15)
0.4660(11)

0.0341(7)

0.0954
0.2532
0.2905
0.3796
0.4182
0.0656
0.1049
0.0891
0.1285
0.1052
0.2177
0.1947
0.2348
0.2255
0.2628
0.4318
0.3920
0.4055
0.4589
0.4708
0.0371

0.025(3)
0.172(2)
0.063(2)
0.061(2)
0.173(1)

0.058(4)
-0.006(3)
0.124(3)
0.166(5)
0.250
0.250
0.160(3)
0.126(3)
-0.003(3)
0.054(2)
0.128(6)
0.163(3)
0.050(3)
0.050(3)
0.162(3)
0.050(3)
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0.0294
0.1767
0.0600
0.0567
0.1718
0.0485
0.0101
0.1333
0.1544
0.2500
0.2500
0.1571
0.1327
0.0061
0.0525
0.1541
0.1591
0.0510
0.0433
0.1528
0.0500

0.000
0.000
0.000
0.000
0.000
0.036
0.000
0.000
0.022
0.000
0.000
0.052
0.000
0.000
0.003
0.000
0.004
0.000
0.000
0.031
0.078

0.316
0.026
0.048
0.081
0.051
0.003
0.362
0.489
0.366
0.165
0.052
0.113
0.214
0.108
0.034
0.249
0.171
0.888
0.346
0.277
0.171

0.089
0.099
0.053
0.079
0.019
0.182
0.320
0.189
0.236
0.000
0.000
0.063
0.126
0.185
0.039
0.529
0.069
0.010
0.129
0.194
0.007

0.328
0.102
0.071
0.113
0.054
0.184
0.482
0.524
0.436
0.165
0.052
0.139
0.248
0.213
0.052
0.582
0.184
0.888
0.369
0.339
0.188



017
018
019
020
021
022
023
024
025
026
027
028
029
030
031
032
033
034
035
036
037

0.197(5)
0.269(2)
0.233(3)
0.256(3)
0.232(7)
0.266(3)
0.191(5)
0.235(2)

0.250
0.236(3)
0.227(4)
0.257(3)
0.235(3)
0.273(2)
0.189(5)
0.197(5)
0.409(1)
0.329(7)
0.407(1)
0.248(4)
0.408(1)

0.2071
0.2600
0.2168
0.2687
0.2075
0.2641
0.1763
0.2365
0.2500
0.2319
0.2197
0.2561
0.2413
0.2654
0.2096
0.1924
0.4100
0.3219
0.4061
0.2429
0.4064

0.0632(12)
0.0792(7)
0.1633(7)
0.1175(9)
0.1362(16)
0.2082(9)
0.1934(13)
0.2912(4)
0.250
0.2524(9)
0.3852(17)
0.3729(10)
0.4177(9)
0.4632(8)
0.5036(6)
0.4873(11)
0.0349(10)
0.000
0.1102(8)
0.1202(10)

0.2379(11)

0.0668
0.0815
0.1623
0.1177
0.1379
0.2072
0.1915
0.2910
0.2500
0.2522
0.3815
0.3735
0.4168
0.4616
0.5046
0.4877
0.0313
0.0000
0.1083
0.1247
0.2379

-0.049(2)
0.061(3)
0.145(4)
0.132(2)

0.250
0.162(3)
0.051(2)
0.059(2)

0.000
0.129(1)

0.250
0.126(2)
0.158(4)
0.153(3)
0.129(1)

0.250
0.064(3)

0.000
0.062(3)
0.003(2)
0.153(3)

12

-0.0495
0.0705
0.1388
0.1417
0.2500
0.1478
0.0425
0.0642
0.0000
0.1311
0.2500
0.1220
0.1651
0.1514
0.1301
0.2500
0.0703
0.0000
0.0554
0.0124
0.1635

0.139
0.128
0.232
0.186
0.351
0.032
0.209
0.023
0.000
0.051
0.105
0.015
0.085
0.112
0.286
0.063
0.017
0.096
0.011
0.072
0.017

0.205
0.133
0.057
0.010
0.094
0.058
0.108
0.010
0.000
0.009
0.212
0.034
0.054
0.094
0.060
0.022
0.207
0.000
0.108
0.256
0.002

0.012
0.186
0.115
0.186
0.000
0.282
0.165
0.098
0.000
0.035
0.000
0.078
0.153
0.036
0.026
0.000
0.136
0.000
0.125
0.197
0.219

0.248
0.261
0.265
0.263
0.364
0.288
0.287
0.100
0.000
0.062
0.237
0.086
0.182
0.150
0.293
0.067
0.248
0.096
0.165
0.330
0.219



038
039
040
041
042
043
044
045
046
047

0.287(5)
0.407(1)
0.265(3)
0.407(1)
0.409(1)
0.500
0.500
0.500
0.500
0.500

0.2689
0.4094
0.2642
0.4095
0.4112
0.5000
0.5000
0.5000
0.5000
0.5000

0.2418(13)
0.3076(7)
0.3366(5)
0.3651(9)

0.4325(10)
0.0726(6)

0.2579(24)

0.2774(12)

0.3928(12)

0.4115(20)

0.2358
0.3067
0.3353
0.3629
0.4339
0.0697
0.2647
0.2749
0.3956
0.4107

0.250
0.059(3)
0.044(4)
0.053(3)
0.154(3)
0.025(6)

0.250
0.132(3)
0.133(2)

0.250

0.2500
0.0685
0.0563
0.0559
0.1537
0.0606
0.2500
0.1262
0.1232
0.2500

0.261
0.027
0.005
0.031
0.028
0.000
0.000
0.000
0.000
0.000

0.345
0.049
0.073
0.125
0.079
0.167
0.389
0.142
0.159
0.048

0.000
0.200
0.244
0.055
0.002
0.719
0.000
0.119
0.197
0.000

0.432
0.207
0.254
0.140
0.084
0.734
0.389
0.185
0.252
0.048
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Table S4. CIF of IM-5 after the DLS refinement.

data_IM-5fromHRTEM

_audit_creation_method ‘generated by CrystalMaker 7.1.7'
_cell_length_a 14.33(4)

_cell_length b 56.9(2)

_cell_length_c 20.32(7)
_cell_angle_alpha 90.0000
_cell_angle_beta 90.0000
_cell_angle_gamma 90.0000

_symmetry _space_group_name_H-M 'C 2/m 2/c 21/m'
_symmetry_Int_Tables_number 63

_symmetry cell_setting orthorhombic

loop_
_symmetry_equiv_pos_as_Xyz
X, +y,+7'
'1/2+x,1/2+y,+7'
XY,
'1/2-x,1/2+y,+2'
"+X,-y,1/2+27'
'1/2+x,1/2-y,1/2+7'
"“X,-Y,1/2+7'
'1/2-x,1/2-y,1/12+7'
X,-Y,-Z'
'1/2-x,1/2-y,-7'
X,y
'1/2+x,1/2-y,-7'
'-X,+Y,1/2-7'
'1/2-x,1/2+y,1/2-7'
+X,+y,1/2-7'
"1/2+x,1/12+y,1/12-7'

loop_
_atom_site_type_symbol
_atom_site_label
_atom_site_fract_x
_atom_site_fract vy
_atom_site_fract_z

Si sil 0000  0.0818(9)
Si Si2 0.000  0.1188(12)
Si Si3 0.000  0.2083(11)
Si Si4 0000  0.2454(8)
Si Si5 0000  0.3991(9)

0.058(2)
0.176(2)
0.174(2)
0.058(2)
0.126(3)
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Si6
Si7
Si8
Si9
Sil0
Sill
Sil2
Sil3
Sil4
Sil5
Sil6
Sil7
Sil8
Sil9
Si20
Si2l
Si22
Si23
Si24

01

02

03

04

05

06

o7

08

09

010

011

012

013

014

015

016

017

018

019

020

021

022

023

024

025

0.000
0.196(2)
0.203(2)
0.195(2)
0.203(1)
0.203(1)
0.187(2)
0.318(3)
0.295(1)
0.299(2)
0.304(2)
0.295(1)
0.305(2)
0.500
0.500
0.500
0.500
0.500
0.500
0.092(1)
0.000
0.000
0.092(1)
0.000
0.000
0.092(1)
0.000
0.000
0.091(1)
0.000
0.092(1)
0.000
0.000
0.091(1)
0.226(2)
0.197(5)
0.269(2)
0.233(3)
0.256(3)
0.232(7)
0.266(3)
0.191(5)
0.235(2)
0.250

0.4558(8)
0.0605(6)
0.1379(7)
0.1895(7)
0.2639(4)
0.3911(8)
0.4801(6)
0.0180(3)
0.1069(3)
0.2350(8)
0.3106(5)
0.3637(5)
0.4374(8)

0.0444(7)

0.1009(8)

0.2528(12)

0.2913(8)

0.3810(9)

0.4173(11)

0.0655(9)
0.0986(13)
0.0976(15)

0.1349(12)
0.1081(24)
0.2168(21)

0.1927(11)
0.2311(12)
0.2274(10)

0.2622(7)
0.4275(8)

0.3890(10)
0.3900(18)
0.4650(15)

0.4660(11)

0.0341(7)

0.0632(12)

0.0792(7)

0.1633(7)

0.1175(9)

0.1362(16)

0.2082(9)

0.1934(13)

0.2912(4)
0.250

0.125(3)
0.030(2)
0.173(1)
0.129(2)
0.060(1)
0.174(1)
0.173(1)
0.061(1)
0.064(2)
0.173(1)
0.028(2)
0.055(2)
0.128(2)

0.025(3)

0.025(3)

0.172(2)

0.063(2)

0.061(2)

0.173(1)

0.058(4)
-0.006(3)
0.124(3)

0.166(5)
0.250
0.250

0.160(3)
0.126(3)
-0.003(3)

0.054(2)
0.128(6)

0.163(3)
0.050(3)
0.050(3)

0.162(3)

0.050(3)

-0.049(2)

0.061(3)

0.145(4)

0.132(2)

0.250

0.162(3)

0.051(2)

0.059(2)

0.000
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026
027
028
029
030
031
032
033
034
035
036
037
038
039
040
041
042
043
044
045
046
047

0.236(3)
0.227(4)
0.257(3)
0.235(3)
0.273(2)
0.189(5)
0.197(5)
0.409(1)
0.329(7)
0.407(1)
0.248(4)
0.408(1)
0.287(5)
0.407(1)
0.265(3)
0.407(1)
0.409(1)
0.500

0.500

0.500

0.500

0.500

0.2524(9)
0.3852(17)
0.3729(10)
0.4177(9)
0.4632(8)
0.5036(6)
0.4873(11)
0.0349(10)
0.000
0.1102(8)
0.1202(10)
0.2379(11)
0.2418(13)
0.3076(7)
0.3366(5)
0.3651(9)
0.4325(10)
0.0726(6)
0.2579(24)
0.2774(12)
0.3928(12)
0.4115(20)

0.129(1)
0.250
0.126(2)
0.158(4)
0.153(3)
0.129(1)
0.250
0.064(3)
0.000
0.062(3)
0.003(2)
0.153(3)
0.250
0.059(3)
0.044(4)
0.053(3)
0.154(3)
0.025(6)
0.250
0.132(3)
0.133(2)
0.250
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