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Microporous crystalline aluminophosphates, an important
class of molecular sieves, are of great interest as adsorbents,
membrane materials, and heterogeneous catalysts.'" They
are active in, for example, alkene isomerization, catalytic
cracking, alkane dehydrogenation, and hydrocarbon oxida-
tion."!! To expand our understanding of transport mecha-
nisms and diffusion in microporous crystalline aluminophos-
phates and connect this information to their catalytic and
sorption properties, scientists have performed extensive
research on large crystals as model systems.[!>1¢]

For about twenty years it has been known that the
properties of large crystals are severely influenced by building
defects. For example, Lehman etal."'® elucidated the
internal structure of CrAPO-5 molecular sieves by studying
the intracrystalline concentration profiles of probe molecules
such as methanol and water by interference and FTIR
microscopy. They showed an inhomogeneous distribution of
water adsorbed at low pressures in CrAPO-5 and SAPO-5
molecular sieves, attributed to structural defects in the
crystals. This work was confirmed by Chmelik et al.,™ who
focused on the influence of surface and intracrystalline
defects on molecular uptake.
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Recently, we have developed confocal fluorescence mi-
croscopy (CFM) as a powerful method to study the internal
architecture and molecular diffusion barriers of large crystals
of molecular sieves through mapping of the template-removal
process.””?!l Thermal decomposition of the template mole-
cules present in the channels and cages of the as-prepared
materials leads to the formation of light-emitting and
-absorbing species.””! 'When fluorescent species diffuse
through the channels and cages, transport resistances lead to
different concentration profiles, which can be mapped in
three dimensions with CFM.

The above-mentioned studies have proven that molecular
sieves are not single-crystalline, but consist of distinct
subunits forming inner and outer barriers that resist molec-
ular diffusion.'?? Interestingly, the arrangement of these
subunits, known as the internal architecture of a crystal, was
found to be dependent not on the crystal framework type, but
on the external morphology. For example, in the case of large
MFT crystals (i.e., ZSM-5 and silicalite molecular sieves) it
was found that four related but distinct intergrowth structures
exist depending on the length/width (L/W) aspect ratios of the
crystals.”!! On the other hand, two large AFI crystals, that is,
CrAPO-5 and SAPO-5, exhibit different internal architec-
tures, while seemingly having the same morphology.” This
apparent contradiction merits thorough investigation.

Herein we present a systematic study on 8 micrometer-
sized members of the AIPO-5 family with a wide range of
morphologies and chemical composition. Confocal fluores-
cence microscopy (CFM), focused ion beam (FIB) milling,
electron backscatter diffraction (EBSD), and atomic force
microscopy (AFM) are used to gain new fundamental insight
into the internal structure and molecular diffusion barriers of
microporous crystalline aluminophosphates and to resolve
the above-mentioned discrepancy in internal architectures of
AFI-type materials. As a result, we are able to propose a
unified AFT intergrowth structure.

Two groups of AFI crystals can be distinguished. On the
one hand, we have investigated AIPO-5 crystals which
contain Cr, V, or Si and grow with similar lengths of the a,
b, and c axes, resulting in L/W ratios of approximately 1 and
smaller (here denoted type A). On the other hand, MAPO-5
crystals (M =Zn, Be, Co, Cu and Mo) have a and b axes of
similar length and a much longer ¢ axis (two to seven times;
type B). To gain insight into the internal architecture of the
crystals, CFM scans of partially detemplated materials were
taken at the middle depth of the crystals along the a/b and ¢
axes. The results for the CrAPO-5 and MoAPO-5 crystals
(showcasing crystal types A and B, respectively) are given in
Figure 1a, while Figure S1 and Table S1 of the Supporting
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Figure 1. a) Confocal fluorescence images of CrAPO-5 (type A) and
MoAPO-5 crystals (type B), recorded halfway through the crystal along
the a axis for crystals A and B and along the ¢ axis for crystal A". Scale
bar is 4 um for crystal A and 50 um for crystal B. The images are
presented in grayscale; the brighter the image, the higher the
fluorescence intensity. b) Relationship between the measured subunit
angle (left axis) at different aspect ratios of MeAPO-5 crystals. The
right axis is tan[',a/(L/W)] and reveals a tangent dependency.

Information give an overview of all materials studied. If we
carefully examine the confocal fluorescence data collected
from the crystals along the a axis, it is clear that all materials
show an hourglass pattern, that is, they have the same internal
structure comprising two hexagonal-based pyramids and six
surrounding subunits. Interestingly, inspection of the CrAPO-
5 crystal standing on its hexagonal base allowed us to obtain
confocal information along the ¢ axis showing a starlike
pattern originating from the center of the crystal (crystal A’ in
Figure 1a), as discussed in various studies."**? The second,
pyramid-shaped intergrowth observed in the crystals along
the a axis was noted in elongated SAPO-5 and is similar to
that found for the other framework types, for example, CHA
and MFLP"#

Our previous study on large MFI crystals®! showed direct
dependence of the internal structure on the external mor-
phology of the crystal. To evaluate the presence of the above-
mentioned dependency, the relationship between the L/W
ratio of the MeAPO-5 crystals and the size (angle) of the
subunits is plotted in Figure 1b. As visualized, the depend-
ence of subunit angles on the crystal’s aspect ratio follows the
basic, trigonometric relation between crystal morphology and
internal architecture, which at least suggests a uniform
internal structure of all AFI-type materials.

To reveal the nature and the origin of the starlike pattern
observed by CFM, confocal fluorescence data collected along
the c axis of the CrAPO-5 crystal (parallel to the {001} crystal
face) were analyzed (Figure 2). The high-resolution images
collected on the different layers of the crystal revealed
significant differences in the concentration of the fluorescent
molecules, as the fluorescence intensity in the central part of
the ab crystal plane increases with increasing crystal depth.
Figure 2b shows the planar model of the internal structure of
the CrAPO-5 crystal, expected to exist on the basis of the
reconstruction of the CFM data. Planes dividing the six
surrounding subunits appear as barriers, similar to the “star”
visualized in Figure 2 a. This similarity is further supported by
the reconstructed confocal images and simulated data of the
ac and bc planes, as shown in Figure 2¢ and d, respectively.
Since the resolution of confocal fluorescence microscopy (see
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Figure 2. a) Confocal fluorescence images of an individual CrAPO-5
crystal. I, 11, and Ill show slices through the crystal {001} face (along
the ¢ axis). b) Same as a), but based on the planar model of the
internal structure of the CrAPO-5 crystal model. c) Data reconstructed
in the ac and bc planes (planes IVa and IVb, respectively. d) Same as
c), but for crystal planes visible along a/b axes (slices Vla and VIb,
respectively). All rectangular faces are {100}. Images I-IV in b) and d)
show simulated data of the different crystal planes and correlate with
the planes recorded by confocal fluorescence microscopy in a) and c).
e) Three-dimensional schematic representation of a CrAPO-5 crystal,
showing the scanned crystal planes I-IV. Intensity of the fluorescent
signal in layers I-Ill can be found in the Figure S2 in the Supporting
Information.

Figure S3 of the Supporting Information for CFM scheme) in
the ¢ direction is limited (in the best case) to about 1.2 um,
every scanned layer includes signal originating from the “out-
of-focus” planes. The direct consequence of the above-
mentioned limitation is a blurred image of the star-shaped
pattern at layer I of the CrAPO-5 crystal (Figure 2a).

Until now, CFM allowed us to visualize the diffusion
barriers of the AFI crystals under investigation, but it did not
give us any information about the pore alignments in the
distinct subcrystals and true internal crystal structure. To
obtain such information, two different CrAPO-5 crystals were
milled halfway through their thickness with a focused ion
beam (FIB). A schematic illustration of the milled planes is
given in Figure 3a. Next, EBSD patterns were recorded
across the crystal surfaces. Strikingly, all of the recorded
EBSD patterns within the individual plane show similar
crystallographic orientation (Figure 3b). As the angular
resolution of EBSD is on the order of 2°, we can say for
certain that CrAPO-5 crystals do not have any high-angle
rotational intergrowth, and therefore the presence of the
starlike subcrystal should be indisputably excluded. Figure 3¢
shows an example of the manually indexed EBSD patterns,
collected from the areas marked by violet and blue squares in
Figure 3b. Importantly, manual indexing allowed us to assign
the channel direction as parallel to the crystal long c axis.
Crucially, no 60° rotation of the crystal subunits was
measured, and this confirms the lack of high-angle rotation
barriers.’!! To prove the uniformity of the proposed internal
structure of the AFI-type materials, in the second set of FIB/
EBSD experiments, a CoAPO-5 crystal was milled, and no
intergrowth was evident (Figure S5, Supporting Information).
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Figure 3. a) Three-dimensional representation of a CrAPO-5 crystal.
Surfaces | and Il indicate planes according to which crystals were
milled (parallel to crystal {001} and {100} faces, respectively). Axes a,
b, and c are known thanks to manual indexing of the diffraction
patterns. b) SEM images of the CrAPO-5 crystals after FIB treatment
according to the planes indicated in a). Regions from which diffraction
patterns have been recorded are indicated by violet and blue circles.

c) Two examples of the distinct, manually indexed diffraction patterns,
recorded from the areas marked by violet and blue squares on planes |
and Il in b). d) “Exploded” unified internal architecture model of the
AFl-type crystals; front subunits are not shown. e) Schematic visual-
ization of the low-angle diffusion barriers (dashed lines) present in the
hexagonal plane of the AFl-type crystals. f) Zoomed-in low-angle
diffusion barrier present in the hexagonal plane of the AFl-type
crystals. Small-angle framework rotation causes partial channel overlap
and hinders molecular transport.

The starlike pattern found previously by Lehmann et al.
and Chmelik et al. was assigned to the CrAPO-5 subcrys-
tal.l’"! The EBSD measurements, however, unambiguously
prove the absence of high-angle rotation barriers, and hence
different subunits in the “classical” understanding of zeolitic
intergrowth,?! and allow us to propose a uniform model of
the AFI-type structure (Figure 3d). The origin of the starlike
appearance is “simply” the presence of low-angle rotation
diffusion barriers within the material. Planes where the steps
from different faces meet generate small channel mismatches
and a higher concentration of defects, which may act as a
diffusion barrier. Figure 3e and f illustrate the schematic
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explanation of the low-angle diffusion barriers on the
hexagonal plane of the crystal. There we can see that certain
channels are partially blocked, hindering molecular diffusion
of, for example, products of the template decomposition
reaction, which accumulate on the interfaces of the hexagonal
plane and lead to the appearance of the star-shaped pattern.
In a similar manner, Figure S6 of the Supporting Information
explains the presence of the hourglass pattern visible on the
rectangular planes of both crystal types.

Being aware of the internal boundaries and differences in
the crystals’ aspect ratios, we should also expect significant
differences in their external surface topography. Conse-
quently, showcases of crystal type A (SAPO-5) and B
(CoAPO-5) have been studied in detail with AFM
(Figure 4; see Figure S7a of the Supporting Information for
AFM data of all MeAPO-5 crystals).

Remarkably, as visualized in Figure 4 a—d, crystals with an
aspect ratio smaller than unity show curved steps on their
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Figure 4. a) AFM image of a SAPO-5 crystal (type A); scale bar is

10 um. b) Same as a), but for COAPO-5 crystal (type B); scale bar is

2 um. c) Enlarged AFM height image [indicated as a dashed rectangle
in a)] recorded on the rectangular faces of the crystal; scale bar is

1 pum. d) Same as c), but for CoOAPO-5. e) Measured step height along
the white line in d), from left to right; the individual steps are bunched
together and were determined to be about 2.4 nm and about 3.6 nm in
height, that is approximately twice and three times the height of the
monolayer of the hexagonal cell in the ab plane. f) Same as e), but for
CoAPO-5; the analysis of the surface height reveals only monolayer
steps of about 1.2 nm. g) An AFM height image of the central area of
the MoAPO-5 crystal surface exhibiting dissolution etch pits pointing
in opposite directions and divided by the small “crack” going from the
top of the image to the bottom. Scale bar is 0.6 pm. All AFM images
were recorded on crystal {100} faces.
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surfaces, whereas those with a higher aspect ratio have
straight steps. In both cases steps are generated by the
presence of a spiral, but in the case of type A crystal steps
bunch together (Figure4e). On the contrary, the height
analysis of the surface of type B crystals reveals only steps of
monolayer height, that is, 1.2+0.05 nm (Figure 4 f). This
height is consistent with the length of the a/b axes (or d,
spacing) of the hexagonal cell (ca. 1.2 nm); therefore, it can be
unequivocally concluded that the crystals are bound by {100}
faces and not by {110}, which could yield the same external
morphology. Importantly, the step height is consistent in all
facets studied, as expected from the EBSD experiment and
internal structure model.

A careful analysis of the etch-pit shapes on the type B
crystals provides more insight into the internal structure of
the MeAPOs. As highlighted in Figure 4 g, a large MoAPO-5
crystal exhibits two opposite orientations of the etch pits,
which are very close to each other and separated by an
irregular line running through the center of the crystal, that is,
mirror plane. This is in accordance with the internal symmetry
of the AFI-type crystals, in which no mirror or glide plane is
perpendicular to the ¢ axis but one exists parallel to it.

This behavior can be seen more clearly in Figure S7b—e
(Supporting Information) and it was observed in all AFI
crystals with an aspect ratio higher than unity, for which steps
could be seen by AFM. Additionally, each specific orientation
is always observed only in one half of the crystal. This leads to
the conclusion that the crystals are in fact twinned, with the
twin plane parallel to the {001} face and located approx-
imately at the center of the crystal. Such twinning in AIPO-5
crystals has been reported previously™! and its occurrence has
been linked to the strong preference for growth along a
particular direction. Interestingly, the twin plane does not act
as a transport barrier and therefore was not detected by the
confocal fluorescence experiments. This means that the
“connection” between the twins is almost perfect and there-
fore forces a reflection twin with an identical EBSD pattern.
The mechanism of a formation of the twin plane is most
probably related to the formation of the P—P bonds across a
(001) plane and driven by the preferential growth of the
crystals in a specific direction, as explained in Figure S8 of the
Supporting Information.

Although the effect of morphology on the internal
architecture (size of the subunits) has become clear from
other studies,” the effect of metal framework atoms is
indirect. It was established that the use of metal ions during
synthesis can force the templating molecules into alternative
conformations that lead to different framework types, as
recently shown by in situ Raman spectroscopy.?!! Secondly,
several characterization studies confirmed that the use of Si*"
and Cr*" during synthesis inhibits crystal growth along the ¢
direction and thus results in low aspect ratios.”?" Our
observations suggest that while certain metal ions affect the
crystallization kinetics by inhibiting crystal growth rate along
the ¢ direction, other metal ions, such as Mo®, induce the
opposite effect by promoting crystal growth in the ¢ direction
and forming very elongated crystals.

Our work connects the dependency of crystal morphology
with the internal architecture, and proves that diffusion
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boundaries follow basic trigonometry and are identical
throughout the population of large AFI crystals studied. A
correlative characterization of various micrometer-sized
MeAPO-5 molecular sieves, based on CFM, FIB-EBSD,
and AFM, led to a unified view on AFI intergrowth
architecture. The size of crystal subcomponents varies in a
regular order in all materials, while the surface becomes more
organized and rougher and has an influence on the molecular
penetration. The presence of small-angle rotation barriers
and rotation planes result in significant hindrance of molec-
ular diffusion. The present data, together with those recently
published for large MFI crystals,”"! convincingly show that
CFM is a very sensitive and fast tool to detect both low and
high rotation barriers to molecular diffusion. On the other
hand, when details on the precise origin of these molecular
diffusion barriers are needed, clearly more advanced, but
time-consuming FIB-EBSD measurements are required.
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