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Zeolites and zeotype materials represent one of the most
important types of heterogeneous catalysts widely used in the
refining and petrochemical industry.[1–4] Although industrial
zeolite-based catalysts contain mostly nano-to-micrometer-
sized crystallites, larger zeolite single crystals with dimensions
of hundreds of micrometers have proven to be indispensable
as model materials for diffusion and reactivity studies.[5–9] It
was established that these crystals often have complex
structures consisting of several intergrown subunits.[10, 11] The
way in which the building blocks are interconnected may
severely affect intracrystalline transport properties or even
make certain parts of the zeolite crystal completely inacces-
sible for the reactant molecules.[5] For example, the inter-
growth structure of ZSM-5 crystals elucidated from electron
diffraction, X-ray diffraction, and optical microscopy results
has been discussed over the past 20 years.[11–14] Recently,
Lehmann et al. visualized subunits of AlPO4-5 crystals by
probing intracrystalline concentrations of absorbed methanol
by interference microscopy.[15]

The hydrothermal synthesis of zeolites calls for structure-
directing agents, such as alkyl amines, to ensure their long-
range highly ordered porous structure. These template
molecules have to be removed from the channels for the
crystalline materials to be used as either adsorbents or shape-
selective catalysts. To accomplish this, zeolites are calcined
after synthesis to remove the template and allow reactant
molecules to enter the channel system. Thermal decomposi-

tion of template molecules in different molecular sieves has
been studied extensively mainly by thermoanalytical techni-
ques,[16,17] mass spectrometry,[18, 19] and NMR spectroscopy.[20]

These methods are bulk techniques, which average informa-
tion over the whole catalyst sample. In contrast, relatively few
attempts have been made to investigate physicochemical
processes that take place in a single zeolite particle in a space-
and time-resolved manner. The predominant method of
choice to study calcination processes is IR microscopy,[21]

which has limited spatial resolution.
Herein, a new method is presented for determining the

intergrowth structure on the basis of in situ mapping of the
template-removal process in individual zeolite crystals. The
formation of light-absorbing and -emitting species during the
heating process has been monitored by a combination of
optical and confocal fluorescence microscopy. As the acces-
sibility of the porous network in the subunits varies,[15] the
individual building blocks can be readily visualized by
monitoring the template-removal process in time. This
concept has been successfully applied to four different zeolite
crystals: CrAPO-5 (AFI structure), SAPO-34 (CHA struc-
ture), SAPO-5 (AFI structure), and ZSM-5 (MFI structure).

As a first example, we discuss the template-removal
processes in CrAPO-5 materials as observed with in situ
optical microscopy. The crystals (45 < 25< 22 mm3) appear
flawless under the bright-field illumination; however, micro-
photographs taken during the heating process show that the
crystals darken as a result of coke formation. Surprisingly, this
process resulted in a nonuniform color pattern (Figure 1a).
First, darkening is observed on the hexagonal flat planes of
the crystals at 640 K, and then on the side planes at 675 K.
Further on the hexagonal faces clear up and only dark ring
patterns remain. At the same time a darkening front on the
side planes advances towards the central part as the temper-
ature increases. As the heating continues, the crystals regain
translucency, indicating the complete removal of the template
molecules. Similar results were obtained when the crystals
were calcined in an oxidative atmosphere, but clearly
template decomposition took place in this case (see the
Supporting Information).

Together with these in situ optical microscopy measure-
ments, we recorded Raman spectra, which showed a strong
fluorescence background when the zeolite crystals were
heated. These results suggest the formation of fluorescent
intermediates, which could be further investigated with in situ
fluorescence microscopy. The use of fluorescence microscopy
in the field of heterogeneous catalysis has been pioneered by
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Roeffaers et al.[8,22] We have, however, extended the range of
experimental conditions in which this method can be applied
by combining an upright fluorescence microscope with an
in situ spectroscopic reaction cell, allowing studies in both the
gas and liquid phase up to 900 K.[23] Furthermore, by using the
same in situ cell as for the optical microscopy measurements
comparison of the data is possible. This combined optical and
fluorescence approach will now be further explained.

Wide-field fluorescence microphotographs, taken during
CrAPO-5 heating, are shown in Figure 1b. Strong fluores-
cence emerges at 615 K; as the heating continues, the features
of the spatial pattern follow those observed with optical
microscopy, with an exception of a starlike feature observable
at 640 K. Besides wide-field fluorescence measurements,
formation of fluorescent species within the zeolite crystal
can be directly mapped in three dimensions by using confocal
fluorescence microscopy, making possible an unequivocal
visualization of the internal structure. Figure 1c and d shows
optical slices taken along two different axes of the crystal at
660 K. The most intriguing features in this dataset are the six-
pointed star (Figure 1c-III) and the hourglass patterns
(Figure 1d-IV), which suggest an internal structure of the
AFI crystal shown in Figure 2a. The intergrowth structure
comprises two central hexagonal-pyramidal subunits and six
smaller external blocks filling the void space. This model is in
perfect agreement with the one deduced from the distribution
of adsorbed methanol probed with interference micro-
scopy.[15] Along these lines, the hourglass pattern, observed
at the relatively early stage of heating is due to the formation
of fluorescent products in the inner subunits. The template is
being removed from the outer section of the crystal at higher
temperatures, which may be ascribed to the partial pore
blockage at the interface of the subunits. The above obser-
vations are valid for about 90% of the studied CrAPO-5

crystals, but the longer crystals exhibit more
complex color and fluorescence patterns, which
is likely to be due to cleavage of the subunits.

The intergrowth structure of other zeolite
crystals, such as SAPO-34, SAPO-5 and ZSM-5,
could be revealed by the same combination of
in situ optical and fluorescence microscopy. For
example, rhombic SAPO-34 crystals feature a
four-pointed star fluorescence pattern at 445 K,
which is transformed into a square-shaped
feature at 550 K (Figure 3a). Confocal optical
slices at different temperatures show the cubic
pattern, which advances from the exterior of the
crystal inwards. This is illustrated in Figure 3b–
d. The two observations are consistent with a
model that involves six equal tetragonal-pyra-
mid-shaped subunits (Figure 2b).

In the third example, we investigated a series
of SAPO-5 crystals varying in size. All the
crystals demonstrate a similar fluorescence
pattern upon heating (Figure 4). The findings
lead to the proposal that SAPO-5 crystals

Figure 1. a) Optical microphotographs of CrAPO-5 taken during heating; b) Fluores-
cence microphotographs taken at the same temperatures as in (a); c,d) confocal
fluorescence images of the CrAPO-5 crystals at 660 K. Confocal slices along the top
and side planes are shown. Detection channels of 425–475, 510–550, and 575–635 nm
are color-coded as blue, green, and red, respectively.

Figure 2. Normal and “exploded” representation of the proposed inter-
growth structures of the zeolite crystals under study: a) CrAPO-5 (front
subunits are not shown); b) SAPO-34; c) SAPO-5 (front subunits are
not shown); d) ZSM-5.

Figure 3. a) Fluorescence microphotographs of SAPO-34 taken during
heating; b–d) confocal fluorescence images of SAPO-34 taken at
550 K, 575 K, and 635 K, respectively (561-nm laser, detection at 575–
635 nm, false colors).
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comprise two pyramidal-shaped subunits, meeting in a single
spot at the center of the crystal (Figure 2c). As a final
example, ZSM-5 crystals with dimensions of 50 < 200 < 50 mm3

were examined by the same approach. In this case, an hour-
glass shape can be readily noticed in the wide-field fluores-
cence, confocal fluorescence images (Figure 5). Excellent

contrast can be also obtained in the present case in an optical
microscopic image under crossed polarizers (Figure 5c) as
described previously.[24] The pattern is indicative of 908
intergrowths characteristic for large ZSM-5 crystals (Fig-
ure 2d).[9, 11,14,25]

By comparing the models depicted in Figure 2 one can
notice a striking similarity between their building blocks.
More specifically, the general model includes two pyramidal
subunits, interconnected in the center of the zeolite crystal,
surrounded by four or six building blocks. The observed
commonality is in line with the assumption that the synthesis
starts from rapid growth along one direction (usually
crystallographic c axis), resulting in a dumbbell-shaped
crystal, observed at the early stages of the synthesis.[26] The
gap around the center of the crystal is subsequently filled up
to form a regular shape. It was proposed that a secondary
nucleation process occurs at the interface between the central
and outward structures, making the boundary between them
defect-rich. These discontinuities in the crystalline structure
and in the porous network are not sufficiently large to be
directly noticeable by optical microscopy or SEM,[27] but
allow us to visualize the internal intergrowth structure.

Beyond determination of the intergrowth architecture of
zeolite-type materials, the above observations also shed some
light on the template-removal process. It was proposed that
the removal of template molecules involves two distinct
steps:[16] at low temperature, the loosely bound template
molecules, mostly a charged amines occupying the near-
surface region, are driven away. As the temperature increases
further, the template entrapped within the channels starts to
decompose, mainly through a Hoffman elimination reaction,
forming small fragments, which experience no steric obstacles
to diffuse outward. Therefore, it is certainly of interest to
elucidate the chemical nature of the fluorescence species
formed during the heating process. As mentioned above,
in situ Raman spectroscopy was shown to be inapplicable
because the strong fluorescence background obscures the
Raman signal. Apparently, the low concentration of the
fluorescent intermediates also prevented their detection by
separately conducted in situ IR microscopy experiments.
However, the formation of light-absorbing and light-emitting
species suggests that unsaturated products of the Hoffman
reaction undergo side reactions in the zeolite channels, such
as oligomerization.When diffusion is hindered by intergrowth
boundaries, these oligomer chains are likely to grow longer or
form conjugated aromatic compounds, leading to blackening
of the crystal. An extreme example of such template carbon-
ization process resulted in the formation of, for example,
carbon nanotubes in zeolite channels.[28]

In summary, we have shown that the decomposition of
template molecules in zeolite-type crystals results in the
formation of light-absorbing and fluorescent intermediates,
and their spatial redistribution in the crystals during heating
has been monitored for the first time by a combination of
in situ optical and fluorescence microscopy. This generally
applicable approach can now be used to elucidate the three-
dimensional intergrowth structures of a wide range of
catalytic important porous materials.
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Figure 4. a) Fluorescence microphotographs of SAPO-5 taken during
heating; b–d) confocal fluorescent images for three SAPO-5 crystals
from different batches taken at 610 K (561-nm laser, detection at 575–
635 nm, false colors). Average crystal sizes are b) L=50 mm,
D=50 mm; c) L=60 mm, D=35 mm; d) L=35 mm, D=20 mm.

Figure 5. a) Fluorescence microphotographs of ZSM-5 crystals taken
during template removal; b) confocal fluorescence images taken at
750 K. Detection channels are color-coded as in Figure 1; c) optical
microphotograph taken at 800 K under crossed polarizers.
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