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Abstract: A multimodal imaging study of chabazite is used to show
the distribution of and discriminate between different emissive
deposits arising as a result of the detemplation process. Confocal
imaging, 3D fluorescence lifetime imaging, 3D multispectral
fluorescence imaging, and Raman mapping are used to show three
different types of emissive behaviours each characterised by different
spatial distributions, trends in lifetime, spectral signals, and Raman
signatures. A notable difference is seen in the morphology of
agglomerated surface deposits and larger subsurface deposits, which
experience lifetime augmentation due to spatial confinement. The
distribution of organic residue throughout the crystal volume is
comparable to XRF mapping that shows Si enrichment on the outer
edges and higher Al content through the centre, demonstrating that a
fluorescence-based technique can also be used to indirectly comment
on the compositional chemistry of the inorganic framework.

Zeolites are an important class of materials that are well established as
heterogeneous catalysts in the petrochemical industry!, ion-exchange
applications, and automotive emissions control@. In all these fields, there
exists ‘an ongoing need to improve zeolite performance from both an
economics and sustainability perspective. In designing optimised zeolitic
catalysts, a detailed understanding of the relationship between their
structure and function is generally required, which has in turn led to an
increased experimental emphasis on imaging techniques.

The primary challenge of imaging zeolites lies in their structurally and
chemically complex internal landscapes, which are a unique combination
of inorganic and organic material components. The inorganic
aluminosilicate framework, which may be ion-exchanged with metals,
dominates as a percentage mass and dictates the broader structure of the
system, while the concomitant adsorbed organic phase that occupies the
framework’s internal free volume represents both the intended primary
catalytic products (e.g. reactive intermediates) and secondary reaction by-
products (e.g. coking).

Itis extremely difficult to holistically visualise both the inorganic framework
and the organic product phase in a single micrographic frame due to their
vastly disparate requirements for generating image contrast. While the
framework can be resolved with mainstay high resolution imaging
modalities such as scanning electron microscopy (SEM)E], transmission
electron microscopy (TEM)M, scanning tunnelling microscopy (STEM), or
even tomography techniques!, organic components are not readily
resolved with these methods due to their light molecular mass. One option
for visualising organic products in zeolites that has gained modest traction
in the past decade is optical fluorescence imaging!®”. Incidentally, the
majority of these studies probe the hierarchical structure of the framework
and indicate the location of active sites by introducing and imaging a
fluorescent 817, while comparatively sparsel'®, have the distinct
advantage of being able to directly comment on the chemistry of emissive
organic products that build-up during processes like detemplation or
catalytic fast pyrolysis of biomass, where coke has been shown to form



preferentially on Brensted sitesi*d. Karwacki et al. monitored the
distribution and intensity of fluorescence emission across micrometre
sized ZSM-5[20L21 SAPO-34[2%, SAPO-5%, and CrAPO-5% crystals
during detemplation, which is the final step in template-stabilised zeolite
synthesis that aims to render the zeolite catalytically active by evacuating
organic structure directing agent (OSDA) from the internal pore volume
and is typically achieved by heating the material to around 550 °C.
Specifically, by combining in situ confocal imaging and UV-Vis
spectroscopy Karwacki et al. were able to monitor the formation of light
absorbing and emitting species during the detemplation process, showing
that the accessibility of the porous network varied depending on the
framework family?®, This study is of primary interest because it
demonstrates how laser-based microscopy is capable of throwing sharp
relief on the elusive yet chemically interesting organic phase, illuminating
its distribution against the framework in a manner hitherto unachieved by
electron imaging techniques.

This paper demonstrates how the combination of confocal imaging, 3D
fluorescence lifetime imaging (FLIM) and 3D multispectral fluorescence
imaging alongside Raman and XRF mapping provides enhanced insight
into the distribution of template-derived organic products. The study
focuses on the detemplation of a model 30 pm chabazite sample set
whose photoluminescence dynamics during detemplation have been
previously studied under UV spectroscopic conditionsl?d. These
crystallites are ideal candidates for micro-spectroscopic interrogation since
they are large enough to visualise compositional variation but small
enough to remain catalytically relevant, being only an order of magnitude
greater in size than the crystallites used in real industry. Two samples were
studied, one calcined at 550 °C and the other at 630 °C in an attempt to
compare how the low levels of residual carbon-containing species evolve
with temperature. The sample preparation is described in Section 1.1 in
the Supporting Information. Standard SEM, TGA, and XRD
characterisations were carried out and the methods can be found in
Sections 1.2-1.4 in the Supporting Information, while the results are
reported in Section 2.1-2.3 in the Supporting Information. However, none
of these techniques can present a spatially resolved study of the products
present in the crystals.

Instead, fluorescence microscopy is a powerful tool for the three-
dimensional visualization of the fluorescent species present in single
crystals. To ensure that the OSDA is not the species emitting primarily at
the excitation wavelengths spectrofluorometer experiments were
conducted (see Supporting Information, Section 2.4).
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A) 405 nm Confocal 3D Render

D) 488 nm Confocal Stack Slices

-

Figure 1. 3D image z-stack reconstruction of chabazite calcined at 550 °C:
A) 3D rendering of the two-colour confocal laser microscopy z-stack (number of
steps = 160; step interval 0.24 pm) acquired at Aex=405 nm where the blue-
green channel captures emission from 450-550 nm and the magenta channel
from 580-700 nm. B) Selected slices at various depths expressed in um of the
two separate channels of the 3D stack in A. C) 3D rendering of the two-colour
confocal laser microscopy z-stack (number of steps = 160; step interval 0.24
um) acquired at Aex=488 nm where the cyan channel captures emission from
500-550 nm and the orange channel from 580-700 nm. D) Selected slices at
various depths expressed in um of the two separate channels of the 3D stack
inC.

Figure 1 shows 3D reconstructions generated from a series of
fluorescence micrographs (Figure 1B, D, Supplementary Figure S6)
acquired with two separate detection channels for a cubic chabazite crystal
calcined at 550 °C excited at 405 nm (Figure 1A, detection channels 450-
550 nm and 580-650 nm) and 488 nm (Figure 1C, detection channels 500-
550 nm and 580-700 nm) with a confocal microscope (Supporting
Information, Section 1.5 and Figure S5). The excitation wavelength 405
nm was the lowest and most efficient wavelength available for confocal
imaging, and 488 nm was the lowest available pulsed wavelength for FLIM.
A complex distribution of emissive products can be seen. Localised within



3 um of the crystal surface and clustered towards the centre is a
constellation of small agglomerates that are most strongly emissive in the
bluer range. Towards the centre of the crystal volume is another type of
deposit distributed across a range of depths featuring stronger, red-shifted
fluorescence. Morphologically, they don’t immediately appear to be
governed by pore structure or crystallographic geometric restrictions.

The fluorescence emission observed in confocal imaging can be further
analysed in terms of its lifetime, t, and its spectrum. The lifetime of a
fluorophore is a function of both the molecule itself and its interactions with
its immediate environment. This makes it possible to speculate on
chemical behaviours and interactions within the zeolite. Therefore, FLIM23!
was used to generate a spatial representation of the lifetimes of the
present species (see Supporting Information, Section 1.6) by attributing

the decay information of a specific point to the respective pixel in the image.

FLIM has been performed in tagged 2425 and metal-organic frameworks
(MOFs)2% put not on the natively occurring organic product hosted in the
pores. Used in autofluorescent samples, FLIM enhances the information
gained from conventional confocal microscopy allowing one to comment
more extensively on speciation.

Figure 2 shows FLIM images obtained at 488 nm excitation of two planes
of the same chabazite crystal: an external face (A1), and an inner plane
12 pm below the external plane (A2). The colour-scale is representative of
the weighted mean lifetime of fluorescence emission, where red
corresponds to longer lifetimes and blue to shorter ones. To quantify the
differences in lifetime, the phasor method®?”l was first used to qualitatively
select regions of interest (ROI). Figure 2B1 and 2B2 show the phasor plots
of the surface and inner planes, respectively. In the phasor plot, pixels
characterised by shorter lifetimes generate peaks at small angles to the
universal circle, while longer ones create peaks at larger angles. Phasor
peaks closer to the universal circle can be described with a lower number
of decay components, while peaks closer to the centre speak to a more
complex behaviour. Figure 2B2 shows the presence of a larger variety of
lifetimes both in the shorter and the longer timescales for the inner plane
compared to the upper plane in Figure 2B1, which is also confirmed by the
lifetime histograms in Figure 2D1 and 2D2.

Lifetime decays for each ROI are presented in Figure 2C and a summary
of the extracted lifetimes values is presented in Supporting Information,
Section 2.5, Table S1. On the upper plane ROI 1 highlights the surface
agglomerates, which are also captured for a perpendicular plane in ROI 2
of the inner plane. Extracted values in Table S1 show that in the upper
plane, ROI 1 and ROI 2 have different decay dynamics, with the first being
biexponential, and the second being triexponential. However, ROI 1 from
the top and ROI 2 from the inner plane have a comparable biexponential
decay. The inner plane also shows clusters of material with a faster decay,
as well as shorter ones, highlighting the complexity of the crystal core. By
performing the acquisition of a stack of FLIM images, a 3D FLIM rendering
can be made. In the 3D FLIM reconstruction in Figure 2F, we can observe
that the faces of the crystal are all similar, with a difference between the
central and the outer surface. Moreover, we can see how heterogenous
the distribution of emissive products inside the crystal is. The crystal has
been further analysed with multispectral fluorescence imaging?-39, a
technique where each pixel in the image contains the spectral information
of the specific fluorophores present in that location (see Supporting
Information, Section 1.7). The average spectra extracted from each ROI
are presented in Figure 2E at both the 405 nm and 448 nm excitation.
Interestingly, the emission spectra of ROl 1 and 2 of the surface of the
crystal are the same. Moreover, the inner compounds show a broader and
red-shifted spectrum compared to the surface, with some differences
between clusters of materials.

At this point, the following chemical statements can be made. Based on
the wavelength of excitation (i.e. 405 and 488 nm for confocal, 488 nm for
FLIM), there are only a limited number of molecular species that will be
emissive. These are polycyclic aromatic hydrocarbons3-32 (PAH) and
carbon nanostructures(®3-3l, It has previously been demonstrated that the
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original quaternary ammonium templating material is not sufficiently
excited with a visible sourcel?? and that the zeolite framework itself is
optically transparent at this wavelength because the energy of excitation
is too low. Therefore, it is expected that the emissive deposits being
imaged are species that have formed through sequential OSDA
decomposition, involving fragmentation and the subsequent formation of
polyaromatics via cracking or aromatisation followed by ring
condensationl®7],
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Figure 2. Single-channel fluorescence lifetime imaging ensemble of
chabazite calcined at 550 °C acquired at Aex= 488 nm including the map of
weighted average lifetimes Al) for the uppermost plane and A2) for the central
plane and the respective phasor plots B1) and B2), C) the fluorescence decays
for the selected ROIs indicated in Al) and A2), the respective frequency
histograms of lifetimes D1) and D2), and E) the spectra for corresponding ROIs



acquired at Aex= 405 nm and 488 nm. F) 3D reconstruction of the FLIM stack
(depth of only 25 pm)

Given that ROI 1 and 2 on the crystal surface have the same spectrum but
different lifetimes, it can be inferred that the emissive species are similar,
but that the local environment is influencing the decay. It would seem that
the emissive products in the centre of the surface plane are less dispersed
and less confined compared to the edges of the crystal. The larger red
regions in the central FLIM plane indicating average lifetimes in excess of
10 ns can be attributed to the greater degree of confinement emissive
materials will experience this deep within the crystal. Steric confinement of
guest species has previously been shown to induce longer lifetimes in
fluorophores as well as red-shifted emission as a result of the reduction in
self-quenching associated with molecular twisting and 223839, These
deposits appear to be clustered in the very centre of the crystal, and tend
not to impinge upon the outer edges, creating what could be perceived as
a ‘zoning effect’. This effect can also be seen in the 3D reconstructions
presented in Figure 1. Particular attention is drawn to ROI 5, which not only
exhibits a shorter average lifetime, but also has a strong multi-exponential
behaviour, as evidenced by the trailing tail in the phasor plot. It also
features a broader spectral peak at 515 nm rather than 465 nm at Aex=405
nm, and a peak red-shifted by about 25 nm at Aex=488 nm, indicating that
this emissive species is likely to be chemically distinct. It is perhaps the
case that these regions represent areas where new hydrocarbon
chemistry secondary to the combustion of the OSDA may have begun to
take placel*d.

Highlighting the technique’s sensitivity to sample differences, 3D stacks of
a chabazite crystal calcined at 630 °C were acquired and the 2-colours 3D
rendering together with a selection of the single planes are presented in
Figure S7 and S8. Figure 3 shows FLIM data from the uppermost plane
and an inner plane of the very same crystal calcined at 630 °C. Overall,
the emission intensity of this crystal is lower, which primarily relates to the
lower concentration of organic material but also relates to the difference in
products present. 3D FLIM reconstruction in Figure 3F shows the presence
of a few highly fluorescent surface deposits and some clusters of material
in the core but generally a lower degree of absorption and emission
through the bulk of the crystal. Overall, the majority of short-living deposits
are localised on crystal surface, while in the centre the lifetimes of the
compounds are more long-living, correlating to the lengthening of lifetimes
seen due to spatial confinement (see Supporting Information, Section 2.5,
Table S2). Comparing the phasor plots and the lifetime histogram of this
sample calcined at 630 °C to the first one calcined at 550 °C, it also
appears that there is a broader variety of lifetimes and the spectra in Figure
3E are broader towards the red region of the spectrum. This is again
compatible with a higher confinement of the fluorescent products. While
there is some morphological commonality between subsurface deposits in
Figure 2 and Figure 3, the fine distribution of surface deposits in the
sample calcined at 550 °C are absent in this sample, with the majority of
the decays being tri-exponential and no spectra matching to ROl 1 or 2 in
Figure 2.

Based on morphology, lifetime, and spectra there appear to be at least
three distinct types of emissive deposits (Figure S9). The first are the well-
defined agglomerates clustered on the surface that are roughly 400 nm in
diameter, which feature a weighted average lifetime of around 4 ns.
appearing to originate from the centre of the crystal in the partially
detemplated sample and emanating towards the surface of the crystal in
the sample calcined at 550 °C, possibly comprised of late products like
substituted PAHs (likely arising from OSDA fragmentation, followed by
cracking/aromatisation and subsequent ring condensation). The second
and third types of emissive deposits are the larger subsurface regions, one
of which is smaller, features a faster average lifetime of around 2 ns, and
has a peak emission at 495 nm and could be assigned to a combination of
PAHs and carbon nanodots, which have been shown to form readily in
zeolites under conventional thermal heating conditions!®3. The other type
are larger subsurface deposits, with a longer average weighted lifetime of
around 6 ns and an emission peak at 465 nm. These are identified as late
products of hydrocarbon chemistry that are being influenced by the
confinement effects of the framework. It is expected that greater steric
confinement from being located deeper within the crystal is likely to yield
longer lifetimes(®8l,
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Figure 3. Single-channel fluorescence lifetime imaging ensemble of
chabazite calcined at 630 °C acquired at Aex= 488 nm including the map
of weighted average lifetimes Al) for the uppermost plane and A2) for the
central plane and the respective phasor plots B1) and B2), C) the
fluorescence decays for the selected ROIs indicated in Al) and A2), the
respective frequency histograms of lifetimes D1) and D2), and E) the
spectra for corresponding ROIs acquired at Aex= 405 and 488 nm. F) 3D
reconstruction of the FLIM stack.
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Figure 4. Raman maps showing the distribution of selected vibrations for
A) chabazite calcined at 550 °C, B) chabazite calcined at 630 °C, and C) the
average Raman spectra for the whole crystals are displayed (bottom blue one
calcined at 550 °C, top black one calcined at 630 °C).

As a comparator, established techniques like Raman mapping and X-ray
fluorescence tomography are utilised. Figure 4 shows Raman maps of
crystal from the same batch of samples (see Supporting Information,
Section 1.8). The region between 1015-1470 cm was selected with the
view to detect residual template derivatives. There are visible bands at
1038, 1075, 1195, 1223, and 1439 cm™. The doublet at 1195 and 1223
cm? is assigned to asymmetric T-O framework stretches*#2. The
remaining bands are assigned to organic species. PAHs have been
previously shown to exhibit bands in this region*344. Figure 4A shows a
varied distribution of Raman peaks, with 1038 cm-* distributed across the
centre in a manner similar to the agglomerated deposits of Figure 2A1, and
1075 and 1439 cm™ concentrated in deposits in a similar manner to the
subsurface regions visible in the inner plane in Figure 2A2.
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Figure 5. XRF tomography of wet-ion exchanged Cu-SSZ-13 crystals
obtained at the 2-1D-E microprobe hard X-ray beamline at the Advanced Photon
Source of Argonne National Laboratory with 10 keV photons. (a) and (c) are the
projected Cu maps at 0° and 45° to the crystal block. (b) and (d) show line
profiles from (a) and (c), respectively. Si and Al fluorescent signals were so low
in energy they showed serious self-absorption effects and are not presented
here.
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XRF is a technique already used to analyse composition and elemental
distributions in zeolite samples (see Supporting Information, Section 1.9).
In Cu-SSZ-13, XRF slices for Cu presented in Figure 5 without self-
absorption correction show a characteristic Cu zoning effect with a uniform
distribution on the inside of the crystal and a suppressed signal along the
outermost 7-8 um of crystal edges (Figure 5A). The line-scan of the
projection in Figure 5B shows a roughly linear Cu concentration profile
ending at a sharp internal boundary, indicating a uniform distribution of Cu
through the central 15 um of the crystal, but linearly tapered over the outer
7-8 um. Given its cubic morphology, this is not due to the shape in this
projection looking along the crystal edges. The 45° view of the block in
Figure 5C & D has a more graded appearance, which could be due to
copper being washed out of the outer regions. It is interesting to note that
the spatial distributions of emissive species in Figure 1 seem to correlate
similarly with a concentration of Cu towards the centre of the crystal. Given
that the Cu-exchange sites are associated with the distribution of Al, it
follows also that template derivatives would also be able to mirror this
effective Al distribution as the OSDA cations will also be preferentially
located around the charge-introducing Al sitest*3l. As such, on the basis of
their chemical relationship to the framework, the emissive deposits are in
fact able to indirectly provide information on the distribution of framework
elements as well as the distribution of the organic phase themselves,
providing even further insight than what XRF mapping is already providing.

FLIM maps, then, are not necessarily of interest because the numerical
lifetime values are independently meaningful, but rather because they
become useful if they are viewed as a map representative of degrees of
confinement and chemical influence from factors like Si/Al concentration.
Beyond simply showing distributions of hydrocarbons where lifetimes
correlate to chemical species, FLIM also reveals variability in the crystal’s
local chemical environment by showing the degree to which it influences
the lifetime of a guest species. In this sense, FLIM & confocal images
provide a wholly unique way of visualising a zeolite and represent perhaps
the closest iteration of a chemist’s ideal imaging modality as they elucidate
the arguably intangible concept of a ‘chemical environment’. Systematic
experimentation imaging families of zeolites synthesised and reacted
under strict conditions will likely yield abundantly useful datasets that
provide insight into how the chemical environment changes and influences
catalysis. Additionally, the techniques can be extended into other inorganic
materials as well as incorporated with in situ and operando setups to
provide enhanced temporal resolution.
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