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Stable emissive carbon nanodots were generated in zeolite crystals
using near infrared photon irradiation gradually converting the
occluded organic template, originally used to synthesize the zeolite
crystals, into discrete luminescent species consisting of nano-sized
carbogenic fluorophores, as ascertained using Raman microscopy,
and steady-state and time-resolved spectroscopic techniques. Photo-
activation in a confocal laser fluorescence microscope allows 3D
resolved writing of luminescent carbon nanodot patterns inside zeolites
providing a cost-effective and non-toxic alternative to previously
reported metal-based nanoclusters confined in zeolites, and opens up
opportunities in bio-labelling and sensing applications.

Several strategies for the optical encoding of microcarriers have
been applied in multiplex bio-assays or in encoding compound
libraries synthesized using combinatorial chemistry.'™ Aside
from labeling purposes, microcarriers are increasingly used in
the fields of drug discovery, drug screening and medical
diagnostics.>® Optical encoding strategies usually employ
organic fluorescent tags entrapped into the microbeads
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beforehand, which limits the variety of codes available.?
Furthermore, differential photobleaching and leaching of the
fluorophore from the microcarrier body restrict their use.
Whereas various labelling strategies are based on the encoding
of microcarriers beforehand, also referred to as “fixed encod-
ing”, it is more advantageous to have an active or in situ
encoding method, wherein the encoding is conducted during
the experiment. Such an approach would give a virtually
unlimited variety of unique codes that can be created during
a microscopic assay. Braeckmans and collaborators demon-
strated the feasibility of this technique by using spatially-
resolved selective photobleaching, which resulted in negative
contrast codes.” On the other hand, positive contrast strategies
have been developed using X-rays or photo-induced activation
protocols in silver-exchanged zeolites and MOFs.*** Despite
the high brightness of the encoded patterns and their ease of
processing, the risk of silver ions leaching from the zeolite frame-
work may hinder their application in biocompatible experiments.®
Carbon-based nanomaterials, e.g. graphene,""™** carbon nanotubes,
nanofibers, and nanodots,"*® have gained interest as nanotags due
to their biocompatibility. Moreover, porous inorganic materials such
as zeolites have been employed for the preparation of luminescent
carbon nanotubes and intraporous carbon deposits using thermal
treatment of as-synthesized zeolite powders.">>* Upon heating, the
organic template molecule decomposes according to the Hofmann
elimination and subsequently forms carbogenic species in the pores
of the zeolites.>® While the structural details of the carbogenic
species vary from graphene-like carbon to ultra-thin carbon nano-
tubes, the luminescence displayed by the carbon-loaded zeolite
powder is bright with tunable wavelengths. Nevertheless, the on-
purpose synthesis of individual luminescent sub-micrometer sized
carbon species from organic precursors in zeolites has been poorly
addressed. Herein, we report the generation of discrete luminescent
carbon nanodots in well-defined AFI-type zeolite (AIPO-5) crystals via
light-induced activation upon near infrared laser irradiation. By
using this approach, luminescent metal-free zeolite microcarriers
with clear contrast and multicolor abilities are created and result in
highly resolved (submicron-sized) luminescent codes.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Visualization of the photoluminescence after locally activating the
carbon nanodots in an individual AIPO-5 crystal (the contour of the crystal
is indicated by the dotted rectangle). Image of eight dots (A), and the
intensity profile (B) along the dashed white line in image A. The corres-
ponding activation times are displayed for each point, (C) shows a
magnified image of a luminescent carbon nanodot, activated for 6
seconds, and the intensity profile fitted with a 2D Gaussian function
(colored contour lines; FWHM,x = 452 nm).

Representative examples of the produced emissive carbon
nanodots are shown in Fig. 1A. Eight dots were activated
along the length of an individual AIPO-5 crystal (approximately
10 x 2 x 2 pum®), using a femtosecond pulsed 780 nm laser
focused on the sample through a confocal fluorescence micro-
scope (further details of the set-up and zeolite synthesis can be
found in the ESIY). Activation was conducted in a droplet of
water added on top of the zeolite crystals. Interestingly, in the
presence of water significantly shorter activation times (up to a
factor of 30) are required to obtain bright nanodots with similar
intensities. This could be associated with the production of
reactive species during water photolysis under UV irradiation
affecting the surface chemistry of the formed carbon nanodots,
as previously suggested.>®

The presence of the tripropylamine (TPA) template molecule
in the zeolite matrix is essential for the formation of the
emissive dots. In contrast, zeolites that were calcined under
air prior to photo-activation and thus free of the template
molecule, did not show any photoluminescence in the visible
range after local activation, revealing that indeed luminescent
carbon species, and not structural oxygen defects, such as
oxygen or vacancies in the zeolite,””>° are responsible for the
displayed photoluminescence. In accordance with the known
photo-stability of C-dot structures, the activated pattern
(Fig. 1A) remains notably stable over an extended period of
time under ambient conditions (see the ESIL, Fig. SI-3; tested
after 3 months of storage under ambient conditions). Interest-
ingly, contrast and brightness was readily introduced by con-
trolling the photo-activation time, and created nanodots of
different luminescence intensities. This is illustrated in
Fig. 1B, where the intensity profile along the dashed white line
is shown. In the experiment, the activation time of each
individual dot was increased by 0.5 or 1 second. Clearly, when
a spot on the zeolite is activated for a longer time, more organic
template is transformed into the carbogenic fluorophore,
which is reflected in the intensity profile. A more detailed view
is presented in Fig. 2A, where the intensity is plotted as a
function of the activation time for the case of three different
AIPO-5 crystals.
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Fig. 2 Intensity (A) and FWHM (B) of photo-activated carbon nanodots,
given as a function of the activation time for 3 individual AIPO-5 crystals

using 9.5 MW cm™2 as the activation power. The solid lines in Fig. 2A are
only used to indicate the trends.

The true spatial resolution of the bright spot was deter-
mined by fitting the experimentally recorded point spread
function (PSF) of the intensity with a 2D Gaussian function.
The PSF of an individual activated dot overlaid with the 2D
Gaussian plot is shown in Fig. 1C. In Fig. 2B the FWHM is
plotted as a function of the photo-activation time, and shows
that the spot-size only slightly enlarges (about 10-20%) with the
activation time. In spite of this slight increase, the resolution
remains high and can even approach the theoretical resolution
limit for two-photon excitation microscopy (see Fig. SI-5,
ESIt),** which is indicative of a two-photon activation process.
Confinement imposed by the zeolite pores suggests a restricted
growth of the luminescent carbon nanodots parallel to the
channel dimension of the zeolite pores as corroborated by
polarization experiments (Fig. 3), which indicate that growth
of the emissive carbon structures is stimulated mainly in the
illuminated volume of the zeolite crystal.

The spectroscopic study of the bright carbon nanodots
revealed a broad photoluminescence (PL) emission, which is
typically observed for isolated carbon dots, for instance, synthe-
sized using hydrothermal treatment of aqueous sugar solutions.
Both the PL spectra and fluorescent lifetimes of a representative
luminescent spot were analyzed under a 375 nm excitation light.

Chem. Commun., 2021, 57, 11952-11955 | 11953
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Fig. 3 Illustration of the fluorescence polarization of the bright spots
formed in AIPO-5 using focused photo-activation. (A) Fluorescence and
(B) transmission optical images of the irradiated crystal, denoted with a
white rectangle. The red arrow indicates the polarization orientation of the
488 nm laser beam (C), and (D) the intensity plot of four distinct spots
activated for 20 s (red), 30 s (green), 40 s (yellow) and 50 s (blue), at
different rotation angles, demonstrating the polarization of the emission.

The results are displayed in the ESIt (Fig. SI-8 to SI-12). The
observed emission maximum is centered between 570-590 nm.
Deconvolution of the photoluminescence spectra, using the
Gaussian function, was conducted to indicate the complex nature
of the formed carbon nanodots revealing multiple emitters con-
tributing to the observed emission color, and displayed bands
centered at 530, 600, and 670 nm, respectively. The fluorescent
lifetimes at the single crystal level, which can only be fitted
adequately using a multi-exponential function, were analyzed
using fluorescein as the internal reference, which has a known
decay time of 3.97 ns (see Fig. SI-12, ESIt). Two characteristic
decay times typically appear within the detection limit, with
7(1) = ~1 ns, and 1(2) = ~4-5 ns (see the ESI,t Table SI-I and
S-II) with an average excited-state lifetime varying between 2 and
3 ns, which is comparable to the lifetimes of related carbon
nanodots.* This behavior, the broad luminescence spectra and
the exhibited multi-exponential decay, suggest the presence of
multiple types of emitters or multiple environments in the single
bright spot, and possibly also involves an energy transfer
processes.’' The different emission colors may be explained by
the different sizes of the individual nano-sized emitters. However,
experimental evidence purely based on the size-dependence of the
optical properties in the literature should be interpreted with
caution since photoluminescence is also affected by symmetry,
defects and the environment in which the nanodots are confined.
In principle, the dimensions of the nanodots cannot exceed
(in two directions) the pore size of the zeolite host material in
the xy direction, which has a diameter of 0.7 nm (see Fig. SI-2 in
the ESI{). Propagation growth in the z-axis, along the pore
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direction, is a plausible hypothesis to explain the different emis-
sion maxima. However, we noted that the emission maxima did
not change upon increasing the activation time from 1 to
10 seconds, although the emission intensity clearly increases (this
is shown in Fig. SI-10 of the ESIt), and suggests that multiple
species are formed simultaneously rather than a quantum con-
finement effect. Also the effect of the zeolite composition on the
emission intensity and spectral behavior (lifetimes and emission
maxima) was investigated. Similar to the photo-activated dots in
AIPO-5, patterns were encoded in the related SAPO-5 zeolite
structure. The Si sites in this framework that are coordinated to
Al will give rise to a negative framework charge, which could
influence the reaction chemistry by including Brensted acidity.
The photo-activation of carbon nanodots in the SAPO-5 zeolites is
similar to that of the AIPO-5 zeolites; however, the emission
intensity is notably reduced (see the ESL T Fig. SI-10). The resulting
fluorescent emitters exhibit a small, but clear blue shift of 33 nm
in wavelength compared to AIPO-5 (see the ESIL,{ Fig. SI-8). This
suggests that depending on the composition of the zeolite host, it
might be possible to fine-tune the resulting emission colors.’

Further identification of the generated carbogenic fluoro-
phores with Raman microscopy showed two signature peaks.
The inset in Fig. 4 depicts a rather broad signal at around
1400 cm ™' in the D-band region and a sharper signal at
1606 cm ™' in the G-band region, which are related to the Alg
zone edge breathing vibration phonon in the presence of a
neighboring sp® defect and to the E2g in-plane stretching
vibration mode of the sp” bonded carbon in a graphite lattice,
respectively.’>** The small shift of the G-band from that of
ideal crystalline graphene (1580 cm™ ') and the rather large D/G
ratio, which is larger than unity, are indicative of a high
proportion of disordered or defective regions being present in
the carbogenic graphene-like structure.***’

This suggests that the photo-activated bright spot is
composed of both amorphous and graphitic-like carbon single
emitters in the nanometer range.® The n states of the sp?
carbon sites likely govern the photoluminescence behavior in
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Fig. 4 Raman spectrum from 1200 to 3000 cm™ of an activated carbon
nanodot in AIPO-5 after background subtraction. The inset shows an
enlargement of the observed D and G-bands.
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such disordered graphite-like nanomaterials by photogeneration
of electron-hole pairs, followed by radiative recombination.*”"*®
The radial breathing modes, which are characteristic of the
presence of carbon nanotubes as observed in thermo-activated
zeolites powders at low Raman shifts (see the ESLt Fig. SI-13, e.g.
in the range of 400 to 600 cm™ '), were not observed in the
emissive spot, but their complete absence may be due to
the low sensitivity of the experiment. Advanced characterization
of the composition and structure of the individual emitters is
ongoing to underpin the origin of the carbogenic fluorophores.

The photo-activation approach used in this study is particu-
larly suited to generating emissive carbon nanodots at distinct
locations in single zeolite crystals, and makes use of the
presence of organic template molecules. Transformation of
the template molecules into emissive spots is restricted to the
illuminated focal volume. The emissive spots consist of nano-
sized carbon emitters confined within the zeolite host pores,
where their density and thus the spot brightness is dependent
of the illumination time. Identifying the nano-sized emitters in
the bright spot using their spectral and vibrational behavior
exposes similar characteristics to those reported for lumines-
cent carbon nanodots. Whereas the growth mechanism
remains unclear, the presence of other heteroelements, for
instance Si, in the zeolite matrix, causes a shift of the emission
band. Primarily consisting of carbon precursors and zeolite
crystals, these materials provide a cost-effective, non-toxic,
promising alternative for metal/dye-containing emissive micro-
carriers. Furthermore, they are expected to interfere with bio-
logical specimens to a much lesser extent than metallic
quantum dots in bio-imaging applications.
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