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a b s t r a c t

The exploration of novel long-lived near-infrared (NIR) luminescent materials has attracted significant
attention due to their applications in optical communications, anticounterfeiting, and bioimaging.
However, these materials usually present low photoluminescence quantum yields and low photo- and
chemical stability. Novel emitters that overcome these limitations are in demand. In this study, NIR
emission was achieved using widely available, sustainable, and non-toxic materials through the synthesis
of sulfur-doped zeolites, with different S/Cl ratios. With a combination of computational calculations
(TD-DFT) and spectroscopic data, this emission was assigned to the radiative decay of excited triplet
states of [S3]2- clusters, which resulted in a remarkably high Stokes shift (1.97 eV, 440 nm) and an average
decay time of 0.54 ms. These new materials present high stability, external quantum efficiency of up to
17%, and a long-lived NIR emission, placing these compounds in a unique position to be used in appli-
cations demanding NIR emitters.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Over the last decade, the interest in near-infrared (NIR)-emitting
molecules and materials has constantly increased, mainly due to
their potential in applications such as in vivo imaging, anticoun-
terfeiting tags, and optical communications. The importance of
these materials in biological systems arises mainly because light
scattering in this region is much reduced, allowing deep tissue
penetration, and autofluorescence phenomena are insignificant
[1e3]. In anticounterfeiting and authentication, NIR-emitting op-
tical tags [4,5] enable covert security elements with both probe
excitation and emission in spectral regions that lack detection by
the human eye, requiring instrumental verification and increasing
, joao.avo@tecnico.ulisboa.pt
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security level. Another high-demand field for NIR emitters is in
optical communications, where they are generally believed to in-
crease material stability and device durability [6] and to allow
reaching longer communication distances and higher bandwidths
[7,8]. NIR emitters can also be explored as phosphors in lighting
devices through NIR phosphor-convert light-emitting diodes (NIR
pc-LEDs), in which the coating of a blue LED with a broadband NIR
emitter produces compact, highly efficient and low cost devices [
[9]]. This enables overcoming the narrow emission bands found in
NIR-LED, which limits their applicability [10].

A drawback of working with NIR emitters is that, generally, they
possess low photoluminescence quantumyields (PLQYs) that result
from the increase of non-radiative pathways (energy gap law)
[2,11]. In addition, most materials with NIR emission are poorly
available and/or lack chemical- and photostability [12,13].

In this sense, zeolites can provide a sustainable alternative for
many of these drawbacks, as they are low cost materials that can
host and stabilize NIR emitting molecules [14,15], promoting a
significant increase in their luminescence quantum yields [16,17].
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Molar percentage of each main element found in zeolite samples using particle-
induced X-ray emission (PIXE) technique.

Nominal
S/Cl

Molar percentage composition (%)a Obtained S/Cl

Na Si Al O S Cl

0 15.69 13.37 13.01 54.33 0.00 3.26 0
0.21 15.75 13.39 13.01 54.77 0.12 2.62 0.05
4.5 15.55 13.66 13.15 56.54 0.50 0.27 1.82

a Calculated from the PIXE weight percentage (wt%) (Supplementary Table 2).
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Rare-earth elements and bismuth have been used as dopants in
sodium aluminosilicate zeolites that exhibit NIR emission [18e21].
But tellurium and sulfur dopants can also confer NIR photo-
luminescence to these materials. Sulfur is particularly significant as
a luminescent dopant since it is an abundant and non-toxic
element, allowing for inexpensive synthesis with low environ-
mental impact [22], contrary to rare-earth and heavy-metal ele-
ments, which are present in the European Union list of critical raw
materials in, according to the European Commission (2020) [23].
Sulfur-doped zeolites (previously known as hackmanites) are an
example of natural aluminosilicate minerals, with well-known
optical properties that include tenebrescence (photochromism)
and luminescence across the visible spectrum, depending on the
sulfur species present [24]. In 1954, Kirk published the first report
on the synthesis and characterization of luminescent sulfur-doped
aluminosilicates zeolites (sodalites) with emissions varying from
visible to NIR region (maximum >700 nm) [25]. Since then, the
emission in the visible region (yellow-orange) of sodalite has been
extensively studied and was ultimately assigned to the presence of
[S2]- clusters. The involved states are [2]Pg and [2]Pu, resulting in
an absorption at ca. 390 nm and a characteristic emission spectrum
centered at around 650 nm, with vibronic peaks separated by ca.
560 cm�1 (20e25 nm) [26,27]. [S2]- exhibits external quantum ef-
ficiencies (EQEs) up to 53% and a high temperature stability of up to
450 �C [21]. The NIR emission, however, was only investigated later
in 2009 by Gaft and coworkers who reported a long-lived NIR
emission spectrum in a sodalite mineral of natural origin with a
decay time of 3.6 ms [24]. In addition, our group recently tackled
the synthesis of NIR-emitting zeolites, varying their chalcogen
proportion in a systematic study [21]. However, we have identified
a lack of consistent information regarding the properties and ori-
gins of the NIR emission. Herein, we focus on the photophysical
aspects of these NIR emissive materials and report a detailed
spectroscopic and computational analysis to understand and finally
propose a mechanism for this phenomenon and open the path to
synthesize a new class of NIR emitters based on chalcogen-doped
zeolites.

2. Experimental

2.1. Synthesis and structural characterization

The sulfur-doped zeolite samples were prepared following
equation (1), according to the stoichiometry Na8Si6Al6O24SxCl2-2x,
via solid-state synthesis.

3 Na2Si2Al2O8 þ x Na2SO3 þð2�2xÞNaCl / Na8Si6Al6O24SxCl2�2

þ 3
2
xO2

(1)

Appropriate amounts of NaCl (Honeywell), Na2SO3 (Honeywell),
and Na-LTA zeolite (Honeywell) were mixed, considering the
desired stoichiometry, with x ¼ 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
and 0.9. Zeolite Na-LTA was first dried at 500 �C for 5 h. Afterward,
these powder mixtures were ball-milled for 1 h and homogenized
in a shaker powder mixer for 3 h. The nominal molar ratios of S/Cl,
correspond to 0, 0.06, 0.13, 0.21, 0.33, 0.50, 0.75, 1.17, 2.0, and 4.5,
respectively.

The synthesis was performed in an electric furnace (TH1300,
Termolab) at 900 �C for 1 h, under a reducing atmosphere of 5% H2,
95% Ar (v/v) at 500 mL/min. These materials were washed with
water and ethanol to remove any trace of reagents.

A sample of commercial Na-LTA zeolite without any pre-
treatment was submitted to the same synthesis procedure.
2

2.1.1. X-ray powder diffraction
A X-ray diffractometer (XRD) Rigaku model MiniFlex II with Cu

X-ray tube (30 KV/15mA) was used over a 2q range of 10�e70� with
a scan speed of 1�/min.
2.1.2. Particle-induced X-ray emission (PIXE)
The powdered samples were compressed into pellets and

analyzed with a 700 keV proton beam generated by the 2.5 MV Van
de Graaff accelerator installed at CTN/IST through PIXE technique.
An 8 mm Be-windowed silicon drift detector (SDD) detector was
used for the acquisition of the produced X-rays, while GupixWin
software accounted for the spectra deconvolution and quantitative
analysis. The major sample constituent elements (for Na and
heavier elements) were taken in their oxide form and composition
normalized to 100%. The results are presented in Table 1 and
Supplementary Table 2 represents the average and standard devi-
ation obtained with the analysis of three different pellets for each
sample type. The validation of experimental conditions and pro-
cedures was determined through the analysis of Corning B glass
reference material.
2.2. Optical characterization

2.2.1. Diffuse reflectance
Diffuse reflectance measurements were performed inside an

integrating sphere in a Shimadzu UV-2501PC using BaSO4 as a
reference sample.

The ultramarine blue pigment (ultramarine blue DP-55 from
Nubiola) was diluted with BaSO4 until it matched the same absor-
bance at 600 nm found in the sample S/Cl¼ 4.5. This diluted sample
was used as a reference for [S3]- species in Raman and EPR
spectroscopies.
2.2.2. Electron paramagnetic resonance (EPR) spectroscopy
X-band EPR spectra were obtained at 120 K using a Bruker EMX

spectrometer equipped with a liquid nitrogen continuous flow
cryostat, and a high sensitivity perpendicular mode rectangular
cavity. Powder samples were packed into quartz EPR tubes (3 mm
I.D.). All spectra were recorded using a microwave frequency of
9.45 GHz, a modulation amplitude of 0.1 mT and a microwave po-
wer of 2 mW. Spectra were analyzed and simulated using Spin-
Count [54].
2.2.3. Micro-Raman microscopy
Raman microspectroscopy was carried out using a Labram 300

Jobin Yvon spectrometer equipped with a HeNe laser. Each spec-
trum was collected using 632.8 nm excitation and a 50� objective.
2.2.4. Steady-state luminescence
The excitation (lem ¼ 725 nm) and emission (lexc ¼ 355 nm)

spectra were recorded using a Horiba Jobin Yvon fluorolog FL3-22
fluorimeter equipped with a xenon 450 W light source.
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The EQEs of the powder samples weremeasured by the absolute
method using an integrating sphere. A National Institute of Stan-
dards Technology (NIST) calibration lamp was used to compute the
correction curve of the integrating sphere/detection system. The
excitation source used was a 355 nm continuous laser (Laser-
Technic, 10 mW). The signals were collected from the integrating
sphere by a collimating beam probe coupled to an optical fiber
(fused silica) in this way, assuring the connection to the mono-
chromator entrance. A fixed monochromator (Andor, Shamrock
163) coupled to an ICCD detector (Andor, i-Star 720) with time gate
capabilities was used in the accumulation mode [55].

2.3. NIR emission characterization

The luminescence decays were measured by the single-photon
timing method using a Horiba DeltaFlex system with a BH
402.9 nm laser excitation, operating in burst mode for 50 MHz.
Emissionwavelengths were selected with a monochromator with 3
or 6 nm bandwidth (selected according to the emission intensity of
each sample), centered at 800 nm, and detected with a pixelated
photon detector (PPD) detection module.

In the time-resolved emission spectroscopy study, two different
detectors were used. One more sensitive in the UVeVis range and
the other more accurate in the NIR region, according to [56].

The phosphorescence emission spectra of all sulfur-doped
zeolite samples were carried out in a UVeVis detector Jobin Yvon
FluoroLog fluorescence spectrometer with a pulsed xenon lamp
with full width at half-maximum of 3 ms was used. A delay time of
0.1 ms (Supplementary Fig. 3) was applied. In addition, room
temperature lifetime measurements of all synthesized powders
were carried out in the same UVeVis detector.

For more accurate results in the NIR region a NIR-sensitive de-
tector ICCD (with a minimum temporal gate of 2.2 ns) was used.
Here, a further study of sample 4.5 was performed using as an
excitation pulsed a N2 laser at 337 nm (OBB, model 4500 with ~1mJ
per pulse). A fixed monochromator (Andor, Shemrock 163) coupled
to an ICCD detector (Andor, i-Star 720) with time gate capabilities
and in the kinetics mode was used here to detect the fluorescence
or phosphorescence signals. The signals were collected by a colli-
mating beam probe coupled to an optical fiber (fused silica) in this
way, assuring the connection to the monochromator entrance. The
time-resolved emission spectroscopy (TRES) spectra of the sample
S/Cl¼ 4.5 have been acquired in a short-time or long-time domains
using suitable gate widths (1ms and 1 ms) and start delays (see
Fig. 4A e 4. B).

2.3.1. Transient absorption (TA) spectroscopy
Laser flash photolysis experiments were carried out with the

fourth harmonic of a Nd:YAG laser (266 nm, ca. 6 ns FWHM, 35 mJ/
pulse) in the diffuse reflectance mode. The light arising from the
irradiation of solid samples by the laser pulse and monitoring lamp
(Xe 450 W) was collected by a collimating beam probe coupled to
an optical fiber (fused silica) and was detected by a gated intensi-
fied charge coupled device Oriel model Instaspec V (Andor ICCD,
based on the Hamamatsu S57 69e0907). The intensified charge-
coupled device (ICCD) was coupled to a fixed imaging compact
spectrograph (Oriel, model FICS 77441). The system can be used
either by capturing all light emitted by the sample or in a time-
resolved mode by using a delay box (Stanford Research Systems,
model D6535). The ICCD has high-speed gating electronics (2.2 ns)
and intensifier and covers the 200e950 nm wavelength range.
Time-resolved absorption spectra of the powdered sample have
been acquired in a short-time or long-time domains using a fixed
gate width of 2 ms and suitable start delays. For a small percentage
of conversion (high concentration of ground state absorbers and
3

low-laser fluencies), the concentration of transients decreases
exponentially and transient absorption data were reported as per-
centage of absorption (% Abs.), defined by equation 2:

% Abs¼100
DJt
J0

¼
�
1� Jt

J0

�
100 (2)

where Jo and Jt are diffuse reflected light from sample before
exposure to the exciting laser pulse and at time t after excitation,
respectively, see Fig. 4D [57].

2.4. Computational studies

DFT calculations have been carried out with the program
Gaussian 16 using the B3LYP functional and Def2TZVP triple zeta
basis set for S. All calculations, that is, geometry optimization and
TD-DFT were performed in gas phase. For molecular orbital visu-
alization, Avogadro 1.2.0 was employed.

3. Results and discussion

3.1. Synthesis and structural characterization

The luminescent sulfur-doped aluminosilicates zeolites were
synthesized by mixing Na-LTA zeolite, NaCl, and Na2SO3, followed
by a heat treatment at 900 �C for 1 h, under a reducing atmosphere
following the stoichiometry Na8Si6Al6O24SxCl2-2x. Samples with
nominal molar ratios of S/Cl ¼ 0, 0.06, 0.13, 0.21, 0.33, 0.50, 0.75,
1.17, 2.0, and 4.5 were produced.

The samples were analyzed through X-ray powder diffraction
(XRPD) (Fig. 1B and Supplementary Fig. 1). The crystalline phase of
Na-LTAwas not detected in the XRPD data. However, three different
crystalline phases were found, sodalite, nepheline, and carnegieite
(see Fig. 1A), which are known to form at high temperatures from
zeolite Na-LTA [28,29]. Contrary to the two polymorphs (nepheline
and carnegieite) that only need a high temperature to be formed,
sodalite also requires the presence of NaCl. Presumably, the sodalite
cages (common building units present in both Na-LTA and sodalite
phases) are preserved due to chloride anion incorporation and
consequent stabilization. Sodium also plays a crucial role to ensure
the charge balance in the structure [30]. The relative fractions of
these three crystalline phases are summarized in Fig. 1C and in
Supplementary Table 1, with the sodalite phase decreasing and
both nepheline and carnegieite increasing with the S/Cl ratio. So-
dalite phase behavior can be explain by the decreasing of NaCl
amount during the synthesis with the increase of S/Cl ratio.
Therefore, nepheline and carnegieite formation will be favored.

To determine the elemental composition of the produced ma-
terials, the elemental analysis was conducted through PIXE tech-
nique (Supplementary Table 2). Table 1 summarizes the
concentration of the most relevant elements found in molar per-
centage for S/Cl¼ 0, 0.21, and 4.5 samples, which are representative
of different sulfur concentrations.

These results show that the Si/Al ratio from the initial Na-LTA is
not affected by our synthesis and doping process, remaining ca.1 in
all samples [35]. The samples also contain small traces of potas-
sium, calcium, titanium, and iron impurities that were present in
the starting materials. Furthermore, it is evidenced that the sulfur-
doping process was successful, as the S/Cl ratio increases with
increasing sulfite amount during synthesis.

3.2. Optical characterization

The optical properties of the prepared sodium aluminosilicate
zeolite samples were characterized by diffuse reflectance and



Fig. 1. e Structural analysis of sulfur-doped zeolite samples. (A) Proposed synthesis scheme, adopted from crystallographic data [31e34]. (B) X-ray powder diffraction patterns of
the synthetized sulfur-doped zeolite samples with different S/Cl ratios and the ICDD standard card of 01-086-1844 sodalite (Na8Si6Al6O24Cl2), 00-035-0424 nepheline (NaSiAlO4),
and 00-011-0220 carnegieite (NaSiAlO4). (C) Sodalite, nepheline and carnegieite fractions calculated in the synthesized zeolite samples.
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luminescence spectroscopy. Fig. 2A depicts the diffuse reflectance
spectra for the prepared zeolite samples after transformation using
the Kubelka-Munk theory [36]. At low concentrations (S/Cl < 0.33),
the spectra are dominated by a band centered at 390 nm. This
absorption band is in good agreement with the [2]Pg/ [2]Pu
transition described for [S2]- clusters [37]. The 390 nm band dis-
appears at higher sulfur content, and two new absorption bands
appear at ca. 355 and 600 nm. The latter band is assigned to [S3]-

clusters in sodalite, well-known for their absorption at around
600 nm [37], which are found in several minerals [38] and are
commonly known as the ultramarine blue pigment. The presence
of both [S2]- and [S3]- species was confirmed by Raman and EPR
spectroscopies (Fig. 2.E and 2.F, respectively) [38e41]. However, the
species responsible for the absorption at 355 nmwas not previously
identified. Excitation with UV-light leads to emission spectra
depicted in Fig. 2B. In samples with low-sulfur content (S/Cl < 0.33),
the characteristic band with a vibronic resolution of [S2]- centered
at around 635 nmwas detected, increasing in intensity with sulfur
concentration [42,26]. At high-sulfur content (S/Cl > 0.5), a new
emission band centered at 725 nm, lacking vibronic resolution,
starts to be observed, becoming dominant at S/Cl ¼ 4.5. The exci-
tation spectra of these samples reveal that these emission bands
arise from different species (Fig. 2C). The band at 635 nm corre-
sponds to the species absorbing at 390 nm, [S2]-, while the NIR-
emitting species is responsible for the absorption at 355 nm. The
excitation spectrum of the sample S/Cl ¼ 4.5, detected at 725 nm,
shows only the band at 355 nm (Fig. 2D), overlapping the K-M
spectrum.

These results seem to indicate that sulfur is responsible for the
differences found in both K-M and emission spectra, in opposition
4

to the previous assignment of Fe3þ impurities [24]. Indeed, ac-
cording to our PIXE results, the iron concentration detected in the
sulfur-doped samples was the same (Supplementary Table 2), not
explaining the variation in the optical properties. The same NIR
emissionwas also found in zeolite Na-LTA samples submitted to the
same experimental procedure (temperature and atmosphere) as
the sulfur-doped samples (Fig. 3A) and can be assigned to the
presence of small traces of sulfur in the zeolite Na-LTA
(Supplementary Table 2). Furthermore, the XRPD data indicated
that these sample are composed only by nepheline and carnegieite
crystalline phases, without any sodalite (Fig. 3B). Suggesting that
the NIR emission does not arise from any sulfur species in sodalite,
contrary to initial predictions, and that it should occur from
nepheline and/or carnegieite phases. The lack of sodalite phase can
be explained by the absence of NaCl during the synthesis.

The Raman band at 550 cm�1 is attributed to the vibrational
modes n1 of [S3]- clusters [41,39] (Fig. 2E). Besides, from 400 to
500 cm�1 are the framework vibrations of sodalite, nepheline, and
carnegieite [43e45]. Additionally, the EPR spectra of the samples S/
Cl ¼ 0, 0.21, and 4.5 and commercial ultramarine blue pigment
(UBP) were recorded at 120 K and are present in Fig. 2F. These
spectra were deconvoluted in order to obtain the present species
(see Supplementary Fig. 2), the obtained results are summarized in
Table 2. Sample S/Cl ¼ 0.21 shows two rhombic signals corre-
spondent to two different species, [S2]- and [SO2]-, with identical
contributions, and were simulated with g-values of 2.002, 2.012,
and 2.032 and 2.002, 2.008, and 2.019, respectively. The assignment
of [S2]- was supported by both the absorption and emission spec-
troscopy characterizations, which undoubtedly confirm its pres-
ence in sample S/Cl ¼ 0.21. It should be noted that the parameters



Fig. 2. e Steady-state material optical characterization. (A) Diffuse reflectance spectrum of samples with different sulfur content. The inset on top depicts photos of the samples
under ambient light. The inset on the right shows a close-up of the sample S/Cl ¼ 4.5 in the 450e750 nm region. (B) Steady-state emission spectra of samples with different sulfur
content (lexc ¼ 355 nm). The inset on top depicts photos of the samples under UV light (lexc ¼ 365 nm). (C) Excitation spectra of synthetized samples (left) 0.06 < S/Cl < 0.33 and
(right) 0.5 < S/Cl < 4.5 (lem ¼ 725 nm). (D) Overlap of Kubelka-Munk (light-brown) with excitation (dark-brown) spectra of sample S/Cl ¼ 4.5. (E) Raman and (F) electron
paramagnetic resonance (EPR) spectra of the samples S/Cl ¼ 0, 0.21, and 4.5 and commercial ultramarine blue pigment (UBP), used as reference for [S3]- cluster. Note the
multiplication factor applied in the EPR spectrum of S/Cl ¼ 0 and 4.5. For EPR spectra deconvolution, see Supplementary Fig. 2.
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found in the literature for this radical anion are very divergent
[38,39,46]. On the other hand, the g values obtained for [SO2]- are
compatible with that previously described by Schneider and co-
workers in KCl crystals doped with sulfur [47]. The presence of this
species in this sample is, presumably, related to the synthesis
process where the [SO3]2- was not totally reduced to [S2]-. The latter
species is also present in the samples S/Cl ¼ 0 and 4.5, with
essentially the same g-values. In fact, the blank sample presents the
same two species, [S2]- and [SO2]-, identified in the sample S/
Cl ¼ 0.21 but with slight differences regarding their individual
contribution to the spectrum, 50/50%. On the contrary, in the
5

sample S/Cl ¼ 4.5, besides the contribution of species [S2]- with
40%, two other species are identified, accounting for 35% and 25%,
respectively. The first one was simulated with g values of 2.003,
2.034, and 2.048, which are in accordance with the presence of an
[S3]- species, similarly to that previously [39,40]. These data are also
in agreement with the results obtained by absorption and Raman
spectroscopies (Fig. 1.A and 1.E). The second species, contrary to the
previously described species, has an isotropic signal with g¼ 2.029,
correspondent to [S3]-. This is similar to the described by Chukanov
and coworkers [38], where [S3]- is in a homogeneous environment
in the sodalite cages. This species was also observed in the



Fig. 3. e Characterization of zeolite Na-LTA sample after 1h at 900 �C, under reductive atmosphere. (A) Emission spectra (lexc ¼ 355 nm). (B) X-ray powder diffraction diffractogram
and relative crystalline phases and comparison with the ICDD standard card of 00-035-0424 nepheline (NaSiAlO4) and 00-011-0220 carnegieite (NaSiAlO4).

Fig. 4. - Time-resolved spectroscopies of sample S/Cl ¼ 4.5. (A and B) Emission spectra at different delay times, DT, (lexc ¼ 337 nm). (C) (Above) Photoluminescence decay (dotted
line) and respective bi-exponential fitting (solid line) at 800 nm (lexc ¼ 402.9 nm) and (Below) corresponding residuals. (D) Transient absorption spectra at different delay times
(lexc ¼ 266 nm).

Table 2
g-values, relative percentages, and species assignment present in the samples
S/Cl ¼ 0, 0.21, and 4.5 and commercial ultramarine blue pigment (UBP).

Sample
S/Cl

Species assignment g1 g2 g3 Relative contribution (%)

0 [S2]- 2.000 2.013 2.031 50
[SO2]- 2.000 2.005 2.012 50

0.21 [S2]- 2.002 2.012 2.032 40
[SO2]- 2.002 2.008 2.019 60

4.5 [S2]- 2.002 2.012 2.031 40
[S3]- rhombic 2.003 2.034 2.048 35
[S3]- isotropic 2.029 2.029 2.029 25

UBP [S3]- isotropic 2.029 2.029 2.029 100
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spectrum obtained for the commercial ultramarine blue pigment
(UBP), used as a reference for [S3]-, that contains this radical spe-
cies. Therefore, both species can be attributed to the presence of
[S3]- radical but in different local environments.
6

In summary, EPR spectroscopy shows that the increase in the
sulfur concentration leads to ca. 5-fold reduction in the intensity of
the EPR signals (see multiplication factors in Fig. 2F), indicating a
smaller concentration of paramagnetic species in the sample S/
Cl¼ 4.5 than in sample S/Cl¼ 0.21. This corroborates the absorption
and emission data collected from sample S/Cl¼ 4.5, which suggests
the presence of both [S2]- and [S3]- (paramagnetic) in low con-
centrations and indicates that a non-paramagnetic species is
responsible for the absorption band at ca. 355 nm and the NIR
emission.

In addition to this characterization, since sulfur-doped sodalite
materials are well known for their photochromic properties due to
the presence of S22� species, this behavior was also assessed [24].
Thus, the prepared powder samples were irradiated at 254 nm to
analyze whether the typical induced pink color would appear.
However, no color changewas detected after irradiation, suggesting
that the S22� species are absent or in negligible concentration in the
prepared materials.
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3.3. NIR emission characterization

The decay times of all the samples were measured at
lem ¼ 800 nm. They fit well with the following bi-exponential
equation (3), see Fig. 4C.

y¼A1 � e
�x
t1 þ A2 � e

�x
t2 þ y0 (3)

An average decay time of 0.54 ± 0.027 ms was obtained for all
samples at room temperature (Supplementary Table 3). The in-
tensity of this long-lived emission increased with the S/Cl ratios,
see Supplementary Fig. 3, suggesting that the emission arises from
a spin-forbidden transition of a sulfur species. The same bi-
exponential decay was found in the sample composed only by
nepheline and carnegieite crystalline phases (Supplementary
Fig. 4), further confirming that the NIR emission is not associated
with sodalite cages.

The time evolution of the emission characteristics of sample S/
Cl ¼ 4.5 was studied in more detail by acquiring the spectra at
different time delays (Fig. 4.A and 4.B) after excitation. At shorter
times [S2]- characteristic emission is registered, while the NIR
emission dominates at longer times. These results indicate that a
fraction of [S2]- is still present in the samples even at the higher
sulfur concentration, mainly due to the existence of sodalite crys-
talline phase in this sample. Through transient diffuse reflectance
spectroscopy, we also observed the transient absorption of a long-
lived species centered at ca. 580 nm. This can be attributed to a
triplet-triplet absorption band, further supporting the hypothesis
that the long-lived emission is due to the presence of a long-lived
triplet state (Fig. 4D). Concerning the EQEs measurements, these
NIR emissive species present a value of 17%, higher than the most
common PLQYs of around 10% registered in the region
~750e1000 nm [48].
3.4. Computational studies

To identify the species responsible for the NIR emission, the
obtained results were combined with theoretical calculations.
Based on previous reports, this type of emission is attributed to
polysulfide ([Sx]2-) species, such as [S2]2-, [S3]2-, [S4]2-, or [S5]2-

[49e51]. Fig. 5A shows the diffuse reflectance spectra of sample S/
Cl ¼ 4.5, superimposed with the simulated absorption spectrum
that best fits the experimental results. The simulated absorption
spectra were calculated by TD-DFT (Supplementary Table 4) for
[S3]- (C2v), [S2]2-, [S3]2- (C2v), [S4]2- (C2), [S4]2- (C2h), and [S4]2- (C3v),
selected due to the small sulfur molecules already reported in these
type of aluminosilicate materials. The best fit is obtained with [S3]2-
Fig. 5. - Computational studies. (A) Overlap of the Kubelka-Munk spectrum of sample S/Cl ¼
Proposed energy diagram of [S3]2- clusters.
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(with a minimal contribution of [S3]-) in agreement with the results
from EPR spectroscopy, which points to a reduction of the relative
amount of paramagnetic species in the sample S/Cl¼ 4.5, leading us
to infer that the dominant species is non-paramagnetic. Fig. 5B
displays a schematic representation of the relative energy of the
calculated singlet and triplet states of [S3]2-. The respective state
symmetries and orbitals are summarized in Supplementary Table 5
and Supplementary Fig. 5.

The experimental transition observed in the diffuse reflectance
spectrum, centered at 355 nm (3.49 eV), is in good agreement with
the energies calculated for S0/S3 and S0/S5 transitions. The
intersystem crossing mechanism between S1/T1, S3/T5 and
S5/T5 are shown in Supplementary Table 6. In the case of the
transitions S3/T5 and S5/T5, there are simultaneous spin and
orbital changes; thus, the total angular momentum is preserved,
allowing the non-radiative transition, while in transition S1/T1,
the conservation of the orbital results in a forbidden transition
according to El-Sayed rules [52]. On the other hand, the energy gap
(DEST ) is much smaller in S3/T5 and S5/T5 than in S1/T1,

resulting in a kS3/T5
ISC ; kS5/T5

ISC [kS1/T1
ISC . The calculated oscillator

strength of S1 can explain the lack of fluorescence through the
natural radiative lifetime. The natural radiative lifetime occurs
when there are no nonradiative processes involved. This constant
can be calculated through the oscillator strength by equation (4)
(where f is the oscillator strength and vmax is the frequency of ab-
sorption in cm�1) and gives an upper limit to the lifetime of an
excited molecule [53].

tN ¼ 1:5
ῡ2m�ax � f

(4)

The tS1N calculated with the theoretical values in Supplementary
Table 5 is about 2.92 � 10�6 s, with a corresponding kN of 3.4 x 105

s�1. A typical kinetic constant of internal conversion (kIC) is in order

of 1012 s�1 [ [53]]. Therefore, kS1/S0
IC [kS1N , which explains the lack

of fluorescence. Since the singlet states S3 and S5 can undergo

intersystem crossing to T5 state, it is expected that kS3/T5
ISC þ

kS5/T5
ISC [kIC , so that phosphorescence is possible by population of

the triplet manifold from higher lying singlet states. The same El-
Sayed allowed transition to the triplet manifold can occur by
exciting at 266 nm (Supplementary Table 6). By excitation at this
wavelength, the performed transient absorption experiment
revealed a long living state that can be assigned toT1/Tn transition
(Fig. 4D), which is also in good agreement with the calculated
transitions (Supplementary Table 5). Additionally, triplet state T1 is
4.5 (green) and the combined calculated spectra of [S3]2- and [S3]- species (orange). (B)



Fig. 6. e Prototypes using sulfur-doped zeolites as authentication and anticounterfeiting tags (Middle) and as NIR phosphor-convert light emitting diodes (Below). Photos were
taken by a smartphone under ambient (A, E) and under UV illumination, around lexc ¼ 365 nm (BeD and FeH). Without any cutoff filter (B, F) and using a 665 nm (C, G) and a
780 nm (D, H) cutoff filters. Note the overlap between the emission spectra of the NIR-emitting sample and the transmission spectra of the cutoff filters used. The filled area under
the curve represents the emission detected by the smartphone (Top).
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predicted energy at 1.53 eV (809 nm) that matches the long-lived
emission values in the NIR region of 1.57 eV (790 nm), see Fig. 4B.

3.5. Suitable applications for these materials

The luminescent properties observed above pointed out the
utility of these sulfur-doped zeolites to be used as anticountering
and authentication systems and as NIR pc-LEDs (Fig. 6). Here, we
demonstrate a proof of concept for both applications. First, two
zeonex films, one coated with sample S/Cl ¼ 0.21 (yellow-orange
emission) and the other with S/Cl ¼ 4.5 (NIR emission), were
deposed in the ‘O’ of the ‘NOVA’ logo, printed in an acetate sheet,
forming a well-defined pattern (internal ‘O’ with the NIR emission
and the external ‘O’ with the yellow-orange emission, see Fig. 6B).
These coated films are not distinguishable under ambient light
(Fig. 6A). In the second experiment, a commercial UV-LED with an
excitation wavelength around 365 nm was coated with a zeonex
film impregnated with sample S/Cl ¼ 4.5. In both cases, we applied
several cutoff filters with different wavelengths in front of the
smartphone camera, where up to 780 nm cutoff filter, it was still
possible to detect luminescence from the NIR-emitting sample, yet
completely invisible with human vision.

4. Conclusions

Nowadays, alternatives to commonly used NIR emitters that lack
in availability and stability are required. In this study, we demon-
strated that a zeolite-based luminescent material with emission
maxima at 790 nmwith an EQE of 17% can be simply prepared from
8

sustainable and non-toxic sources. Starting with widely available
Na-LTA type zeolite, materials with yellow to NIR emission were
prepared by adjusting the sulfur content in the starting materials.
Through the analysis of spectroscopy and computational data, we
showed that the [S2]- species, responsible for the yellow emission of
sulfur-doped sodalites at low-sulfur concentrations are replaced by
triatomic sulfur clusters [S3]- and [S3]2- when sulfur concentration
increases. With our characterization and calculation results, we
were able to assign the NIR luminescence to [S3]2- clusters. This
species exhibits an absorption band around 355 nm, displaying a
remarkable stokes shift of 1.97 eV. The long emission lifetime and a
detected transient absorption confirmed the preparedmaterials are
phosphorescent. Through XRD data, we were also able to demon-
strate that the NIR-emitting clusters are present in nepheline and/
or carnegieite crystalline phases, which replace sodalite phase at
high sulfur concentration. The same luminescence and decay time
were also found in samples composed only by nepheline and car-
negieite crystalline phases (see Fig. 3 and Supplementary Fig. 4).
The optical properties of these materials, with absorption in the UV
region and emission mainly in the NIR, with EQE's of about 17%
with lifetimes in the millisecond range make them particularly
interesting for photonic applications such as anticounterfeiting and
authentication tags, light-based communication technologies or as
phosphors in the preparation of NIR-LEDs.
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