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ABSTRACT: “Glow-in-the-dark” materials are known to practically everyone who
has ever traveled by airplane or cruise ship, since they are commonly used for self-lit
emergency exit signs. The green afterglow, persistent luminescence (PeL), is
obtained from divalent europium doped to a synthetic strontium aluminate, but
there are also some natural minerals capable of afterglow. One such mineral is
hackmanite, the afterglow of which has never been thoroughly investigated, even if
its synthetic versions can compete with some of the best commercially available
synthetic PeL materials. Here we combine experimental and computational data to
show that the white PeL of natural hackmanite is generated and controlled by a very
delicate interplay between the natural impurities present. The results obtained shed
light on the PeL phenomenon itself thus giving insight into improving the

performance of synthetic materials.

B INTRODUCTION

Hackmanite is a mineral with the general composition
NagAlSic0,4(CLS),. It is typically formed in low-silica and
alkaline magmas.' Such conditions are present in nepheline
syenites, phonolites, and related rock types, in metasomatized
calcareous rocks as well as in cavities of ejected volcanic
blocks.” Hackmanite is known for its ability to show purple
tenebrescence, i.e., reversible photochromism, upon UV and X-
ray exposure.” Because of this property, natural hackmanite has
found use as, e.g, a gemstone,4 whereas artificial hackmanites
are considered for high-tech applications such as UV dose
monitoring.” Hackmanite is no longer accepted as an official
mineral name by the International Mineralogical Association,’
so in view of its property, photochromic or tenebrescent
sodalite could be a more proper name. However, for
consistency with previous publications, we will keep using
the name hackmanite in this work. The mechanism of
tenebrescence in hackmanites is now established to be due
to a UV stimulated electron transfer from S,>” ions to chloride
vacancies creating color centers that absorb in the visible
range.” The electrons can transfer back to the disulfide if
enough thermal or optical energy is given.”™’

Hackmanite also shows characteristic orange/red lumines-
cence under UV irradiation due to the T, — 2Hg transition of
S, entities.'” This is observed as a wide band spanning from
ca. 500 to 800 nm and showing a vibronic structure with a ca.
560 cm™' peak separation''’ also observed in other
aluminosilicate minerals like haidyne
(Na;CaSi;AL,0,,80,),">™*° nosean (NagAl Sis0,,80,), "¢
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and scapolite ((Na,Ca),(AlSi);Sis0,,)(C,CO;))."”"* In
natural hackmanites, impurity ions such as Fe** or Cr’* (red
emission) and s® type centers (blue emission) have also been
reported to give luminescence.'’ The blue band has been
reported to show “an afterglow of several seconds”'’ or
“prolonged afterglow of white light”."” Such an afterglow is
often called phosphorescence by mineralogists, but here we use
the term persistent luminescence (PeL) because the afterglow
is not due to forbidden transitions (as is the case with
phosphorescence) but it is caused by the trapping of charge
carriers and their slow release. Therefore, persistent
luminescence will always last longer than the emission lifetime
of the emitting ion, ie., PeL can persist up to hours. In
hackmanites, PeL is not present in every natural sample. Other
minerals showing persistent luminescence include, e.g,, fluorite
(CaF,), sphalerite (ZnS), calcite and aragonite (CaCOj;),
gypsum (CaSO,2H,0), willemite (Zn,Si0,), Barite (BaSO,),
creedite (Ca;AlL,(SO,)(F,0H),,-2(H,0)), and wollastonite
(CaSiO;).” !

Recently, some of us reported the exceptionally long PeL in
synthetic Ti** doped (Li,Na)sAlsSisO,,(CLS), hackmanite.””
The emission stays up to 7 h above the luminance limit of 0.3
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Table 1. Overall Elemental Compositions (In Weight%) of the Studied Samples Based on XRF Analyses”

element nominal synthetic Greenland
Na 32.03 26.4(1) 20.0(3)
Al 28.19 27.4(1) 29.5(1)
Si 29.35 302(1) 31.6(1)
cl 9.88 11.9(1) 17.7(1)
S 0.56 0.46(2) 0.80(0)
Mg
K 1.5(1)
Ca 0.06(0)
Ti 2.1(1) 0.05(0)
A%
Cr
Mn
Fe 0.11(5)
Ni
Cu
Zn 0.09(0)
Ga 0.08(0)
Ge
Br 0.05(0)
Sr
Zr
Pd
Cs
La 0.08(0)
Nd
Tl

Koksha V.1 Koksha V.2 Mt. St. Hilaire Pakistan
21.0(1) 18.5(1) 17.7(30) 24.2(5)
29.3(1) 30.6(9) 28.1(13) 29.3(2)
30.5(1) 33.3(1) 33.0(1) 28.4(1)
17.5(1) 16.9(1) 19.1(1) 14.7(1)

0.30(0) 0.30(0) 0.13(0) 0.24(0)
0.90(0)
0.84(0) 0.0(0) 0.16(0) 0.83(0)
0.31(0) 0.15(0) 0.04(0) 0.69(0)
0.04(0) 0.0(0) 0.0(0) 0.06(0)
0.16(0)
0.02(0) 0.13(0)
0.05(0) 0.03(0) 1.13(0) 0.08(0)
0.02(0) 0.01(0)
0.01(0)
0.03(0) 0.03(0)
0.03(0) 0.02(0) 0.02(0) 0.05(0)
0.03(0) 0.01(0)
0.04(0) 0.1(0) 0.16(0) 0.20(0)
0.0(0)
0.02(0)
0.24(0)
0.10(0)
0.05(0) 0.11(0)
0.14(0)
0.02(0)

“The nominal composition for a typical hackmanite NagAlsSicO,,Cl; ¢S, is given as well. Esds are given in parentheses.

mcd/m?* which is set as the standard limit by DIN 67510—
1:2009—11%" in the self-lit exit sign industry. All the synthetic
hackmanites exhibiting PeL (see refs 9, 22, and 24) show a
similar blue/white emission as that reported for natural
hackmanite,'’ and this has been attributed to be due to ppm
level titanium impurities and oxide vacancies (V). Together,
these create emitting Ti**—V,, pairs with the mechanism being
such that (1) the Ti** absorbs excitation energy which allows
the transfer of an electron to the V, acting as a trap, (2)
thermal energy available at room temperature lifts the electron
away from the trap back to the Ti** again, and (3) emission is
as a charge transfer toward the Ti**.”

Motivated by the possibility of boosting the design of new
materials by studying the rich and diverse framework of natural
hackmanites, we set out to investigate why only some natural
hackmanites show persistent luminescence. Consequently, we
present for the first time a quantitative characterization of the
PeL and optical energy storage properties in natural
hackmanites. We study five natural hackmanite samples, from
(1) Greenland, (2) Mont Saint Hilaire (Canada), (3) Koksha
Valley sample 1 (Afghanistan), and (4) Koksha Valley sample
2 (Afghanistan) as well as (S) Pakistan, and compare their
properties with those of a synthetic Ti** doped
(Li,Na)AlSig0,4(CLS), hackmanite. On the basis of exper-
imental and quantum chemical characterization of these
minerals, we will demonstrate interplays between the nature
and concentration of several impurities and the PeL
phenomenon.

B MATERIALS AND METHODS

The natural hackmanites were obtained from private collectors. The
synthetic (LiNa)gAlgSigO,4(CLS),: Ti** hackmanite was synthesized

as reported in ref 22: Dried Zeolite A (0.7000 g, Sigma-Aldrich,
product no. 96096), Na,SO, (0.0600 g E. Merck, 99%), NaCl
(0.1175 g, J. T. Barker, 99.5%) and LiCl (0.0850 g, Acros, 99%)
powders were mixed together with TiO, (0.0060 g, Merck, 99%)
powder. Ten weight-% of H;BO; (Merck, > 99.8%) was added as a
flux. The mixture was first heated at 850 °C for 48 h. The product was
allowed to freely cool down to room temperature and ground. Finally,
the product was reheated at 850 °C for 2 h under a flowing 12% H, +
88% N, atmosphere.

Crystal structure and purity were checked with X-ray powder
diffraction measurements using a Huber G670 position sensitive
detector and CuK,; radiation (4 = 1.54060 nm). Elemental
composition was investigated using a Bruker Tornado M4 micro-
XRF spectrometer (Table 1, Figure SS of the Supporting Information,
SI) or a PANalytical Epsilon 1 (Table S2) device.

Photoluminescence was visually checked using hand-held UV
lamps UVP UVLS-24 operating with 4 W at 254 or 365 nm as well as
UVP UVM-57 operating with 6 W at 302 nm. These lamps give an
irradiance of 5.8, 6.4, and 4.3 mW/cm?, respectively, on the surfaces
of their exit windows. Photoluminescence emission spectra were
measured at room temperature with LED excitation using Roithner
models UVTOP255 (255 nm), UVTOP295 (295 nm) and
UVTOP355 (355 nm). The LEDs were operated at 20 mA, which
corresponds to an approximate power of 0.5 mW. An Avantes
Avaspec HS-TEC spectrometer connected to a 600 um optical fiber
was used to collect the spectra. Cathodoluminescence was studied at
room temperature with a Nuclide Corporation ELM2EX Lumino-
scope equipped with a Nuclide Corporation ELM2B vacuum chamber
coupled to the same spectrometer with the same fiber. The spectra
were corrected for the sensitivity of the setup. The rise of the blue
photoluminescence emission was recorded with the same spectrom-
eter and fiber using the 295 nm LED described above at 0.35 mW/
cm? irradiance. The irradiance was determined with an Opsytec Dr.
Grobel Radiometer RM 12 equipped with a RM12 sensor calibrated
for UVB. The irradiance level was controlled by adjusting the distance
between the lamp and the hackmanite material. Photoluminescence
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Figure 1. (a) Photos of the samples used in this study: under white light, 365, 302, and 254 nm and their persistent luminescence. Note that the
sample sizes seen in the photo are not comparable, because the zoom settings were different for each sample so that each sample would fill the
picture frame. (b) X-ray powder diffraction patterns of the samples taken from orange-emitting parts. The reference pattern for sodalite®” is given in

the bottom.

excitation spectra were measured using the Varian Cary Eclipse
spectrometer described above. Photos of the two additional Koksha
Valley samples discussed in connection with persistent luminescence
were taken under irradiation by a UVTao Yuan 20 LED array
equipped with a U325 filter (275 nm, 80 mW) and Convoy S2+ LED
torch equipped with a ZWB2 filter (365 nm, 300 mW).

Persistent luminescence fading was quantified with a Hagner ERP-
105 luminance photometer (with Hagner SD 27 detector) after
exciting the samples for 30 min at 302 nm (UVP UVM-57, 6 W)
equaling to a dose of 36 kJ/m?. Persistent luminescence spectra were
measured with an Avantes AvaSpec HS-TEC spectrometer 1 min after
ceasing a 2 min irradiation with the 302 nm hand-held UV lamp
described above. The spectra were corrected for the sensitivity of the
setup. Reflectance spectra were measured with a Konica Minolta CM-
2300d spectrophotometer using D65 illuminant and 10° observer. For
the persistent luminescence excitation spectrum, the sample was
irradiated with a Varian Cary Eclipse Fluorescence Spectrophotom-
eter equipped with a Hamamatsu R928 PMT (photomultiplier) and a
150 W xenon lamp for 1 min with the chosen wavelength. Then, the
emission spectrum was measured (data collection time: 4 s for the
whole spectrum) 1 min after the irradiation was stopped. After this, a
fresh sample was introduced, the irradiation wavelength was changed
and the procedure was repeated. The intensity values were obtained
by integrating over 400—700 nm at each irradiation wavelength.
Thermoluminescence (TL) glow curves were measured with a
MikroLab Thermoluminescent Materials Laboratory Reader RA’04
using a heating rate of 10 °C/s. Aluminum sample cups were used.
Prior to the measurements, the samples were irradiated at room
temperature for 1 min with 254 nm (UVP UVGL-2S, 4 W) and the
TL measurements were started 20 s after ceasing the irradiation. The
glow curves were analyzed using the initial rise method™ after
correcting the glow curves for thermal quenching. Thermogravimetric
measurements were carried out with a TA Instruments Q600 device
in flowing air (100 cm®/min) with a heating rate of 10 °C/min.
Alumina sample cups were used.

Photon counting experiments to determine the storage capacity
were carried out using the procedure outlined in.*°’A hand-held UV
lamp operating with 8 W at 302 nm was used to excite the hackmanite
during 25 min before the PeL was recorded.

Elemental distributions in the hackmanite grains were studied with
SEM-EDX point analyses (S0 points per sample) using a Leo 1530
Gemini microscope equipped with a Thermo Scientific UltraDry SDD
EDS system. Statistical analysis on the compositions in those points
was carried out using the IBM SPSS Statistics 24.0 software.

Computational Details and Methodology. The simulation of
energy levels of all the defects considered is performed by combining
DEFT periodic boundary condition calculations to obtain geometries
around the defects and TD-DFT calculations performed on cluster
centered on the defect using a molecular approach. Briefly, all
geometry optimizations in the periodic boundary condition were
performed with the CRYSTAL17 code®” along with the global hybrid
functional PBE0*® which is known to give accurate geometrical
parameters for sodalites.” A 12 X 12 X 12 k-points mesh was used for
the geometry optimization of the bulk system while the I' point was
used for geometry optimization of the 2 X 2 X 2 supercell containing
the defect. All-electron double-{ basis sets with polarization functions
were used for Si, Al, O, K, Na, and Cl atoms. For titanium and iron,
pseudopotentials are used to exclude the atomic core electrons. The S
atoms were treated by an all electron triple-{ basis set while an
optimized triple-{ basis set was used for the electron trapped in a
vacancy. The convergence criterion for the SCF cycle was fixed at
1078 Ha per unit cell. All TD-DFT calculations performed on a cluster
extracted from the PBC calculations are performed using the
Gaussian16* code with the cam-B3LYP functional®® and using the
6-31G(d) basis set. The cluster is embedded in a point charge cloud
simulating the Madelung potential of the crystal. More computational
details and information on the computational methodology, especially
on the choice of the cluster size and embedding, are given in the SI.

Mossbauer spectra were recorded with a Doppler velocity of ~2.0
mm/s and calibrated with a-Fe. Spectra were measured in
transmission geometry at 77.6 and 300 K using an Oxford CF506
continuous-flow cryostat with liquid N, as coolant and a *’Co:Rh
source (Ritverc Co. Twenty-five mCi June 2018). The spectra were
fitted using a nonlinear least-squares fitting program with the
following Mdssbauer parameters released in the fitting: the quadru-
pole coupling constant eQV_,, the relative component intensities, and
the isomer shift § relative to a-Fe.

X-band (9.54 GHz) EPR spectra were recorded at room
temperature on a Varian E-line spectrometer with a standard
rectangular cavity. The microwave frequency was measured with a
HP 5342A frequency counter. Magnetic fields were measured with a
Bruker B-NM12 NMR oscillator and calibrated against the EPR signal
of diphenyl picryl hydrazyl (DPPH, g = 2.0036). Q-band (34.00
GHz) EPR spectra were recorded with a Bruker Elexsys ES00
spectrometer with a cylindrical QTE cavity. The microwave frequency
was measured with a Pendulum CNT-90XL frequency counter and
fields with a Bruker ER035 M Gaussmeter. The magnetic fields were
calibrated against the g, component of the CO;*" radical in irradiated
calcite powder (g = 2.0031).>" Room temperature spectra were
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recorded under normal air atmosphere. It was checked (X-band) that
reducing the pressure by evacuating the sample tube (<10 mbar) has
no significant influence on the spectrum. For measurements at low
temperatures the Q-band spectrometer is equipped with a QTE
CF910 He-flow cryostat (2—300 K, Oxford Instruments).

B RESULTS AND DISCUSSION

Initial Characterization. As the first step, the five natural
samples claimed to be hackmanite were placed under UV
lamps to see if they show the emission colors typical of
hackmanite and if persistent luminescence was present. Indeed,
under 365 nm excitation some parts of all samples showed an
orange/red emission that could be due to the disulfide group
(Figure la). Some of them also showed the blue/white
emission under excitation at 302 and/or 254 nm and three of
them showed persistent luminescence. Since hackmanites are
defined as being photochromic sodalites and since the
photochromism is due to the disulfide group which also
shows orange photoluminescence, we chose such parts of the
samples that showed the disulfide emission for further
characterization (please see the SI file for a detailed description
of the homogeneity of the samples). These parts were removed
and powdered from the rocks with a diamond-covered carbide
drill bit for further analysis. Routine X-ray powder diffraction
measurements indicated that all these samples possessed the
sodalite structure (Figure 1b), which is cubic with space group
P43n (No. 218) and unit cell axis length of ca. 8.9 A.° The
structure consists of a framework of four- and six-membered
rings of alternating AlO, and SiO, tetrahedra. (Na,Cl)**
entities are situated within the cavities of the structure, and
Na is coordinated to three O* ions from the framework and
one CI™. S,*” ions substitute some of the Cl~ ions, which
results in chloride vacancies to balance the charge.8 The
elemental composition determined with XRF is presented in
Table 1.

Photoluminescence and Cathodoluminescence. First,
we studied all samples for regular photoluminescence. We
chose to use wavelengths 255 and 355 nm as excitation
wavelengths because those are close to the 254 and 365 nm
that are readily available from hand-held UV lamps.
Furthermore, we used 295 nm excitation, because that has
been observed to efficiently excite the persistent luminesence
of synthetic hackmanites.”” With excitation at 355 nm, all
samples only show the characteristic orange emission of S,”
entities'® (Figure 2a). The bands are centered at around 615
nm and they present the expected vibronic contributions with
ca. 550 cm™! separation as recently confirmed by quantum
chemical calculations.'” The spectra of the Koksha Valley 2
and Pakistan samples seem to be red-shifted, but what appears
to be a shift is actually an effect of self-absorption. These two
samples have a distinct purple body color and thus they absorb
strongly around S50 nm (see Figure la and reflectance spectra
presented later), causing a deletion of the high-energy side of
the emission spectrum. With excitation at 295 nm, the blue/
green emission peaking at ca. 500 nm appears in most samples,
but in the Mt. St. Hilaire sample this blue band is weak and in
the Greenland sample only the S,” emission is observed
(Figure 2b). According to previous reports, we assign the blue/
green emission to the Ti**—Vg pair.”** Furthermore, each
sample also shows the orange peak overlapping with the blue/
green one and the Mt. St. Hilaire sam}o)le presents a red band at
720 nm. According to Gaft et al.'’ this red band can be
assigned to either Fe’* or Cr** residing at the AI** site. Our
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Figure 2. Photoluminescence spectra upon continuous LED
excitation at (a) 35S, (b) 295, and (c) 255 nm as well as (d)
cathodoluminescence spectra. All spectra are measured from ground
parts of the samples where the disulfide emission was present.

XRF data (Table 1) suggest that the concentration of Cr is
zero or at least below the detection limit of the method,
whereas Fe is clearly present in all the natural samples. Thus,
we assign this red emission band to Fe>*. Then, we used 255
nm to excite the samples (Figure 2c) and observed the blue/
green emission band for all other samples except the
Greenland and Mt. St. Hilaire ones. The Greenland sample
still only shows the disulfide emission, whereas the Mt. St.
Hilaire sample shows only the 720 nm peak. Finally,
cathodoluminescence spectra (Figure 2d) show a combination
of all the signals discussed above as well as a strong UV/blue
band peaking at 350 nm for the natural samples and at 364 nm
for the synthetic one. To test where this peak originates from,
we also measured the cathodoluminescence spectra of
nondoped ALO; SiO,, and Zeolite A (approximate
composition: NaAlSiO,), which showed this peak both for
Zeolite A and ALO; (Figure S1). Thus, in line with previous
reports on the luminescence of a-Al,O;, we assign this band to
an F* center,”” " ie, an oxygen vacancy occupied with one
electron, in the vicinity of AI**. In this same band, one can also
observe small glitches at 359, 393, and 432 nm, which can be
assigned to the transitions of small amounts of N, and Ar
present in the measurement chamber.*® As a further test of the
origin of the UV band, we measured the cathodoluminescence
spectrum of the synthetic and the Pakistan samples as a
function of time. While the rest of the emission band
intensities seem to remain constant, that of the UV band
decreases with increasing time in the electron beam (Figure
$2) indicating that the concentration of F* centers decreases.
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Previously, it has been reported that prolonged electron
irradiation converts F centers (two electrons in an oxygen
vacancy) to F* centers,36 i.e., the irradiation removes electrons
from oxygen vacancies. Since we observed a decrease in the F*
center emission, we suggest that this indicates that the F*
centers are being converted to nonluminescent F* centers, i.e.,
the concentration of completely empty oxygen vacancies
increases.

It is interesting to note that the synthetic, Pakistan as well as
Koksha Valley samples 1 and 2 appear first orange under 295
nm excitation and then change to blue/white. This is due to
the slow rise time of the blue/green emission in these samples.
As an example, we present the time-dependent photo-
luminescence spectra of the Koksha Valley sample 1, which
show that within the first few 100 ms the blue emission
becomes intense enough to beat the orange one (Figure 3a).
The rise of the blue emission is slow, because in the beginning

the absorbed photons are used to store electrons to electron
traps. Once the traps are filled, the emission intensity reaches
saturation. Because of such traps, these four samples show
blue/white persistent luminescence. If we compare the time
that it takes to reach saturation in emission intensity with PeL
decay time (to be discussed later), then we can observe an
almost linear dependence between them (Figure S3). For the
other samples, the blue/green emission rises much faster
(Figure 3b) and no PeL is observed from them.

Persistent Luminescence and Energy Storage Proper-
ties. The preliminary UV lamp tests (Figure 1) indicated that
only the Koksha Valley 1 and 2 as well as Pakistan samples
showed persistent luminescence. Nevertheless, we measured
the luminance fading curves for all samples after 30 min of
irradiation at 302 nm. The results (Figure 4a) indicate that the
Pakistan sample shows PeL above the 0.30 mcd/m? limit up to
12 min, the Koksha Valley 2 sample up to 6 min and the
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Koksha Valley 1 sample up to 5 min, whereas the synthetic
sample used as reference glows 57 min above this threshold
value. The luminance radiometer was also able to detect that
both the Greenland and Mt. St. Hilaire samples do show PeL,
but the intensity is below the 0.30 mcd/m? limit already in the
beginning of the measurements.

The persistent emission peaks in the range of 465—475 nm
for the natural samples (Pakistan, Koksha Valley 1 and 2) as
well as the synthetic one (Figure 4b). The PeL bands of the
natural samples seem to be narrower from the high wavelength
side than that of the synthetic material. This is due to the
purple body color of the natural samples as opposed to the
yellowish appearance of the synthetic sample, i.e., the natural
samples have an absorption band at around S50 nm (shown as
a minimum in the reflection spectra; Figure 4c), whereas the
synthetic sample has no clear absorption maxima. In addition
to the PeL emission spectra of the natural and the synthetic
samples being very similar also their PeL excitation spectra are
quite similar, peaking at ca. 300 nm (Figure 4d). The one
difference is that the natural samples’ excitation peaks are
narrower and steeper on the high wavelength side. This is due
to the absorption by Fe®* in the natural samples as we show
later. Nevertheless, the similarity in the PeLl emission and
excitation suggests that the PeL emitter is the same in all
samples, ie., the Ti** —V, pair as reported previously for
synthetic hackmanite.”

Thermoluminescence glow curves (Figure 4e) show rather
intense single peaks with maxima between 150 and 180 °C for
the synthetic, Pakistan, Koksha Valley 1 and 2 samples. For the
Greenland and Mt. St. Hilaire samples, the same peak is
observed, but with much lower intensity. In addition, a peak at
250 °C is present for the Greenland sample. The TL intensities
correlate rather well with the PeL intensity fading curves
(Figure 4a) considering that the TL measurements were
started with a 20 s delay from the irradiation. Initial rise fits
indicate that the depth of the trap corresponding to the main
TL peak ranges from 0.39 (synthetic) to 0.47 eV (Koksha
Valley 1) suggesting that also the trap structure is rather similar
between the studied samples. It must be noted that the TL
signal of the Mt. St. Hilaire sample was too low for a reliable
initial rise fit, but the resulting value 0.33 eV is still close to
those of the other samples.

We noticed that the TL intensity almost dies with repeated
charging-heating cycles for natural hackmanite, while the
synthetic one withstands such cycles much better. Here, we use
the Pakistan sample as an example and its TL falls 95% during
10 consecutive charging/heating cycles up to a temperature of
400 °C, whereas the synthetic one suffers a quench of
approximately 40% (Figure 4f). However, when a similar
experiment is done for the natural sample months after drilling
the powder sample off the original rock, the behavior is very
similar to that of the synthetic one (Figure 4f). Although the
difference between the freshly powdered and older Pakistan
sample is very high, the difference between the initial TL
intensity in these two tests is negligible (Figure S4a).
Additional thermogravimetric analyses (Figure S4b) suggested
that there is a small loss of weight for both the Pakistan sample
(ca. 2%) and the synthetic one (ca. 1%) between room
temperature and 400 °C (upper limit of our TL measure-
ments). However, X-ray powder diffraction (Figure S4c) and
XRF measurements (Table S1) indicated that neither the
crystal structure nor the overall elemental composition changes
due to heating. These results thus suggest that the decrease of

TL performance in repeated measurements is due to changes
in the defect structure rather than the bulk structure. The
changes could be, e.g., the oxidation of Ti*" (the PeL emitter)
to Ti*, filling of oxygen vacancies (where energy is trapped in
the TL mechanism) or oxidation of Fe?* to Fe’* (PeL
quenching; see the section on the interplay between titanium
and iron). It seems that the freshly powdered sample’s defects
are overall in a metastable state that is affected far more by
heating than a sample that has reached an equilibrium with
ambient conditions.

To compare the energy storage capabilities of the synthetic
and natural materials, we carried out photon counting
measurements for the synthetic and Pakistan (old) samples
following the procedure described earlier by some of us.”® The
results were consistent with the PeL fading curves (Figure 4a)
indicating a capacity of 2.8 X 10'° photons/g for the synthetic
sample and 3.1 X 10'* photons/g for the Pakistan one. These
values are very much in the same magnitude that has been
reported for CaS:Eu nanoparticles (7.3 X 10'* photons/g)*°
but much lower than that reported for the most efficient
synthetic PeL material SrAl,O,:Eu,Dy (1.6 x 10'7).*°
Previously, we reported that the concentration of color centers
in a synthetic tenebrescent hackmanite was experimentally
determined to be ca. 10'® per gram,5 whereas for natural
hackmanites the value can be, e.g, 6 X 10Y per gram. The
latter value was calculated with the equation given by van den
Brom et al. (eq 12 in ref 38) and the oscillator strength of 0.3
au reported for the absorption of the color center.” Therefore,
it seems that natural hackmanites are much more efficient in
tenebrescence than persistent luminescence.

Why Do Not All Natural Hackmanites Show Notice-
able Persistent Luminescence? As discussed above, it
seems that if natural hackmanite shows any blue emission, it
will also show persistent luminescence. We know that this
emission is originating from titanium, but judging from the Ti
contents presented in Table 1, there seems to be no
connection between Ti concentration and PeL. A similar
conclusion can be drawn from the XRF elemental mapping
that we carried out for another hackmanite sample from
Greenland that has regions with and without the blue emission,
i.e, the blue-emitting regions do not have any different Ti
contents than the other parts of the sample (Figure SS).
However, all the XRF results give only a micrometer scale
resolution. Thus, to reach the nanometer scale, we carried out
SEM-EDX measurements for 50 random points in each natural
sample. The obtained elemental contents were normalized and
a principal component analysis followed by ANOVA (analysis
of variance) were carried out on the contents. The details of
the analyses are discussed in the SI file.

The statistical analyses suggested that there are two
important pairs of elements whose concentrations correlate
with persistent luminescence: K and S as well as Ti and Fe.
More specifically, higher values of ¢(K)—c(S) (i.e., difference
between the concentrations of K and S) and c¢(Ti)—c(Fe)
indicate that there is persistent luminescence and low values
indicate the lack of persistent luminescence. That is, the more
there is K in comparison with S the more likely it is to get PeL.
Similarly, the more there is Ti in comparison with Fe the more
likely it is to get PeL. These possible correlations are well
witnessed in such natural hackmanite samples that show an
uneven distribution of emission intensity/color or tenebres-
cence: places showing a more intense orange luminescence
usually show no PeL or stronger tenebrescence and often these
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places have a brown tinge from Fe** or show a red Fe®"
luminescence (Figure S). Below, we will discuss the effects of
these element pairs in more detail.

Figure S. Photos of two additional hackmanite samples from Koksha
Valley with uneven distribution of emitters and emission intensity as
well as tenebrescence. (a) Areas with intense orange disulfide
emission (365 nm excitation) and Fe®* emission (275 nm excitation)
show negligible PeL. (b) Spots indicated by arrows show strong
tenebrescence and strong disulfide emission (365 nm excitation) but
weak blue/green emission (275 nm excitation) and weak PeL.

Interplay between Titanium and lIron. It is assumed
that Ti** is involved both in the absorption and emission parts
of PeL.”*” This assumption is based on the fact that increasing
the titanium concentration in synthetic hackmanite will
increase the intensity of both the blue PL and PeL. To the
best of the authors’ knowledge, there is no other literature on
Ti** in tetrahedral sites in oxides and thus literature cannot be
used to back up that assumption. Therefore, we carried out
energy levels quantum chemical calculations for Ti** (Tiy)
and Ti* (Tig*) in hackmanite. The calculated data (Figure
6a) indicates that an electron can be excited from Ti** to the
conduction band with ca. 3.7 €V (335 nm), which agrees very
well with the PeL excitation threshold energy (ca. 3.9 eV/320
nm; Figure 4d). Moreover, this complies with the common
understanding that PeL is initiated with electron transfer from
the absorbing ion to the conduction band. The results also
suggest that Ti*" is not the absorbing ion since its only
transition (0>~ — Ti*") requires more than 5 eV (less than
248 nm). The computational data thus confirm that it is
indeed Ti*" that is excited through a charge transfer transition
in the PelL mechanism. Furthermore, the blue emission
corresponds to the back charge transfer from the conduction
band to Ti**, and not d-transition of Ti*" that is computed in
the near IR around 1.2 eV. With the role of Ti*" established
and because Fe* is a well-known ominous luminescence

quencher,” the importance of the interplay between titanium
and iron seems rather obvious. Thus, it is to be expected that
increased Fe concentration will require increased Ti concen-
tration to enable PeL. Below, we will discuss in more detail
how iron affects the blue luminescence and PeL in
hackmanites.

First, to find out which oxidation states of iron are
prominent, we carried out a Mossbauer measurement (Figure
6b) for the Mt. St. Hilaire sample, which shows the highest Fe
content (Table 1) and shortest PeL (Figure 4a). Due to the
low concentration of iron (ca. 1 wt %), the signals were rather
weak and thus even the component due to Fe traces in the
gamma detector was visible (gray dashed line). The spectrum
is dominated by a quadrupole doublet assigned to high-spin
Fe* (red). Another weaker doublet is also compatible with
high-spin Fe®" (green). Probably, the two components occupy
separate cation sites, i.e, AI** and Si** sites. The results thus
indicate that Fe®* is the dominant species, but the presence of
some Fe?* cannot be ruled out completely. This is because
concentrations that are below the detection limit of Mdssbauer
may still be optically functional. The experimentally obtained
hyperfine parameters are given in the SI (Table S7). EPR
measurements on the Mt. St. Hilaire sample confirm the
presence of Fe*, with spectral characteristics similar to those
observed for Fe** in sodalite® (see SI for details). Fe*, that
has only rarely been detected with EPR, was not observed in
these experiments.

Since the Mt. St. Hilaire sample shows the emission band of
Fe** at 720 nm (Figure 2), we could record the photo-
luminescence excitation spectrum of Fe®* in hackmanite
(Figure 6c). In the spectrum, one can observe weak d-d
transitions at the same wavelengths as reported earlier by Pott
and McNicol for Fe** in sodalite.*’ These were assigned to
transitions from the °A,(°S) ground state to “E(*D) (377 nm),
*T,(*D) (426 nm), *A*E(*G) (450 nm), and *T,(*G) (517
nm) based on the assignments given by Pott and McNicol.*'
In addition to these weak bands, also an intense signal is
observed at 240 nm (Figure 6c). On the basis of the data
reported for Fe*" in the tetrahedral site of Y;Al;O5," we
assign this to the O*~ — Fe®* charge transfer transition. These
transitions and their related energies are further confirmed by
TD-DFT calculations (Figure 6a). The CT transition overlaps
significantly with the PeL excitation spectrum (Figure 6c),
which means that these two compete for the excitation
photons.

There may also be some Fe?* present in the samples and
thus we need to consider also its effects. Ravikumar et al.*’
reported that Fe?* has absorption bands at 1723, 1754, 2306,
and 2338 nm in sodalite. However, they gave no information
about possible bands in the visible or UV ranges, ie., such
bands that would either interfere with the PeL excitation
process or absorb the PeL emission. On the basis of the TD-
DFT calculation of Fe** (Figure 6a) and on the Tanabe-
Sugano diagram for tetrahedral Fe** (d* diagram, high-spin
side™), we can assume that the NIR range absorptions are due
to spin-allowed °E — ST, transitions, whereas the transitions
to higher energy states involve change in spin multiplicity and
thus are generally weaker. Accordingly, Rossman and Taran*
report no Fe** absorption bands in the visible or UV for spinel
(MgALO,) or gehlenite (Ca,[ALFeMg][SiAl],0;) either,
both of which have iron substituting aluminum in a tetrahedral
site. Instead, there are strong absorption bands between ca.
1850 and 2750 nm. Thus, combining the fact that Fe?* is in

https://dx.doi.org/10.1021/acs.chemmater.0c02554
Chem. Mater. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02554/suppl_file/cm0c02554_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02554/suppl_file/cm0c02554_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02554/suppl_file/cm0c02554_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02554?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02554?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02554?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02554?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02554?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

Energy

a) eV 7= &
A 1 @
6.0 4 8 T
° 1 .
P 2 Po)
© o~
504 1 &
A
- 3T2 2F
4.0 i
4E1=
3 ZTl_
3.0 - P
ZTZ
2.0 T —
ZTZ
1.0+ ST,
0.0d — —_ —_
ZE lAl SE 6A1
L Ti% Fe2t Fe3*
c)
O*—Fe™
Charge transfer + o
> g Fe®* PL Excitation
‘@ Mt. St. Hilaire
S 01k y E
IS »
°
1]
N
T 001} 4
£
[¢]
P4
0.001 L PeL Excitation m
Pakilstan

300 400 500 600
Wavelength / nm

b)
Mt. St. Hilaire
100
S
=
ke
7}
R
g 9 . Experimental ]
% Calculated Sum
= ——Fe™ (site 1)
Fe* (site 2)
98l """ Detector |
-2 -1 0 1 2
Velocity / mms™
Energy
eV
A
d) 6.0
8
5.0 J Sy Verl
4.0+
3.0
2.0
ZTZ
.04
00— — — — —
£ S,% Val

Tid+ Na, NazK  Na,K, NaK;

Figure 6. (a) Quantum chemically calculated energy states of Fe**, Fe’*, and Ti** in the AI** site as well as Ti** in the Si*' site. (b) "Fe Mdssbauer
spectrum of the Mt. St. Hilaire sample. (c) Photoluminescence excitation spectrum of the red Fe** band for the Mt. St. Hilaire sample (green
curve) and PeL excitation spectrum of the Pakistan sample (purple curve). (d) Quantum chemically calculated energy states of Ti** (in the AI**
site) as well as S, + V(; pair in different Na,_,K, stoichiometries in hackmanite (horizontal dark purple line is the computed energy, the purple

box depicts the 1 eV fwhm around the transition).

very low concentration in natural hackmanite and that possible
UV—vis transitions are spin forbidden the competition of Fe*
based transitions and the PeL phenomenon is expected to be
rather weak. But TD-DFT calculation on Fe?* reveals also the
possibility of a Fe** — CB charge transfer transition partly
overlapping with Ti*" — CB one and thus competing with the
PeL mechanism.

To get a more complete picture of the effect of the energy
states of iron species, we also considered the possibility of
(Fe*, Ti**) and (Fe®,Ti*') defects. Intervalence transitions
associated with these defects are expected around 2.2—3.0 eV
by DFT calculations (Figure S10), thus far from the PeL
excitation wavelength. In conclusion, the main competition
paths induced by iron ions for the Ti** — CB transition
(responsible of the PeL) are the Fe?* — CB and O*~ — Fe**
charge transfer transitions. The possibility for Fe** to capture
the trapped electron (yielding Fe*") cannot be discarded.

Interplay between Potassium and Sulfur. The
quenching effect of sulfur on PeL can be explained by the
fact that sulfur (i.e., the S, ion) is the element that absorbs
radiation during the tenebrescence process. The absorption
results in electron transfer from the disulfide ion to a chlorine
vacancy (Vy), i.e., the creation of a color center. This color
center absorbs around 5SSO nm (Figure 4c) causing the

characteristic purple color of tenebrescent hackmanites. This
tenebrescence process competes with the PeL process thus
decreasing the PeL efficiency.” Previously, we reported, on the
basis of computational data, how an increase of Na substitution
by K around V(; results in a decrease of the threshold energy
required for the creation of the color center.” Such a behavior
could mean that an increased K concentration should in fact
increase tenebrescence intensity (and decrease PeL). However,
if we take into account the previously reported observation that
the absorption connected with the creation of the color center
is band-like and has a half-width of ca. 1 eV,” then the interplay
between K and S becomes rather clear. We will explain this
next.

Figure 6d shows the calculated energy states of Ti** (Tiy™)
as well as those involved in the creation of the color center
(Syc,Ver) when different numbers of sodium atoms have
been replaced with potassium. It is clear that if there are no
potassium atoms present, then there is a high overlap between
the absorption band of Ti** and the band associated with the
color creation. Thus, the tenebrescence process will decrease
PeL efficiently and one can safely assume that the more sulfur
there is the weaker will PeL be. However, when potassium is
incorporated in the structure, the overlap decreases with
increasing potassium concentration. Therefore, the competi-
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tion between the tenebrescence and the PeL will become
weaker with increasing potassium concentration, ie., adding
enough K will cancel the deleterious effect of sulfur.

Such interplay of potassium and sulfur can also be witnessed
in other natural sodalite group members. Hailiyne and nosean,
the sulfate end members of the group, both can exhibit S,”
luminescence, but as far as we could check collectors’ mineral
databases, they show neither tenebrescence nor PeL. The
missing PeL can be linked to a higher K-content™>™'¢ in view
of the above. Regarding tenebrescence, it is not clear at present
if that is due to the different anion cage structure (more sulfate,
no or less Cl and also some K* and Ca*" as cations) or the lack
or difference of vacancies, possibly altering the trap system.
Tugtupite, the Be-equivalent of sodalite, has a high Na/low K
content and is a Cl end member, and can exhibit tenebrescence
and PeL.***” Lazurite, the sulfide end member of the sodalite
group (of which the existence of a pure end member in nature
is questioned) has no reported PeL. Tenebrescence, if present,
will be concealed by the intense blue color.

B CONCLUSIONS

The present work marks a new advancement in the
understanding of the photonic behavior of the versatile
hackmanite materials as well as the persistent luminescence
phenomenon in general. During the course of the study, it
became evident that the three remarkable optical properties of
hackmanites—orange photoluminescence, blue persistent
luminescence, and purple photochromism—are in very close
correlation with each other. The delicate balance of these three
phenomena is further fine-tuned either for better or for worse
by the natural impurities residing in the hackmanite lattice.
This explains why natural hackmanites’ persistent lumines-
cence is far weaker than that of the best synthetic ones.
Nevertheless, the PeL capacity of natural hackmanites still
surpasses that of many other synthetic persistent luminescence
materials. Thus, the present study well illustrates the fact that
even if nature does not do everything better than humans do,
studying nature can offer invaluable help on how to improve
the performance of synthetic materials.
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