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ABSTRACT

After decades of speculation without material proof, the yellow-orange luminescence of scapolite
is definitely assigned to (S2) activators trapped in [Na4] square cages. Synthetic sulfur-doped
scapolites confirm the implication of sulfur species in luminescence. Formally, the emission and
excitation spectra of various polysulfide species were calculated. The excellent match between
theory and experiments for (S2)” dimers provide definitive proofs that it is the cause of the yellow-

orange luminescence in scapolite.
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By analogy with bio-mimetism, mineralo-mimetism can be defined as an analytic process
consisting in the synthesis of innovative materials with desired physical or chemical properties
inspired from natural minerals with potential anthropic applications.! In this context, a number of
interesting optical (but not only) properties have been identified over time in natural minerals that
could indeed find a use in industry if adequately synthetized. Examples include optical diffraction
of opals,”> cathodoluminescence of sodalite,’ thermoluminescence and triboluminescence of
fluorite,* ® or photochromism of hackmanites,’ this latter potentially opening the door for optical
storage.” '% Here we focus specifically on the emission under UV excitation of scapolite, a rock-

forming mineral with recently discovered photochromic properties'!. Thus, demonstrating



unambiguously the origin of the yellow-orange luminescence of scapolite and reproducing it may

be helpful to produce a new luminescent and also, possibly, photochromic material.

12,13 10,14-16

So far, the yellow orange luminescence of scapolite, sodalite and tugtupite!” has been
ascribed to (S2) polyanions without any formal proof. The presence of the same isolated anionic
groups is also suspected to account for the emission of other aluminosilicates (zeolites'®) and alkali
halides '>!°23. The aim of this study is to provide a definite proof that the cause of the

luminescence is indeed single charged sulfur dimers by combining experimental and theoretical

approaches.

Scapolite is a well-known mineral family forming a solid solution between meionite and
marialite with the archetype (CasAlsSic024CO3) and (NasAl3SisO24Cl) formulations.?* Both
compounds are reported as crystallizing in the 14/m space group.?>?® Namely, the aluminosilicate
framework of scapolite is constructed from rings of four tetrahedra (Fig. 1a). These rings are
stacked along the c-axis and connected to each other by four units of two edge-sharing tetrahedra
pillars to form infinite '/«[(Al,Si)12024] ribbons (Fig. 1b). These ribbons condense to give rise to
a 3D structure with oblong and square tunnels (Fig. 1¢) that host alkali or alkaline earth atoms and
chlorine atoms or carbonate groups, respectively. In marialite species, chlorine atoms are located

at the centre of [Na4] squares (Fig. 1d).



Fig. 1. Details of marialite structure with a) the stacking of rings of four tetrahedra along the c-
axis, b) ribbons of infinite [(Al,S1)12024] units, ¢) condensed ribbons defining the aluminosilicate
skeleton and d) filling of cavities by alkali or alkali earth cations (orange) and chlorine or carbonate
anions (green). According to Sokolova et al.?’, dark blue tetrahedra would be fully occupied by

Si** while light blue tetrahedra would be a mixed site between Si* and AI*",

The luminescence in scapolite was described in 1930s with a remarkable vibronic structure
revealed even at room temperature.’®* In 1964, a strong resemblance with luminescence spectra
of alkali halides (e.g. NaBr and KBr) containing (O2)" centers was noticed for intentionally S doped
materials. Similar-looking emission in alkali halides is then assigned by analogy to (S2) species
deemed to exhibit similar (but energy shifted) characteristics.!*> This assumption was further

substantiated, however without proved when scapolites annealed in presence of sulfate and sulfite



revealed an increase of the luminescence probably caused by reduction of these molecular ions
into (S2).!° In an attempt to determine the location of (S2)” within the scapolite structure, one single
set of electron paramagnetic resonance analyses concluded that the S-S pairs would lie along the
diagonal of the previously described Na4 square planes which turns out to be incorrect (see SI).*
Burgner gave in 1978 the first precise description of the vibronic structure at low temperature
(4.2K) and suggested that (S2)” species were in quite good agreement with simple harmonic
oscillator calculation only building on an initial assumption.'? In parallel, investigations conducted
on luminescent sodalites'®> concluded that the vibronic structure corresponds to single charged (S:)
dimers elongation mode. Then, due to the fact that scapolite and sodalite are aluminosilicates with
cages that can trap (S2) dimers, it was tempting to associate the same center to the related emission

in scapolite.

However, once again, conclusions were limited to analogies with other, very different materials,
doubts remain on the exact species of the emitting center and no definitive proof has ever been
proposed. In addition some scapolites are also reported as photochromic materials,'! with a
reversible color change from colorless to deep blue under UV-excitation (e.g. Aexe = 254 nm). The
origin of this property is often related to the presence of (S2) centers by comparison with other

aluminosilicates (sodalite, tugtupite, ...)*!"?

in which yellow-orange luminescence is also
observed with similar characteristics.*> Hence, unravelling the origin of the luminescence in
scapolite could be an indirect progress in the study of its photochromism. In that context, we
embarked on the elucidation of the luminescence property observed in natural gems and synthetic

NasAl3Si9024Cl:S powdered materials. They were prepared following Almeida et al.>*

protocol;
namely, SiO; (Alfa Aesar, 99.8%), Al,Os (Fluka, p.a.), Na2O issued from decarbonatation (900°C,

air, 15 min) of NaCOs3 (Prolabo, 99.5%), NaCl (Alfa Aesar, 99.999%) and Na,S (Sigma-Aldrich,



>97%) were mixed together in the 18:3:3:4:0 (no S doping) and 18:3:3:1.6:0.2 (0.24 at% S-doped
material) molar ratio for samples hereafter labeled P1 and P2, respectively. Synthetic scapolites
were prepared under high pressure (1.5 GPa) and high temperature (975°C) for 48h following the
method described by Morizet et al.>® The return to ambient conditions was carried out by cutting-
off the electric power and doing an isobaric quench. Sulfur was introduced in small amounts (i.e.
0.24 at%) to avoid moving out of the stability field of marialite. From the refinement of the X-ray
diffraction patterns of samples P1 and P2, scapolite (marialite) was systematically observed with
concentrations up to 60 wt%. Impurities were SiO2, Al2O3, NaCl unreacted precursors, and
NaAlO; and NaAlSi3Og sub-products. A natural sample N1 was considered as representative of a
batch of ten Afghan gems. EDX analyses of N1 yielded the following atomic percentages: Na:9.19,
Ca:0.35,K:1.13, AL:7.95, Si:23.17, 0:55.15, ClL:2.61, S:0.45. These are very close to the expected
marialite composition. Room temperature luminescence spectra of N1, P1 and P2 excited at 390

nm are gathered in Fig. 2.
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Fig. 2. Emission spectra of the N1 natural scapolite (black), and the undoped P1 (red) and sulfur-
doped P2 synthetic scapolites (blue) collected at room temperature.



Clearly, the S-free synthetic P1 sample does not give rise to detectable luminescence. At the
opposite, samples P2 and N1 exhibit the same emission spectrum characterized by a wide feature
ranging approximately from 475 to 730 nm in which a well-defined vibrational structure can be
observed. This observation fully supports the facts that 1) sulfur dopant is indeed responsible for
the yellow-orange luminescence in scapolite, as already documented in the literature'?, ii) the
sulfur species is a priori the same in P2 and N1, ii1) impurities in trace amounts in N1 (See
Electronic Supporting Information, ESI) do not impact the optical properties. Absorption and

excitation spectra of sample N1 at room temperature are given in Fig. 3.
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Fig.3. Experimental Kubelka-Munk transformed diffuse reflection spectrum (dotted line) and
excitation spectrum (black) of N1 and simulation (TD-DFT) of the absorption of (S2) (red), (S2)*
(grey), (S3)" (blue) and (S3)* (orange) species placed in the sodium cage planar environment.

The N1 excitation spectrum collected at the emission maximum shows a broad band peaking at
390 nm (3.18 eV). Another band at 285 nm (4.35 eV) has been recorded but is not presented in
Fig. 3. To shed light on the absorption and excitation spectra, ab initio calculations were initiated
on [NasS:]**, [NasS2]*", [NasS3]*" and [NasS;]** clusters cages. To account for the interactions

potentially felt by the clusters with respect to the outside atoms present in the true scapolite, a



Polarizable Continuum Model (PCM)***” has been added to our simulations. Clusters have been
optimized and checked to be at a minimum on the potential energy surface (frequency calculations)
using the global hybrid PBEO together with the triple-{ Def2TZVP basis set at their ground
states.’® " All the computations have been performed using the Gaussian 16 (see ESI) suite and
the post-treatments to plot spectra have been realized with the VMS package developed by Barone
and co-workers.*!' TD-DFT computations were performed on the relaxed ground state geometries
and the related spectra are depicted in Fig. 3 for (S2), (S2)*, (S3)” and (S3)* species. The excitation
spectrum of N1 is accounted for by (S2) species. To a lesser extent (S2)> or (S3)*" can be discarded
since their absorption bands are too far away from the experimental one. It is worth mentioning
that the absorption band of (S3)™ trimer centered at 594 nm (2.09 eV) superimposes quite well with
the photo-generated absorption band at 628 nm (1.97 eV) giving the blue color to scapolite. From
the emission spectrum collected at 77 K (Fig. 4), the separation between almost equidistant lines
is determined at ca. 70 meV (565 cm™) (see ESI) and this corresponds to a vibrational mode of the
ground state of the activator. This value fits the computed one (Vss = 580 cm™!, upon a scale factor

of 0.95).
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Fig.4. Experimental emission spectrum of N1 (dash black) collected at 77K and simulation of
the emission of pure [S2]” (green) and [NasS:]** (orange) models. The frequency used in the
vibronic calculation was 580 cm™! for to the simulated S-S stretching. Green and orange curves
were shifted to fit the experimental maximum by 1130 and -1470 cm™, respectively.

This specific vibration is not detectable by either Raman or infrared spectroscopies, as it is
superimposed with a wide band arising from the host lattice*>** (see ESI). Nevertheless, under the
assumption of isolated (Sn)* polyanions, the Steudel law** stipulates that S-S distances and S-S

vibrational frequencies are linked via eq. 1 and 2 for dimers and (S,)* (n>2), respectively.
dss (A)=2.57-9.47x10* vss (cm™) Eq. 1
dss (A) =2.53 - 1.041x1073 vs5 (cm™) Eq. 2

On this basis, the S-S distances associated to a vibrational frequency of 565 cm™ would be 2.03
A for a S, dimer and 1.94 A for a S, oligomer with n > 2. For (S2)* the distance would match
satisfactorily with (S2)” entities in CuS, *** (Cu*(S2)7; ds-s = 2.03 A). By contrast regular (S2)*

pairs as observed in Na»S» %’ or FeS, give rise to S-S distances of about 2.15 A, too long. (S2)°



molecules have calculated distances calculated at ca. 1.90 A*® which is too short. For (Sn)* (n>2),
the calculated distance could only be attributed to (S3)° trimers with interatomic distances of 1.92
A% The (S3) and (S3)* entities are characterized by higher interatomic distances of 2.02 A,>° and

2.08 A4

Simulations of the luminescence properties have been performed using the Adiabatic Shift
Paradigm.’'>* This approach demonstrated its accuracy when dealing with small to large rigid
structures>*>>. The simulated spectra together with the experimental one are given in Fig. 4. As
demonstrated, the experimental and the simulated spectrum of the [NasS>]*" and [S2]” moieties are
in very good agreement. Indeed, both the shape and the energy (i.e. wavelength) of the simulated

spectrum nicely reproduce the experiment. On-the-contrarythe-simulated speetrum-ofNasS:}* s

n—Furthermore, the

relaxed (ground state) S-S bond length, 10% shorter in [NasS;]** (2.00 A) than in [NasS:]*" (2.15
A), demonstrates that the (S2)” dimer (2.03 A experimental distance) is the most likely emission
center. Further the 565 cm™ vibronic frequency can be assigned to the S-S symmetrical stretching
perpendicular to the [Na4] cluster cage. Moreover, the analysis of the vibronic calculation
demonstrates unambiguously that the nature of the vibrational pattern involves a S> vibration. At
this stage, one should mention that we were unable to stabilize any excited state of the (S3)” and
(S3)* species trapped into the sodium cage to simulate their emission. Emission of (S3), if it exists,
should take place at wavelengths much higher than 600 nm (emission expected at lower energy

than excitation) and could not be accounted for by experimental observations.

To sum up, our simulations demonstrate unambiguously that a formal (S2)  anion at the center of
the Na cage is favored to explain the yellow-orange luminescence properties of scapolite compared

to a formal (S2)*” moiety. Within the limit of the method, simulations satisfactorily account for the

10



emission peak shape and its structured features, as well as the excitation spectrum. Thus, it is now
experimentally and theoretically established that the yellow-orange luminescence of scapolite is
caused by a sulfur dimer perpendicular to the Na cage, with a formal charge of one electron (S.).
Concerning the possible coupling with the photochromic property, (S3)” absorption corresponds
satisfactorily with the photo-generated absorption band. Thus, inserting sulfur species capable to
photo-ionize into (S3) could be a way to induce photochromism. However, (S3)” has already been
observed to be stable in other related aluminosilicates like lazurite®® and, to the best of our
knowledge, has never been described as metastable in such materials. This assumption requires

further analyses to be substantiated.
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