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Abstract

:

The article describes the results of a comprehensive study of the extra-framework components of scapolites using quantum–chemical calculations, electronic and vibrational spectroscopy, and single-crystal X-ray diffraction and crystal structure refinement. The ab initio calculations were performed using an embedded-cluster approach of extra-framework components in various cation surroundings. As a result, through comparing the experimental and ab initio calculation results, the energies of the electronic and vibrational transitions of various extra-framework components (CO3)2−, (CO3)  · −  ,   S 3  · −   ,   S 2  · −   —as well as the role of these components in the process of the lowering of the symmetry—were determined for scapolites belonging to the marialite–meionite solid–solution series. The nature of the various colors of the scapolites has also been established. Colors from purple to blue are a result of the presence of radiation-induced pairs of defects: carbonate radical anions (CO3)  · −   and F-centers. However, polysulfide   S 3  · −    radical anions are found in some violet scapolites.
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1. Introduction


Scapolite-group minerals (scapolites) are tetragonal tectosilicates with aluminosilicate frameworks (Al6−3Si6−9O24) that host [(Ca,Na)4(CO3, Cl, SO4, Cl)] cation–anion clusters. They form a solid–solution system in which marialite, Na4(Al3Si9O24)Cl, meionite, Ca4(Al6Si6O24)(CO3), and silvialite, Ca4(Al6Si6O24)(SO4), are the end-members belonging to the space group   I 4 / m  . Intermediate members of this solid–solution system may have a lower symmetry (as a rule, space group   P  4 2  / n  ; rarely   P 4   or   P 4 / m  ) [1,2,3,4,5,6,7,8,9].



In the crystal structures of scapolites, Si and Al are partly ordered. Despite the fact that Al-O-Al fragments tend to be unfavorable in aluminosilicate frameworks, it has been speculated that the highly charged [Ca4(CO3)]6+ clusters may stabilize such local situations [1]. The most common subordinate components in scapolites are K+, Fe3+, and H+; some other elements (Mg, Sr, F, etc.) occur in minor amounts [10]. In S-poor scapolites containing a meionite component comprising more than 25%, the main replacement schemes are Na3Si2Cl→Ca3Al2(CO3) and NaSi→CaAl in solid–solution series with ordered and disordered extra-framework [(Ca,Na)4(CO3,Cl)] clusters, respectively [1].



The minor deficiency of extra-framework metal cations as compared to the ideal value of four atoms per formula unit (apfu) and the presence of hydrogen are rather common for scapolites [10]. However, the role of hydrogen in these minerals has remained insufficiently studied for a long time.



Scapolites are important components of many different kinds of metamorphic and metasomatic rocks. Geological and geochemical studies of marialites were recently performed, as presented in [11]. Some varieties of these minerals may serve as indicators of physical and chemical conditions of ore formation. Gem-quality marialite (colorless, yellow, violet, and lilac) is known to be found in some alkaline metasomatites that are hosted by marbles [12,13,14,15]. Despite the long-term study of scapolites, the nature of their color remains unclear. It has been established that colored marialites and blue meionites often become discolored when they are heated above 400–450 °C [12,16,17,18]. On the other hand, their color is restored by X-ray irradiation [12,16,18,19], as well as by short-wave ultraviolet irradiation; in our opinion, it is not entirely correctly to call this photochromism [14,20,21,22]. It is obvious that the color of scapolites is associated with radiation-induced defects. However, the nature of these defects remains controversial. In some studies [12], it is assumed that the color is associated with   SO 2  · −   ,   SO 3  · −    radical anions, and Mn3+ [23]; meanwhile, other studies, such as [19], purport that it can be attributed to O·− radical anions. Additionally, the potential role of F-centers in the blue coloration of scapolites was discussed in [22]. In another work [16], it was assumed that carbonate radical anions act as blue chromophores. Later, this was confirmed in a subsequent study [18], and the exciton mechanism for the occurrence of such defects was established.



The luminescence of scapolites has also been studied in a number of studies. The characteristic orange luminescence is associated with   S 2  · −    centers [24,25,26]. It has also been established that luminescence of Fe3+ can be observed in the red spectral region [16], and the luminescence of Mn2+ can be observed in the green region of the spectrum [18].



In this work, the extra-framework components in scapolites of different origins, including their color and luminescence centers, as well as the roles of hydrogen in these minerals, were studied. The studies were conducted using a set of methods including infrared (IR), Raman, electron spin resonance (ESR), UV–Vis–near-IR absorption and photoluminescence spectroscopy, and electron microprobe analysis. Impurity centers were identified based on the comparison of the experimental data with the results of ab initio quantum–chemical calculations.




2. Materials and Methods


2.1. Samples


The studied samples are listed below. Data on their chemical compositions, based on electron microprobe analyses, are given in Table 1. The contents of H3O+ and (CO3)2− in the empirical formulae were calculated based on the charge-balance requirement under the condition that the number of extra-framework cations per formula unit (pfu) is equal to 4. The presence of H3O+ and (CO3)2− in the studied samples was confirmed by IR and Raman spectroscopy (see below). Samples 3614, 2386, 250, 1366, and 418 are from the collection of one of the co-authors (N.V.C.). Sample 54,413 is deposited in the Fersman Mineralogical Museum of the Russian Academy of Sciences, Moscow. Sample 11/446 is from the Sidorov Mineralogical Museum of the Irkutsk National Research Technical University. Sample S-22 is from the collection of one of the co-authors (A.A.Z.).



Sample 3614 (Figure 1a) is lilac prismatic crystal of marialite from the Kukurt gem scapolite deposit, Muzkol metamorphic complex, Eastern Pamirs, Tajikistan. The mineral originates from a cavity in hydrothermal vein mainly composed of marialite and albite with subordinate amounts of rutile, titanite, and ilmenite [12]. The empirical formula of Sample 3614 is:



(H3O, H+)0.37Na3.10K0.16Ca0.33(Si8.77Al3.18  Fe 0.05  3 +   O24)Cl0.98(CO3)0.04.



Sample 2386 (Figure 1b) is a transparent, gem-quality yellow Ca-bearing marialite from the Kukurt deposit. The empirical formula of this sample is:



(H3O, H+)0.43Na2.24K0.28Ca1.05(Si8.15Al3.79  Fe  0.06   3 +   O24)Cl0.76(CO3)0.15(SO4)0.07.



Sample 250 (Figure 1c) originates from the Morogoro marble occurrence, Uluguru Mts., Tanzania. It forms a transparent yellow prismatic crystal as a result of association with feldspar and corundum. The chemical composition of Sample 250 corresponds to the following empirical formula:



(H3O, H+)0.30Na2.25K0.25Ca1.14(Si8.16Al3.78  Fe  0.06   3 +   O24)Cl0.75 (CO3)0.12F0.11(SO4)0.07.



Sample 1366 (Figure 1d) is a pale-green prismatic crystal of SO4− and F-bearing meionite from the Kanku skarn phlogopite deposit, Aldan Region, Sakha Republic, Russia. The associated minerals are calcite, F-rich phlogopite, fluorapatite, diopside, and spinel. The empirical formula of Sample 1366 is as follows:



(H3O, H+)0.28Na1.10K0.15Ca2.53(Si7.11Al4.82  Fe  0.07   3 +   O24)(CO3)0.45(SO4)0.21Cl0.14F0.24.



Sample 418 (Figure 1e) is violet–blue meionite (“glaucolite”) from the Slyudyanka river valley, Slyudyanka district, Baikal Lake Region, Siberia, Russia.



Sample 54,413 studied by us earlier [27] is a violet–blue “glaucolite” similar to Sample 418. It forms a coarse-grained nest (8 cm across), rimmed by phlogopite, in calcite marble. The empirical formula of Sample 54413 is as follows:



(H3O, H+)0.08Na1.51K0.05Ca2.36(Si7.19Al4.81O24)(CO3)0.645(SO4)0.01Cl0.16.



Sample 11/446 (Figure 1f) was partly studied earlier [18]. It occurs as an aggregate of violet–blue translucent individuals up to 5 × 3 mm in association with yellow mica. The empirical formula of Sample 54,413 is as follows:



(H3O, H+)0.17Na0.68K0.02Ca3.13(Si6.60Al5.40O24)(CO3)0.625(SO4)0.16Cl0.08.



Sample S-22 originates from the Turakuloma range, Eastern Pamirs, Tajikistan. A similar sample has been studied in [12,23]. The empirical formula of Sample S-22 is as follows:



(H3O, H+)0.07Na2.50K0.18Ca1.25(Si8.17Al3.82O24)(CO3)0.13(SO4)0.02Cl0.77



Sample Sh-1 is marialite from the Kukurt deposit. It was chosen for single-crystal X-ray structure analysis after testing the symmetry of 10 marialite samples from this locality. The testing procedure showed that samples with Ca contents below 0.9 apfu belong to the space group   I 4 / m  , whereas all samples with higher Ca contents have lower symmetry (space group   P  4 2  / n  ). The empirical formula of Sample Sh-1—derived based on electron microprobe analyses with a JCXA-733 device, produced by JEOL (Tokyo, Japan), equipped with an EDS spectrometer and an INCA Energy 350 analyzer (Oxford, UK)—is as follows:



(Na2.8Ca1.0K0.2)[(Si8.3Al3.7)O24]Cl0.75(CO3)0.25.




2.2. Analytical Methods


In order to obtain infrared (IR) absorption spectra, powdered samples were mixed with anhydrous KBr, pelletized, and analyzed using an ALPHA FTIR spectrometer (Bruker Optics, Karlsruhe, Germany) at a resolution of 4 cm−1 in Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry, Russian Academy of Sciences. A total of 16 scans were collected for each spectrum. The IR spectrum of an analogous pellet of pure KBr was used as a reference.



The Raman spectra of the natural samples were obtained for randomly oriented grains using an EnSpectr R532 spectrometer based on an OLYMPUS CX 41 microscope (Enhanced Spectrometry, San Jose, CA, USA) coupled with a diode laser ( λ  = 532 nm) at room temperature in Faculty of Geology, Moscow State University. The spectra were recorded in a range from 100 to 4000 cm−1 with a diffraction grating (1800 gr mm−1) and spectral resolution about 6 cm−1. The output power of the laser beam was in the range from 5 to 13 mW. The diameter of the focal spot on the sample was 5–10 μm. The back-scattered Raman signal was collected with a 40× objective. The signal acquisition time for a single scan of the spectral range was 1 s, and the signal was averaged over 50 scans. Crystalline silicon was used as a standard. Raman spectrum of Sample S-22 was registered using a Horiba LabRam HR800 Evolution instrument equipped with an Olympus BX-FM confocal microscope in Zavaritsky Institute of Geology and Geochemistry, Ural Branch of the Russian Academy of Sciences. An argon laser with a radiation wavelength of 488 nm and a laser power of 5 mW was employed. A 50× objective lens with a numerical aperture of 0.7 was used. The acquisition time was 100 s with 2 accumulations per spectral segment. The spectra were recorded using a diffraction grating of 1800 gr/mm and an electrically cooled charge-coupled device detector.



The EDS-mode electron microprobe analyses were carried out on an analytical suite including a digital scanning electron microscope (Tescan VEGA-II XMU) equipped with an energy-dispersive spectrometer (EDS) (INCA Energy 450) with a semiconducting Si(Li) detector (Link INCA Energy) and a wave-dispersive spectrometer (WDS) (Oxford INCA Wave 700, produced by Tescan Orsay Hld., Brno, Czech Republic in Faculty of Geology, Moscow State University). The analyses were performed at an accelerating voltage of 20 kV, with a current of 120–150 pA and a beam diameter of 120 nm. The diameter of the excitation zone was below 5 μm. The following standards were used: CaF2 for F, albite for Na, synthetic Al2O3 for Al, wollastonite for Ca, potassium feldspar for K, SiO2 for Si, Fe metal for Fe, and FeS2 for S. The contents of other elements with atomic numbers > 6 were below the detection limits.



The absorption spectra in the near-infrared, visible, and ultraviolet (NIR/Vis/UV) ranges were measured at room temperature using a Lambda 950 spectrophotometer (Perkin-Elmer, Shelton, CT, USA). The ESR spectra were measured with a RE-1306 X-band spectrometer (KBST, Smolensk, Russia) with a frequency of 9.3841 GHz at room temperature. The photoluminescence spectra were measured using an LS-55 spectrofluorimeter (Perkin-Elmer, Shelton, CT, USA) at room temperature. Photoluminescence excitation spectra were corrected for the varying intensities of excitation light. The spectroscopy experiments were performed in Vinogradov Institute of Geochemistry SB RAS.



The X-ray diffraction were collected at room temperature on a XtaLAB Synergy diffractometer with a graphite monochromatized Mo  K α   radiation source ( λ  = 0.71073 Å) and a Hybrid Pixel Array detector in Laboratory of Arctic Mineralogy and Material Sciences, Kola Science Center, Russian Academy of Sciences. Unit cell parameters were determined and refined, and data were integrated and corrected for background, Lorentz, and polarization effects using the CrysAlis software, version 1.171 [28]. The tetragonal unit cell parameters were as follows:   a = 12.0457 ( 3 )   Å,   c = 7.5683 ( 1 )   Å;   V = 1098.15 ( 4 )   Å3. A total of 14,211 reflections within the sphere delimited by  θ  = 30.96° were measured. Systematic absences violate the I-centering indicated the most likely space group was   P  4 2  / n  , which was finally chosen for the refinement. The crystal structural data, the experimental characteristics, and the results of the refinement of the structure of Sample Sh-1 are given in Table S1. The crystal structure of Sample Sh-1 was determined and refined using the JANA2006 program [29] to the final R value of 3.1% using 1204 reflections with   I > 3 σ ( I )   in the anisotropic approximation of atomic displacements. Because of the complex chemical composition, the cation distribution on the structural sites (Table S2) was proposed taking the site-scattering factors, inter-atomic distances, and ionic radii of the cations into account: at the first step, the number of electrons associated with the atoms at the site (  e  c a l c   ) [30] was determined; at the second step, for each value of   e  c a l c   , the most suitable ratio between the atoms with the closest final refined amount of electrons (  e  r e f   ) was selected and the atoms’ coordinates and ADPs were refined.



Table S2 lists the fractional atomic coordinates, occupancy, site symmetry, and equivalent isotropic atomic displacement parameters (  U  e q   ). The selected inter-atomic distances are given in Table S3.




2.3. Computation Methods


The procedure of calculation was divided into two steps: the first step was geometry relaxation of scapolite unit cells containing studied complexes under periodic boundary conditions and the second step involved the calculation of electronic, optical, and vibrational properties with an embedded-cluster approach. The periodic boundary calculations for the F-center, carbonate, and polysulfide radical anions ((CO3)2−, F-center,   S 2  · −   ,   S 3  · −   ) were implemented in VASP simulation package [31]. The calculations were performed on an “Academician V.M. Matrosov” computational cluster [32]. The (CO3)  · −   was optimized with the use of the CP2K [33] software package. The PBEsol [34] functional was used in both codes as an approximation for the exchange-correlation term in the Hamiltonian. In VASP, the chosen cutoff energy for the plane wave basis set was 400 eV. In CP2K, we used standard DZVP-MOLOPT-PBE-GTH basis sets with GTH-PBE potentials. The atomic positions were optimized with 0.01 eV/Å stop-criteria for forces. The lattice vectors were fixed at their experimental values (  a = b = 12.060   Å,   c = 7.587   Å). The complexes were modeled within different Na  4 − x  Cax environments for x ranging from 0 to 4. The charge compensation for Na-Ca replacement was preserved through Si-Al replacement.



The IR, Raman, ESR, and optical properties were calculated within the ORCA program package [35]. Structural information required for this step was taken from VASP/CP2K optimization results, and complexes were modeled using an embedded-cluster approach [36]. An example of embedded cluster is presented in Figure 2. The inner region I is the quantum cluster for which electron paramagnetic resonance, optical absorption, and vibrational properties are calculated. It contains the calculated species (F-center, (CO3)2−, (CO3)  · −  ,   S 2  · −   ,   S 3  · −   ) and the Na/Ca ions nearest to them in a total of four–eight atoms. The quantum cluster is surrounded by region II, where point charges with effective core potentials (ECP) are added. The ECP region is used to prevent charge leakage from the quantum cluster. The size of the ECP region is approximately 400 point charges. The ECP area is surrounded by a region of point charges, which is used to represent the electrostatic filed of the crystal. The molecular orbitals within the quantum region were represented using Gaussian basis set def2-tzvp. The Stuttgart/Dresden (SDD) potentials were used within the ECP region. The point charges in the ECP and PC areas were as follows:   − 2   for O,   − 1   for Cl,   + 1   for Na,   + 2   for Ca,   + 3   for Al,   + 4   for Si, and   + 4   for C. For the polysulfide species, the point charges for S were selected in order to obtain   − 1   for the modeled species. The hybrid B3LYP [37] exchange-correlation functional was used. The optical properties were calculated using TDDFT method without Tamm–Danncoff approximation. For vibrational properties calculation, the positions of the Na/Ca ions were fixed and the partial hessian was calculated. The calculations were performed at 0 Pa pressure and 0 K temperature.





3. Results


3.1. Ab Initio Calculations


3.1.1. (CO3)2− and (CO3)  · −   Groups


The (CO3)2− group is the dominant extra-framework anion in meionite. It is usually surrounded by four Ca2+ cations. However, other options are also possible, which can generally be written as   Na x    Ca  4 − x   , where   x = 0 – 4   [4]. In this case, charge compensation is achieved by varying the ratios of silicon–oxygen and aluminum–oxygen tetrahedra. The geometry of the   Na x    Ca  ( 4 − x )     ( 8 − x ) +  (CO3)2− complex has been optimized for all possible Ca:(Na+Ca) ratios. The geometric parameters are given in Table 2.



The calculated vibrational modes of (CO3)2− are given in Table 3. The most intense bands in the IR absorption related to asymmetric strengthening vibration are shifted to the higher region and located in the range of 1464–1538 cm−1, depending on the cation environments. The lowest wave number of 1464 cm−1 is observed for the (Na4)4+(CO3)2− cluster. In the case of the Ca cluster (Ca4)8+(CO3)2−, the asymmetric stretching vibration band is located at 1524 cm−1. The highest wave number of 1538 cm−1 is found for the (Na2Ca2)6+(CO3)2− environments. The asymmetric stretching mode of the non-distorted (CO3)2− group is the degenerate mode. The splitting of this band into a doublet in the range of 1370–1540 cm−1 is attributable to the significant distortion of this group in the scapolite structure. The degenerate bending mode in the region of 660–780 cm−1 also has high splitting due to the significant distortion.



The absorption spectra of (CO3)2− anions were calculated for different Na/Ca ratios (Figure 3a). The main electronic transitions are in the region of 5.4–8.5 eV. As the proportion of sodium increases, the energy corresponding to transitions from the ground b2 to the excited b1 state decreases. Thus, if (CO3)2− is coordinated by four Ca, the energy of the b2→b1 transition is about 7.0 eV, whereas in the case of coordination by four Na, it decreases to 5.4 eV.



Under excitation of these bands at temperatures below 120 K, luminescence in the region of around 3.1 eV is observed, and it is associated with the radiative decay of exciton-like excitations near the carbonate anions (CO3)2−. At temperatures above 120 K, the luminescence intensity in the region of around 3.1 eV decreases. Concurrently, an absorption band appears in the interval 1.7–2.5 eV, which is associated with the carbonate radical anion (CO3)  · −   [18].



The electronic and vibration transition energies of the carbonate radical anion (CO3)  · −   are calculated. The geometry of the carbonate radical anions in different cation environments is given in Table 4.



Table 5 shows the energies of electronic transitions in the (CO3)  · −   radical anion, which lie in the range from 1.7 to 2.2 eV. The calculated absorption spectra are given in Figure 3b. Additionally, the presence of an unpaired electron leads to the appearance of an ESR signal. The components of the g-factor tensor are also provided in the table. The components of g-tensor are   g  z z    = 2.016–2.023,   g  y y    = 2.012–2.016, and   g  x x    = 2.007.



The calculated parameters of Raman bands are given in Table 6. (CO3)  · −   radical anions have a low oscillator strength in the IR absorption spectra. However, in the Raman spectra, active symmetric modes are observed in the region of 1063–1190 cm−1. The first component of asymmetric doublet is in the range of 1121–1216 cm−1. The second component of the doublet is located in the range of 1168–1242 cm−1.




3.1.2. F-Centers


As noted above, the non-radiative decay of exciton-like excitations occurs with the formation of a pair of defects—a hole (CO3)  · −   radical anion and an electronic defect, which is most often an F-center. An F-center refers to a vacancy of a halogen anion (chlorine or fluorine) that has captured an electron. In this case, metal clusters of the form of (NaxCa  4 − x  )  ( 7 − N ) +   are formed.



F-centers have absorption bands in the visible region at the spectrum, ranging from 2.47 to 2.85 eV. The position of the bands varies slightly depending on the ratio of sodium to calcium in the cluster. The excited state of the F-center is triply degenerate; therefore, one–three absorption bands can be observed in the absorption spectrum. The presence of an unpaired electron localized on an anion vacancy also leads to the appearance of an ESR signal. Its isotropic g-factor is given in Table 7 along with the position of the lowest energy absorption band, which lies in the region of 2.0005–2.0001. The excited state of F-center has p-like nature and it is triply degenerate. Therefore, two or three bands could be observed in the absorption spectra of the F-center when its environment has low symmetry.




3.1.3. Polysulfide Radical Anions


The   S 3  · −    radical anion is another well-known blue chromophore in microporous compounds [38]. It causes blue coloration in afghanite, kyanoxalite, marinellite, lazurite, and haüyne [39]. The presence of such radical anions has not yet been reliably detected in scapolites, but their presence is possible in high-temperature sulfur-containing scapolites [40]. The calculated geometrical parameters of the   S 3  · −    radical anion in different cation environments are given in Table 8.



In this work, the energies of vibrational and electronic transitions were calculated from first principles. The results of the calculations of the electronic transitions are given in Table 9. The absorption band responsible for the blue color has a maximum in the region of 2.34 to 2.45 eV. Its position changes slightly depending on the ratio of sodium and calcium in the environment of the   S 3  · −    radical anion. The calculated g-factor values are also shown in the table. The values of the   g  x x    component lie in the region of 2.0015–2.0020,   g  y y    in the region of 2.0359–2.0408, and   g  z z    in the region 2.0497–2.0600.



Table 10 shows the calculated positions of the bands in the Raman spectrum associated with   S 3  · −   . The most intense band in the Raman spectra is observed in the region of 593–597 cm−1, depending on the   S 3  · −    environment.



Another sulfide radical anion found in scapolites is   S 2  · −   . Table 11 shows the calculations of the positions of the absorption band and the g-factor for   S 2  · −    in different environments of Na and Ca. Depending on the environment, the maximum of the absorption band associated with transitions from the ground state   b  2 u    to the excited state b  2 g   changes in the region from 3.25 to 3.45 eV. The table also shows the g-factor values for   S 2  · −   . The g-factor values lie in the interval 2.20–2.08.



The calculated vibrational modes active in the Raman spectra are given in Table 12. According to calculations, the position of the most intense band in the Raman spectra is in the region of 619–630 cm−1, depending on the cation environment of the   S 2  · −    radical anion.





3.2. Experimental Results


3.2.1. Crystal Structure


The low-symmetrical (space group   P  4 2  / n  ) crystal structure of Sample Sh-1 contains three non-equivalent tetrahedral sites forming an aluminosilicate framework (Figure 4). According to the well-known empirical correlation for the aluminosilicates framework [41], the occupancy of the tetrahedral sites is estimated based on the <  T −  O> distances. The   T 1   site, which is characterized by the shortest mean   T 1 −  O distance of 1.608 Å (Table S3), is completely occupied by Si atoms. The   T 2   site is characterized by a <  T 2 −  O> distance of 1.635 Å and is occupied predominantly by Si with an admixture of Al with a Si:Al ratio of 3:1. The   T 3   site with the largest <  T 3 −  O> distance of 1.695 Å is occupied predominantly by Al atoms (Al:Si = 13:7).



The extra-framework cationic M site is occupied by Na (2.8 apfu), Ca (1.0 apfu), and K (0.2 apfu) atoms. The extra-framework anionic A site is predominantly occupied by Cl. However, based on the Fourier residual electron density map (Figure 5), it is possible to localize the oxygen atoms of the (CO3)2− group, the presence of which is also in good agreement with the chemical composition, taking into account the well-known correlation for scapolites, Na3 + Si2 + Cl <=> Ca3 + Al2 + CO3 [3,42]. Due to the presence of Ca2+, which occupies   1 / 4   of the in the M site, the A site is also   1 / 4   occupied by the carbon atom of the (CO3)2− group, which is disordered due to the action of the four-fold axis (Figure 5). Thus, the refined occupancy of the A site is Cl0.75(CO3)0.25. The oxygen atoms belonging to the carbonate anion are characterized by the <C–O> distance of 1.312 Å and in accordance with the site multiplicities have an occupancy of 0.1875 (Table S2).




3.2.2. Infrared Spectroscopy


IR spectra of the studied samples are given in Figure 6. The assignment of the IR absorption bands has been made based on our previous data [27] and the results of the ab initio calculations Table 3.



No detectable bands are observed in the IR spectra above 1600 cm−1. The doublet in the range of 1420–1540 cm−1 corresponds to the asymmetric stretching vibrations of the (CO3)2− anion (degenerate mode). A large splitting of this band indicates a strong distortion of the CO3 triangle. The shoulder at 870 cm−1 in the IR spectrum of Sample 1366 with the highest content of carbonate groups is related to the non-degenerate out-of-plane bending mode of (CO3)2−.



Bands in the ranges of 1000–1200, 540–760, and 410–460 cm−1 correspond to   T −  O stretching, O  − T −  O bending, and   T −  O  − T   bending vibrations of the aluminosilicate framework (T = Si, Al). Bands of admixed (SO4)2− groups are not observed in the IR spectra because of their overlapping with strong bands of the framework.




3.2.3. Raman Spectroscopy


Raman spectra of scapolites are more informative than their IR spectra. Raman spectra of the studied marialite and meionite samples are given in Figure 7 and Figure 8, respectively. The assignment of the Raman bands has been made based on our previous data [27,43] and results of the ab initio calculations.



All Raman spectra obtained in this work contain series of bands in the range of 1480–3300 cm−1 which are typical for hydrated proton complexes, including hydronium cation H3O+ or the complex H2O  · · ·  H+, involved in extremely strong hydrogen bonds [43]. The strongest bands in this region are observed in the Raman spectrum of Sample 2386, which has a hydrothermal origin and is characterized by a significant deficiency of extra-framework metal cations.



Raman spectra of Sample S-22 are given in Figure 9. The weak bands at 591 and 625 cm−1 are found in the initial sample. After annealing at 950 °C, the intensity of these bands is increased.



Bands in the ranges of 1094–1100 and 985–996 cm−1 are due to symmetric stretching vibrations (non-degenerate modes) of (CO3)2− and (SO4)2−, respectively. As noted earlier [27], the high frequencies of the bands of symmetric stretching vibrations of (CO3)2− anions may be caused by steric hindrances. In the Raman spectra of marialites, this band is broadened which could a result of unresolved splitting due to a diversity of the local environment of the (CO3)2− anion (different combinations of the Ca2+ and Na+ cations: see Table 3). The band at 1098 cm−1 in the Raman spectrum of Sample 1366 corresponds to the local situation [Ca4(CO3)]6+ whereas the lowered wave number of 1094 cm−1 for Sample 54413 may be due to a minor admixture of the [NaCa3(CO3)]5+ clusters.



The band of   T −  O  − T   bending vibrations at 456 cm−1 is overlapping with the strong band of stretching vibrations of the [Na4Cl]3+ cluster; the band in the range of 259–268 cm−1 corresponds to the bending mode of this cluster.



In the characteristic wave number range of the (CO3)  · −   radical anion (1110–1290 cm−1), the bands at 1192 and 1280 cm−1 are observed in the Raman spectra of the studied meionites. The former value is close to the calculated wave number for the local situation [Ca4(  CO 3  · −   )]7+ Table 6.



The band at 294–295 cm−1 is observed in the Raman spectra of samples with detectable contents of F and is absent in the other spectra. Thus, this band is to be assigned to the F− translational mode. Bands in the range of 600–610 cm−1 may be due to stretching vibrations of the   S 2  · −    radical anion [27] (see Table 12). The shoulder at 585 cm−1 in the Raman spectrum of violet marialite (Sample 3614) can be assigned to the   S 3  · −    radical anion, which is a blue or bluish-violet chromophore [27] (see Table 10). All other bands below 900 cm−1 are attributable to the bending vibrations of the framework and the lattice modes, involving the translation and rotation of extra-framework components.




3.2.4. Electronic Spectroscopy of Scapolites


The absorption spectra of various scapolites studied in this work are presented in Figure 10.



The sample of the blue scapolite–glaucolite, Sample 11/446, from Slyudyanka, has a wide asymmetric absorption band in the region of 2.0 eV (Figure 10, curve 1). Three components can be distinguished in the spectrum, with maxima at 1.88, 2.13, and 2.5 eV.



In the absorption spectrum of purple Sample 3614, an absorption band in the region of 2.3 eV is observed (Figure 10, curve 2). It also has a complex structure. In the ESR spectrum of this sample, the highest intensity is a signal consisting of 13 lines located at a distance of about 3.1 mT with a g-factor of approximately 2.002, and a weak band with a g-factor of 2.013 can also be identified (Figure 11a).



Sample 1366 has a bluish color (Figure 10, curve 3). In the absorption spectrum of this sample, a wide asymmetric band in the region of 1.6–2.5 eV can also be distinguished. An ESR signal is observed in the region of 2.015 (Figure 11b) for this sample.



In the absorption spectrum of Sample S-22, a wide band with a maximum in the region of 2.30 eV is observed Figure 12a. When the sample is heated for two hours at a temperature of 950 °C, this band does not completely disappear, unlike other marialites and meionites. The color intensity decreases, and a band with a maximum of 2.40 eV appears in the absorption spectrum. If this heated sample is then subjected to X-ray irradiation, then the original color is partially restored. However, when irradiated with short-wave ultraviolet light from a low-pressure mercury lamp with a wavelength of 254 nm, the sample turns yellow. The intensity of the band in the region of 2.40 eV decreases, and the high-energy edge in the spectrum increases significantly.



In the ESR spectrum of the initial Sample S-22, an intense ESR signal with a g-factor of 2.002, as well as one with 2.018, and a weak signal with a g-factor in the region of 2.051 are observed (Figure 12b, curve 1). In the heated sample, the intensity of the ESR signal with a g-factor of 2.051 increases, and in the sample irradiated with short-wave ultraviolet light from a low-pressure mercury lamp, the intensity of the signal with a g-factor of 2.051 decreases, but an ESR signal with g-factor of 2.017 appears (Figure 12b, curve 2).



In Samples 250, 1366, 418, and S-22, luminescence with a maximum in the region of 580 nm was observed (Figure 13a). The observed luminescence has a vibrational structure characteristic of   S 2  · −    radical anions. The position of the luminescence band weakly depends on the sample. The Figure 13 shows the luminescence spectra for samples of the meionite (Figure 13a, curve 1) and marialite types (Figure 13a, curve 2). Heating at a temperature of 950 °C leads to an increase in the intensity of this luminescence.



The excitation spectrum exhibits an intense band in the region of 3.20–3.40 eV, as well as higher energy bands in the region of 4.30 and 5.15 eV Figure 13b. The position of the maximum of the low-energy band depends on the relation between Cl/CO3. In meionites end-members—for example in Sample 418—this occurs in the highest energy region, at about 3.35 eV. In heated Samples 1366 and 250, the band maximum is in the region of about 3.30 eV. In Sample S-22, the band maximum is located in the region of about 3.25 eV.



In Sample S-22, that was heated and then irradiated with short-wave ultraviolet light, upon excitation in the region of 4.30 eV, a luminescence band with a maximum of 830 nm appears in the near-infrared region (in the inset of Figure 13).






4. Discussion


There is a good agreement between the results of the theoretical calculations and the experimental spectroscopic data obtained in this work. In particular, the carbonate anion tends to be coordinated by calcium ions and chlorine by sodium ions, but the IR absorption spectra show that intermediate local situations also occur in nature.



The tetrahedral frameworks in the crystal structures of scapolite-group minerals is related to the large family of compounds formed by the condensation of the tetrahedral layers with the apophyllite-type (4181) topology [44,45], but this is characterized by the unique sheet of stereoisomerism [46]. A topological analysis of the tetrahedral framework was performed based on a natural tiling [47] (partition of the crystal space by the smallest cage-like units) analysis of the 3D cation nets using the ToposPro software [48]. The natural tiling consists of three natural tiles [52.83]4[42.54]2[42.84] (Figure 14). It should be noted that the tile [42.84] has been found in the framework of DFT type (the type of material is DAF-2, (C2H8N2)2[Co4P4O16] [49]); meanwhile, tile [52.83] is present in the heteropolyhedral   M T  -framework in the crystal structure of seidite-(Ce) [50]. DAF-2 and seidite-(Ce) both belong to 2D and 3D zeolites, with a modulus based on tetrahedral nets with the apophyllite-type topology [45]. This indicates the presence of a topological relation with the scapolite-group minerals.



As noted above, for minerals of the scapolite group belonging to the marialite–meionite series, a direct correlation has been established between the valence of cations at the M site and anions at the A site as well as in the Si/Al ratio [3,42,51]. Thus, from the data of the chemical analyses of the studied samples, it is clear that, with a decrease in the total amount of monovalent cations (Na and K), the content of Cl also decreases proportionally—whereas the amount of (CO3)2− increases.



We observed a decrease in symmetry (to space group   P  4 2  / n  ) for all studied samples where the amount of monovalent extra-framework cations (the sum of Na + K) was 3.1 apfu or less (the minimum value in the studied samples was about 2.7 apfu, and the amount of Ca2+ was 0.9–1.3 apfu); meanwhile, at a sum of Na + K above 3.1 apfu, a high-symmetry space group   I 4 / m   is realized. Thus, we can conclude that the decrease in marialite symmetry to the space group   P  4 2  / n   occurs at relatively high (⩾0.25) occupancies of the M site with calcium and, accordingly, high (CO3)2− contents.



The decrease in symmetry can be explained by the partial occupation of the A site by a disordered carbonate group, as well as by an uneven change in the size of the tetrahedra of the aluminosilicate framework due to the changing Si/Al ratio. This assumption is in good agreement with previously established correlations between the chemical compositions and structures of scapolites from other deposits [4].



The assumption that the carbonate radical anion (CO3)  · −   is responsible for the purple and blue colors of scapolites was made in [16]. However, later, this was questioned in several works [12,19], which suggested that the purple and blue color of scapolites is caused by the presence of O  · −   centers in the halogen position or S  · −   center in the Cl− position [52]. Thus, the mechanism by which such coloring occurs remains unclear.



In [18], it was shown that the observed absorption in the region of 2.000 eV and the ESR signals at 2.018 and 2.011 are associated with the carbonate radical anions. The excitonic mechanism of their formation described above was also proposed. This coloring mechanism is more probable compared to O  · −   centers, as the ionization energy of oxygen complexes is significantly higher than that of the halogen ion [53].



Moreover, in [14,22], it was noted that some scapolites acquire a blue color when irradiated with short-wave ultraviolet radiation, which also indicates the exciton mechanism of defect formation and casts doubt on the connection between the blue coloring and O  · −   anions.



The nature of the color of the scapolites studied in this work is considered. In Sample 11/446, the lower energy bands at 1.88 and 2.13 eV are associated with the a1-b2 transitions in the (CO3)  · −   radical anion, and the higher energy band at 2.50 eV is associated with the absorption of F-centers. Comparing the data with the calculations, we can assume that the formation of such radiation defects most likely occurs in the NaCa3 or Na2Ca2 complexes. Sample 418 has a similar absorption spectrum. Furthermore, in Samples 418 and 11/446, an ESR signal with a g-factor of 2.018-2.020 is observed, which is also associated with the presence of (CO3)  · −   centers [18,27].



In purple Sample 3614, the ESR signal with a g-factor of 2.013 is attributed to the (CO3)  · −   radical anions, while the ESR signal with a g-factor of 2.002 is associated with F-centers surrounded by four 23Na (  J = 3 / 2  ). Thus, the absorption band in the region of 2.30 eV is associated mainly with the absorption of F-centers surrounded by four 23Na ions. The experimental results are well correlated with the calculation Table 7. The amount of (CO3)  · −   radical anions in the purple sample is significantly less than that in the F-centers, which determines the purple color of the sample. In this case, molecular complexes with covalent bond (Cl2)− or (FCl)− can act as hole centers. Their absorption is in the ultraviolet region of the spectrum, so they do not affect the color of scapolites.



In [22], the observed “photochromic” band is also attributed to the combination of (CO3)  · −   and F-centers bands; it cannot be attributed to F-centers absorption only, as was assumed in this article. The authors’ assumption that the wide reflection band is associated precisely with the transition inside the F-center was supported by their ab initio calculations, including the DFT method. In general, our calculation methodology is very similar to that proposed by the authors of [22,54]. This methodology consists of calculating the defect geometry using periodic calculations and the optical spectra using DFT, implemented in the embedded cluster method. Currently, the development of software products has led a situation in which calculation results do not depend on the choice of software package. However, the calculation results very much depend on the choice of a basis for the cluster calculations. In our calculations, the def2 basis was used without any changes; meanwhile, the authors of [22] modified the used basis, apparently in order to bring the calculation results closer to those of the experimental data. This means that their results are more empirical.



Thus, the purple and blue colors of scapolites may be caused by different ratios of carbonate radical anions and F-centers. For example, Cl-rich scapolites (marialites) from Central Pamir have purple colors, but the samples with a sum deficiency that could be compensated for by the carbonate group have a more bluish color [11].



Another strong chromophore in microporous materials is the   S 3  · −    radical anion. According to our calculations, the bands in the region of 580–590 cm−1 in the Raman spectra may relate to   S 3  · −    anion radicals. Weak bands in this spectral region were observed in lilac marialites (3614 and S-22), which may indicate the presence of traces of   S 3  · −    in these samples. As noted above, heating most scapolite samples leads to the disappearance of color. However, in Sample S-22, the color is retained. In the Raman spectrum of this sample, weak bands are observed in the region of 580–590 cm−1, which, according to calculations, are associated with   S 3  · −    and/or   S 2  · −    radical anions (Table 10 and Table 12). When heated, the intensity of these bands increases. Moreover, in heated Sample S-22, an ESR signal with a g-factor of 2.052 appears, and a weak band remains in the region of 2.40 eV. According to calculations, these bands are associated with   S 3  · −    radical anions Table 9. This sample is from a secondary cavity in pegmatite, which may indicate its relatively high temperature origin. At these temperatures, under certain conditions, the transformation of the sulfate group into sulfide radical anions can occur. This explains the increase in the luminescence intensity of   S 2  · −    radical anions observed in this work, as well as in earlier studies, in heated samples [25,39].



On the other hand,   S 3  · −    centers can also contribute to the observed band in the region of 2.3 eV. According to calculations, absorption of   S 3  · −    radical anions can be observed in this region Table 9. This may also be supported by the fact that, in the Raman spectrum of this sample, there is a weak band in the region of 585–610 cm−1, which, according to calculations, can also be attributed to   S 3  · −    vibrational modes. However, the number of such radical anions is significantly less than F-centers and (CO3)  · −  , so they are difficult to detect in ESR spectra.



One of the common reasons for the yellow color of scapolites is the presence of   S 2  · −    radical anions in them. According to calculations, the bands in the region of 615–630 cm−1 are associated with these anion radicals. The presence of such bands in the Raman spectrum is usually accompanied by characteristic luminescence. The yellow color appears because the edge of the absorption band is partially in the visible region of the spectrum. When excited in the region of 3.25–3.45 eV, luminescence is recorded, which has long been studied quite widely in scapolites [24].



There is an uncertainty in determining the energy of the transition with the lowest energy. In samples with different ratios of Na and Ca, the position of the maximum of the excitation band changes, as well as the distance between phonon repetitions in the luminescence spectrum [25]. From the calculations carried out in this work, it follows that this may be due to the presence of   S 2  · −    complexes coordinated by different amounts of Na and Ca.



The yellow color of scapolites is thus caused by the presence of   S 2  · −    radical anions. However, irradiation of Sample S-22 with short-wave UV radiation also leads to the appearance of a yellow color. The ESR signal with g-factor 2.17 in scapolites has been ascribed to S  · −   centers [55]. However, following the calculations presented in this paper, this signal should instead be attributed to   S 2  · −    radical anions. The increase in the luminescence intensity of   S 2  · −    centers, alongside the appearance of an ESR signal with a g-factor of 2.17—characteristic of   S 2  · −    radical anions—indicates an increase in the concentration of   S 2  · −    centers upon irradiation with UV light. On the other hand, the edge of the absorption band grows in the region of higher energies than the absorption band associated with   S 2  · −    centers, and the luminescence in the IR region also appears upon excitation at 4.30 eV. Previously, similar luminescence was observed in microporous materials and was associated with (S3)2− centers [56]. Thus, under short-wave UV irradiation, the decomposition of   S 3  · −    complexes to   S 2  · −    may occur on the one hand, and the formation of (S3)2− anions may occur on the other hand.



Thus, the presence of various colors of scapolites is mainly due to the different ratios of (CO3)  · −   radical anions and F-centers. However,   S 3  · −    centers can also produce a purple color. In the color diagram in Figure 15, the color coordinates of scapolites containing various chromophores described above, such as (CO3)  · −  , F-centers,   S 2  · −   , and   S 3  · −    radical anions, are shown. It can be seen from the figure that there are several color trends, corresponding to different ratios between (CO3)  · −   and F-centers in scapolites. The trend was drawn based on theoretically calculated absorption bands of (CO3)  · −   and F-centers, depending on the relationships between them and taking different oscillator strengths into account.



The second trend is based on the results of the calculations of   S 3  · −    radical anions surrounded by Na4, Na3Ca, and Na2Ca2. The extreme point is the average absorption, when all three possible positions are occupied equally by   S 3  · −    radical anions. The violet–purple Samples 3614 and S-22 lie close to this trend. The Raman spectra of these samples contain the weak band at about 580–590 cm−1, which is related to the   S 3  · −    radical anions—according to the ab initio calculations. The color of these samples is formed   S 3  · −    radical anions together with F-centers and (CO3)  · −  . The colors of some of the scapolites studied earlier are close to those in the   S 3  · −    trend [12,15]. The presence of   S 3  · −    and   S 2  · −    radical anions in scapolites could be an indicator of high-temperature or high-pressure metamorphic processes. The high-temperature [57] and high-pressure scapolites [58] demonstrate the weak bands in the region of 580–620 cm−1.



The colors of the scapolites studied in this work correspond well to the calculated trends. Sample 3614 lies somewhat below the trend, since it may contain—in addition to (CO3)  · −   and F-centers—  S 3  · −    radical anions. The data in the literature are also relatively well distributed between the two trends. It is worth noting that   S 3  · −    radical anions will cause more violet colors to occur in comparison to the pairs of radiation defects (CO3)  · −   and F-centers.




5. Conclusions


The variety of colors of scapolites from purple to blue is mainly attributable to pairs of radiation-induced defects. The most widespread pair of defects is the presence of a carbonate radical anion (CO3)  · −   combined with the vacancy of an extra-framework anion that has captured an electron (an F-center). F-centers have higher energy absorption bands in the region of 2.3–2.7 eV. ESR signals from F-centers have g-factors of about 2.000. (CO3)  · −   carbonate radical anions have wide absorption bands in the region of 1.5–2.5 eV, depending on the cation environment. Furthermore, (CO3)  · −   carbonate radical anion demonstrates strong ESR signals with a g-factor of about 2.015. The large amount of (CO3)  · −   carbonate radical anions could be also detected in Raman spectra. If the number of such centers is approximately equal, then scapolites will have a blue color. If there are more F-centers than (CO3)  · −   carbonate radical anions, the color will shift to purple.



Another less common violet chromophore is the   S 3  · −    radical anion. In some samples, such radical anions were discovered in scapolites for the first time in this work. The   S 3  · −    radical anion demonstrates an absorption band in the region of 2.3–2.4 eV—together with am ESR signal with a g-factor of 2.036–2.041 and a Raman peak in the region of 585–595 cm−1. Scapolites containing an   S 3  · −   -chromophore have a more violet color than scapolites that are colored with (CO3)  · −   carbonate radical anions and F-centers.



The presence of   S 2  · −    radical anions in scapolites leads to a yellow color. They have an absorption band at about 3.2–3.5 eV and a Raman peak in the region of 620–630 cm−1. The ESR signal from   S 2  · −    radical anions has g-factor lying in the region of 2.09–2.20. The luminescence band attributed to   S 2  · −    radical anions is found at about 600 nm, with a prominent vibrational structure.



The position of the UV–Vis–NIR and IR absorption bands of extra-framework carbonate anions (CO3)2−, carbonate radical anions (CO3)  · −  , F-centers, sulfide radical anions   S 3  · −   , and   S 2  · −    depends on the cations surrounding them (Na/Ca ratio), which can also lead to variations in the shades of scapolites, as well as to the threshold energy of formation of radiation defects in scapolites.
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Figure 1. Samples 3614 (a), 2386 (b), 250 (c), 1366 (d), 418 (e), and 11/446 (f). The field of view (FOV) widths are 4.1, 1.3, 2.1, 6.3, 1.2, and 9.5 cm, respectively. 
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Figure 2. Example of embedded cluster (left side): region I is quantum cluster, II is ECP region, III—point charge region—and configuration of different extra-framework centers (right side): (a) F-center; (b) (CO3)  · −  ; (c)   S 2  · −   ; (d)   S 3  · −   . 
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Figure 3. Calculated oscillator strengths for (CO3)2− (a) and (CO3)  · −   (b) in scapolite. Irreducible representations of molecular orbitals are given with respect to   C  2 v    point group. 
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Figure 4. Crystal structure of Sample Sh-1. Positions of atoms belonging to the disordered (CO3)2− group around the A site are shown. 
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Figure 5. Difference electron density map before (a) and after (b) the refinement of oxygen (red dots). The (CO3)2− group is disordered due to the action of the four-fold axis. Intervals between isolines are 0.05 e·Å−3. 
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Figure 6. IR spectra of Samples 1366 (a), 2386 (b), 250 (c), and 3614 (d). 
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Figure 7. Raman spectra of marialite Samples 250 (a), 2386 (b), and 3614 (c). 
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Figure 8. Raman spectra of meionite Samples 1366 (a) and 54413 (b). 
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Figure 9. Raman spectra of Sample S-22 measured at −190 °C: initial (a) and annealed during 3 h at 950 °C (b). 
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Figure 10. Absorption spectra of scapolites 11/446 (1), 3614 (2), and 1366 (3). The dotted lines show the decomposition of spectrum (1) into components. Dashed lines show bands associated with (CO3)  · −   dotted curve is a band associated with F centers. 
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Figure 11. ESR spectra of the 1366 (a) and 3614 (b) samples. 
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Figure 12. Absorption spectra of Sample S-22 (a): curve 1 is the initial sample, curve 2 is the absorption of the heated at 950 °C Sample S-22, and curve 3 is the heated Sample S-22 after irradiation of 256 nm UV lamp. In sub-figure (b), the ESR spectra of the heated (curve 1) and then irradiated (curve 2) for Sample S-22 are given. 
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Figure 13. Luminescence (a) and excitation (b) spectra. Curves 1 and 2 in Figure 13a correspond, respectively, to initial Sample 418 and Sample 2 heated at 950 °C and then irradiated with 256 nm UV lamp Sample S-22 under 3.3 eV excitation. The inset shows luminescence spectrum of Sample S-22 heated and then irradiated with 4.3 eV radiation. Curves 1, 2, and 3 in Figure 13b correspond to initial Sample 412, Sample 1366 heated at 950 °C, and heated Sample S-22. 
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Figure 14. Topological features of the tetrahedral framework in scapolite-group minerals. 






Figure 14. Topological features of the tetrahedral framework in scapolite-group minerals.



[image: Minerals 14 00937 g014]







[image: Minerals 14 00937 g015] 





Figure 15. Color space chromaticity diagram for scapolite-group minerals from different sources (black symbols): 1—Sample 11/446; 2—Sample 3614; 3—Sample 1366; 4—Sample 2386; 5—scapolite from [14]; 6—scapolite from [15]; 7, 8, and 9—scapolites from [12]; 10—scapolite from [16]; 11—Sample S-22; 12—Sample S-22 annealed at 950 °C and then irradiated with 256 nm UV lamp. The white lines show the calculated trends for the different relationships between (CO3)  · −   and F-centers, where 1:0 shows the color of the scapolite, containing only F-centers, and 1:1 indicates scapolites containing equal concentrations of (CO3)  · −   and F-centers. The calculated color trend of the scapolites containing   S 3  · −    radical anions in different Na/Ca coordinations is also shown. 
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Table 1. Chemical compositions of the scapolite samples studied in this work.
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Sample Number

	
3614

	
2386

	
250

	
1366

	
11/446 1

	
S-22 2






	
Component

	
Content (wt.%)




	
Na2O

	
11.26

	
7.99

	
7.96

	
3.78

	
2.31

	
8.67




	
K2O

	
0.90

	
1.53

	
1.33

	
0.75

	
0.12

	
0.95




	
CaO

	
2.14

	
6.67

	
7.31

	
15.70

	
19.38

	
7.82




	
Al2O3

	
19.04

	
22.27

	
21.99

	
27.13

	
30.30

	
21.75




	
Fe2O3

	
0.48

	
0.55

	
0.53

	
0.65

	
bdl

	
0.04




	
SiO2

	
61.83

	
56.41

	
55.93

	
47.22

	
43.80

	
54.91




	
SO3

	
bdl

	
0.63

	
0.66

	
1.88

	
1.38

	
0.14




	
F

	
bdl

	
bdl

	
0.23

	
0.51

	
bdl

	
bdl




	
Cl

	
4.06

	
3.10

	
3.03

	
0.54

	
0.30

	
3.05




	
-O≡Cl,F

	
−0.92

	
−0.71

	
−0.78

	
−0.34

	
−0.08

	
−0.69




	
Total

	
98.79

	
98.44

	
98.19

	
97.82

	
97.51

	
96.64




	

	
Formula coefficients calculated on Si + Al + Fe = 12 apfu




	
Na

	
3.10

	
2.24

	
2.25

	
1.10

	
0.68

	
2.50




	
K

	
0.16

	
0.28

	
0.25

	
0.15

	
0.02

	
0.18




	
Ca

	
0.33

	
1.05

	
1.14

	
2.53

	
3.13

	
1.25




	
Al

	
3.18

	
3.79

	
3.78

	
4.82

	
5.40

	
3.82




	
Fe

	
0.05

	
0.06

	
0.06

	
0.07

	
-

	
-




	
Si

	
8.77

	
8.15

	
8.16

	
7.11

	
6.60

	
8.17




	
S

	
-

	
0.07

	
0.07

	
0.21

	
0.16

	
0.02




	
F

	
-

	
-

	
0.11

	
0.24

	
-

	
-




	
Cl

	
0.98

	
0.76

	
0.75

	
0.14

	
0.08

	
0.77








Notes: 1 [18]. bdl means “below detection limit”. 2 [12].













 





Table 2. The geometry of the (CO3)2− anion in various cation environments.
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	   α   
	   β   
	   γ   
	    l 1    
	    l 2    
	    l 3    





	Na4
	123.2
	118.7
	118.1
	1.31
	1.30
	1.30



	Na3Ca
	118.4
	120.2
	121.4
	1.28
	1.33
	1.30



	Na2Ca2
	127.2
	117.5
	115.2
	1.33
	1.29
	1.28



	NaCa3
	126.2
	117.0
	116.7
	1.32
	1.28
	1.30



	Ca4
	124.9
	117.7
	117.4
	1.31
	1.30
	1.29







Note: Definitions of  α ,  β , and  γ  angles and   l 1  ,   l 2  , and   l 3   are shown in Figure 2.













 





Table 3. The calculated vibrational modes of the carbonate anion (CO3)2− in various cation environments.
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Na

	
Na3Ca

	
Na2Ca2




	
  ν  

	
  σ  

	
I

	
  ν  

	
  σ  

	
I

	
  ν  

	
  σ  

	
  I  




	
(cm−1)

	

	
(a.u.)

	
(cm−1)

	

	
(a.u.)

	
(cm−1)

	

	
(a.u.)




	
671

	
0.000

	
0.3

	
664

	
0.000

	
0.5

	
676

	
0.000

	
0.4




	
736

	
0.000

	
0.3

	
753

	
0.001

	
0.5

	
769

	
0.004

	
1.4




	
874

	
0.004

	
0.0

	
870

	
0.004

	
0.1

	
868

	
0.004

	
0.1




	
1064

	
0.001

	
12.8

	
1081

	
0.006

	
12.5

	
1055

	
0.004

	
9.7




	
1402

	
0.140

	
4.0

	
1402

	
0.171

	
3.5

	
1371

	
0.113

	
1.9




	
1464

	
0.149

	
2.7

	
1496

	
0.140

	
3.1

	
1538

	
0.148

	
1.0




	
NaCa3

	
Ca4

	




	
  ν  

	
  σ  

	
  I  

	
  ν  

	
  σ  

	
  I  

	




	
(cm−1)

	

	
(a.u.)

	
(cm−1)

	

	
(a.u.)

	




	
671

	
0.001

	
0.3

	
669

	
0.001

	
0.4

	




	
779

	
0.002

	
1.9

	
782

	
0.002

	
2.3

	




	
867

	
0.005

	
0.0

	
866

	
0.005

	
0.0

	




	
1086

	
0.002

	
11.7

	
1098

	
0.000

	
12.8

	




	
1409

	
0.137

	
2.1

	
1436

	
0.147

	
0.6

	




	
1526

	
0.172

	
1.9

	
1524

	
0.172

	
3.6

	








Note:  σ  is oscillator strength, I is a Raman intensity, a.u. means arbitrary units.













 





Table 4. The geometry of the (CO3)  · −   radical anion in various cation environments.
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	   α   
	   β   
	   γ   
	    l 1    
	    l 2    
	    l 3    





	Na4
	117.9
	120.6
	121.5
	1.27
	1.27
	1.28



	Na3Ca
	117.0
	120.3
	122.6
	1.29
	1.28
	1.28



	Na2Ca2
	122.1
	119.3
	118.6
	1.30
	1.29
	1.28



	NaCa3
	121.1
	119.7
	119.3
	1.29
	1.28
	1.28



	Ca4
	123.2
	118.6
	118.2
	1.30
	1.29
	1.29







Note: The definitions of  α ,  β , and  γ  angles and   l 1  ,   l 2  , and   l 3   are in Figure 2.













 





Table 5. Energies of electronic transitions, oscillator strength, and g-factor values for the (CO3)  · −   radical anions in various environments of Na and Ca.
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	E (eV)
	   σ   
	    g xx    
	    g yy    
	    g zz    





	Na4
	1.92; 2.01
	0.02
	2.0057
	2.0149
	2.0159



	Na3Ca
	2.03; 2.08
	0.02
	2.0056
	2.0120
	2.0185



	Na2Ca2
	1.73; 2.18
	0.02
	2.0069
	2.0122
	2.0218



	NaCa3
	1.75; 2.12
	0.02
	2.0070
	2.0136
	2.0227



	Ca4
	1.71; 1.97
	0.02
	2.0072
	2.0161
	2.0213







Note:  σ  is oscillator strength of the electronic transitions in the (CO3)  · −   radical anion.













 





Table 6. Raman shifts and intensities of Raman bands for the (CO3)  · −   radical anions in various environments of Na and Ca.
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Na4

	
Na3Ca

	
Na2Ca2

	
NaCa3

	
Ca4




	
  ν  

	
  I  

	
  ν  

	
  I  

	
  ν  

	
  I  

	
  ν  

	
  I  

	
  ν  

	
  I  




	
(cm−1)

	
(a.u.)

	
(cm−1)

	
(a.u.)

	
(cm−1)

	
(a.u.)

	
(cm−1)

	
(a.u.)

	
(cm−1)

	
(a.u.)






	
331

	
27

	
381

	
43

	
342

	
36

	
380

	
32

	
365

	
28




	
461

	
8

	
495

	
15

	
534

	
54

	
456

	
10

	
482

	
29




	
1083

	
71

	
1079

	
69

	
1043

	
46

	
1062

	
81

	
1047

	
96




	
1216

	
246

	
1163

	
166

	
1152

	
230

	
1135

	
235

	
1121

	
271




	
1242

	
277

	
1288

	
356

	
1247

	
292

	
1256

	
313

	
1168

	
408








Note: I is intensity of Raman bands, a.u. means arbitrary units.













 





Table 7. Energies of electronic transitions, oscillator strength, and g-factor values for the F-centers in various environments of Na and Ca.
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	E (eV)
	  σ  
	g-Factor





	Na4
	2.28; 2.57; 2.70
	0.29
	2.0021



	Na3Ca
	2.54; 2.77
	0.34
	2.0013



	Na2Ca2
	2.64; 2.85
	0.29
	2.0006



	NaCa3
	2.52; 2.86
	0.30
	2.0005



	Ca4
	2.68; 2.76
	0.35
	2.0002







Note:  σ  is oscillator strength of the electronic transitions in the F-centers.













 





Table 8. The geometry of the   S 3  · −    radical anion in various cation environments.






Table 8. The geometry of the   S 3  · −    radical anion in various cation environments.














	
	   α   
	   β   
	   γ   
	    l 1    
	    l 2    
	    l 3    





	Na4
	110.2
	34.9
	34.9
	3.22
	1.96
	1.96



	Na3Ca
	109.2
	35.4
	35.4
	3.20
	1.96
	1.96



	Na2Ca2
	106.7
	36.7
	36.5
	3.16
	1.97
	1.96



	NaCa3
	108.4
	35.9
	35.7
	3.18
	1.97
	1.96



	Ca4
	109.0
	35.6
	35.3
	3.19
	1.97
	1.95







Note: Definitions of  α ,  β , and  γ  angles and   l 1  ,   l 2  , and   l 3   are in Figure 2.













 





Table 9. Calculated energies of the lowest energy electronic transitions and g-factor of   S 3  · −    radical anions in various environments of Na and Ca.
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	E (eV)
	   σ   
	    g xx    
	    g yy    
	    g zz    





	Na4
	2.34
	0.05
	2.0020
	2.0378
	2.0590



	Na3Ca
	2.41
	0.05
	2.0017
	2.0359
	2.0550



	Na2Ca2
	2.42
	0.05
	2.0013
	2.0398
	2.0507



	NaCa3
	2.37
	0.05
	2.0015
	2.0408
	2.0497



	Ca4
	2.45
	0.05
	2.0015
	2.0389
	2.0531







Note:  σ  is oscillator strength of the electronic transitions in the   S 3  · −   .













 





Table 10. Raman shifts and intensities of Raman bands for the   S 3  · −    radical anions in various environments of Na and Ca.






Table 10. Raman shifts and intensities of Raman bands for the   S 3  · −    radical anions in various environments of Na and Ca.





	
Na4

	
Na3Ca

	
Na2Ca2

	
NaCa3

	
Ca4




	
 ν 

(cm−1)

	
 I 

(a.u.)

	
 ν 

(cm−1)

	
 I 

(a.u.)

	
 ν 

(cm−1)

	
I

(a.u.)

	
 ν 

(cm−1)

	
 I 

(a.u.)

	
 ν 

(cm−1)

	
 I 

(a.u.)






	
261

	
5.7

	
270

	
6.5

	
269

	
6.6

	
270

	
7.9

	
267

	
8.8




	
585

	
67.3

	
594

	
55.9

	
593

	
47.9

	
597

	
53.9

	
595

	
38.6




	
634

	
6.6

	
632

	
6.7

	
622

	
8.1

	
632

	
5.9

	
639

	
18.2








Note: I is intensity of Raman bands, a.u. means arbitrary units.













 





Table 11. Calculated energies of the lowest energy electronic transitions and g-factor of   S 2  · −    radical anions in various environments of Na and Ca.
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	E (eV)
	   σ   
	    g iso    





	Na4
	3.24
	0.05
	2.205



	Na3Ca
	3.37
	0.06
	2.190



	Na2Ca2
	3.43
	0.05
	2.130



	NaCa3
	3.42
	0.05
	2.095



	Ca4
	3.45
	0.05
	2.086







Note:  σ  is oscillator strength of the electronic transitions in the   S 2  · −   .













 





Table 12. Raman shifts and intensities of Raman bands for the   S 2  · −    radical anion in various environments of Na and Ca.






Table 12. Raman shifts and intensities of Raman bands for the   S 2  · −    radical anion in various environments of Na and Ca.





	
Na4

	
Na3Ca

	
Na2Ca2

	
NaCa3

	
Ca4




	
 ν 

(cm−1)

	
 I 

(a.u.)

	
 ν 

(cm−1)

	
 I 

(a.u.)

	
 ν 

(cm−1)

	
I

(a.u.)

	
 ν 

(cm−1)

	
 I 

(a.u.)

	
 ν 

(cm−1)

	
 I 

(a.u.)






	
117

	
2.3

	
145

	
2.9

	
154

	
4.1

	
168

	
5.3

	
192

	
5.3




	
623

	
33.1

	
619

	
35.8

	
622

	
35.2

	
618

	
34.0

	
630

	
33.7








Note: I is intensity of Raman bands, a.u. means arbitrary units.
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