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Abstract

:

Using the homovalent cation substitution strategy, a new sulfate, Cs2Ca3(SO4)4, was successfully prepared using the spontaneous crystallization technique. A single-crystal structure measurement suggested that it crystallizes in space group P21/c, with lattice parameters and molecules per unit cell of a = 9.9153(8), b = 9.3760(6), c = 9.8044(9), β = 118.365(3)°, V = 802.04(11), and Z = 2. In the structure of Cs2Ca3(SO4)4, CaO6 octahedra and SO4 tetrahedra are interconnected via a corner-sharing mode to form a three-dimensional framework comprising large cavities filled with Cs+ cations. First-principles calculations and diffuse reflectance spectra indicated that Cs2Ca3(SO4)4 has a large energy band gap. Moreover, structural comparisons with similar compounds were conducted to explain the role of cations in tuning structural symmetry and birefringence. This paper helps to explain the size effect of cations on structural evolution.






Keywords:


crystal structure; structure-property relationship; sulfate; energy band; birefringence












1. Introduction


Sulfates have been used for a wide range of purposes since ancient times. For example, potassium sulfate can be used as a chemical fertilizer for plants, promoting plant growth and crop yield. More recently, sulfates have been considered suitable for use as ultraviolet birefringent materials based on certain merits, including that they are environmentally friendly raw chemical materials, have a wide transparency window, and easily grow as crystals. A series of excellent birefringent materials have been reported so far, including NH4NaLi2(SO4)2 [1], ASbF2SO4 (A = Rb, Cs) [2,3], K2Bi2(SO4)2Cl4 [4], Nb2O3(IO3)2(SO4) [5], and Ce(SO4)F2 [6]. Aside from changing the cation type, introducing organic π-conjugated units into sulfates is also an effective way to produce new materials possessing high birefringence. For example, using a combination of inorganic sulfates and neutral thiourea molecules, a birefringence of 0.21 at 546.1 nm in Te(CS(NH2)2)4SO4·2H2O [7] and 0.16 at 554 nm in Zn[CS(NH2)2]3SO4 can be achieved [8]. However, most of these sulfates have relatively long UV absorption edges, which is not conducive to application in the UV region. Therefore, the search for short-wave UV sulfates is still ongoing.



Since the SO4 groups in sulfates exist only as monomers, cations play an important role in the synthesis of new compounds. In order to obtain sulfates with short UV absorption edges, the choice of counterpart cation is best confined to those metal elements in the first or second main group [9,10,11]. Numerous experiments have confirmed that metal cations without d–d or f–f electron transitions barely damage the UV absorption edge of the [SO4]2− anionic group [12,13,14]. Based on the abovementioned idea, sulfates of single/mixed alkali metals were synthesized using the slow aqueous evaporation technique. Moreover, NH4+ cations were introduced into the sulfates to tune the structure and the optical properties [1,4,15,16,17]. Pure alkali metal sulfates exhibit low thermal stability, which can be elevated by introducing alkali earth metal elements into the sulfates [14,18,19]. Because alkali earth sulfates have low solubility in water, they are often prepared using a traditional high-temperature molten method, such as A2M2(SO4)3 (A = Rb, Cs; M = Mg, Ca) and Cs2Mg3(SO4)4 [14,18,19,20].



According to the cation substitution strategy, in which cations in the same family have a similar coordination environment, we intended to synthesize a new compound, Cs2Ca3(SO4)4, by substituting Ca2+ for Mg2+ cations in Cs2Mg3(SO4)4 [18]. By changing the ratio of raw materials, Cs2Ca3(SO4)4 crystals were successfully prepared using the spontaneous crystallization technique. First-principles calculations demonstrated that Cs2Ca3(SO4)4 showed a greatly enhanced birefringence compared to Cs2Mg3(SO4)4, which was analyzed using detailed structural comparisons. Both the UV–vis–NIR diffuse reflectance spectrum and electronic band structure verified that Cs2Ca3(SO4)4 has a large energy band gap. This work may serve as a useful reference for understanding the role of cations in regulating crystal structures and optical properties.




2. Materials and Methods


Single crystals of Cs2Ca3(SO4)4 were grown in an open environment using the spontaneous crystallization technique. First, the raw materials of Cs2SO4 and CaSO4 at a molar ratio of 1:3 were finely ground and then left at 973 K for 3 days to obtain the nominal Cs2Ca3(SO4)4 polycrystalline product. Second, Cs2Ca3(SO4)4 powder was mixed with Cs2SO4 and then melted in a program-controlled muffle furnace at 1273 K for 2 days. Finally, Cs2Ca3(SO4)4 single crystals with a maximum size of 0.5 mm × 0.7 mm × 0.3 mm were obtained by slowly cooling the muffle furnace. The purity of the obtained crystals was checked by powder X-ray diffraction (XRD) data collected on a Rigaku MiniFlex II diffractometer (Cu Kα radiation). A small crystal with dimensions of 0.08 mm × 0.06 mm × 0.06 mm was selected for single-crystal structure measurements, which were performed on a Bruker D8 with graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å). The structure was solved using SHELXS and SHELXL [21], and further checked using the PLATON program [22]. Detailed crystallographic information is given in Supplementary Tables S1–S4. CCDC 2126379 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge at http://www.ccdc.cam.ac.uk/conts/retrieving.html, accessed on 14 December 2021, (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). The UV–vis–NIR diffuse reflectance spectrum was measured on a PerkinElmer Lamda-950 spectrophotometer. The first-principles calculations were performed using the CASTEP suite in Material Studio [23,24]. The Perdew–Burke–Ernzerhof functional and generalized gradient approximation [25,26] was selected [27]. The kinetic energy absorption, k-point sampling, and pseudopotential used for calculating the electronic band structure and density of states were 300 eV, 1 × 1 × 1, and ultrasoft, respectively. Detailed birefringence calculation settings can be found in the Supplementary Materials.




3. Results and Discussion


3.1. Powder XRD


Figure 1 shows the XRD patterns of the synthesized Cs2Ca3(SO4)4 crystals. The black pattern represents the experimental powder XRD, and the red pattern represents the XRD calculated from the single-crystal structure. The experimental XRD pattern basically reflects that of our obtained compound, but with additional minor miscellaneous peaks (marked with asterisks in Figure 1), which led us to compare the XRD patterns of the raw reagents (Cs2SO4 and CaSO4) with the title compound. As shown in Supplementary Figure S1, the pattern of Cs2Ca3(SO4)4 is distinct from the patterns of the raw reagents, indicating that the additional peaks are caused by other compounds. Considering our previously reported compound, Cs2Ca2(SO4)3, was prepared using the same raw reagents, it is imperative that its characteristic peaks are properly distinguished from those corresponding to Cs2Ca3(SO4)4, newly synthesized here. In conclusion, the impurity peaks indicated in Figure 1 could be caused by Cs2Ca2(SO4)3 [14].




3.2. Crystal Structure


Crystal data for Cs2Ca3(SO4)4 (M = 770.30 g/mol) are as follows: monoclinic, space group P21/c (no. 14), a = 9.9153(8) Å, b = 9.3760(6) Å, c = 9.8044(9) Å, β = 118.365(3)°, V = 802.04(11) Å3, Z = 2, T = 299(2) K, μ(MoKα) = 6.104 mm−1, Dcalc = 3.190 g/cm3, 9439 reflections measured (2.33° ≤ 2Θ ≤ 27.45°), 1635 of them unique (Rint = 0.0506, Rsigma = 0.0359), which were used in all calculations. The final R1 was 0.0438 (I > 2σ(I)) and wR2 was 0.0864 (all data). The fundamental building units of Cs2Ca3(SO4)4 were CaO6 octahedra and SO4 tetrahedra. These groups are interconnected by sharing vertex oxygen atoms to form a three-dimensional framework with large cavities filled by Cs+ cations (Figure 2). Each Cs+ cation is coordinated to eight oxygen atoms to form a CsO8 polyhedron, with Cs–O bond distances ranging from 3.026(5) to 3.354(5) Å (Supplementary Figure S2), because the next closest atom is not oxygen but sulfur, with a Cs–S bond distance of 3.6568(15) Å. The S–O bond lengths are in the range of 1.453(5)–1.478(5) Å and O–S–O bond angles vary from 105.4(4) to 112.3(3)°. Each Ca atom is bound to six O atoms to generate a CaO6 octahedron, with Ca–O bond lengths ranging from 2.276(5) to 2.526(5) Å. These bond distances and angles appear reasonable when compared with those reported for other sulfates [14,18,20].



After comparing the structures of Cs2Mg3(SO4)4, Cs2Ca3(SO4)4, and Rb2Mg3(SO4)4, some interesting things were discovered [18]. First, Cs2Mg3(SO4)4 and Cs2Ca3(SO4)4 have distinct lattice types. The structure of the former belongs to a non-centrosymmetric P212121 space group, while the latter crystallizes in a centrosymmetric P21/c space group. Although they have similar three-dimensional frameworks made up of alkaline earth metal cation-centered polyhedra and SO4 tetrahedra, the connection mode is quite different. Figure 3 shows a structural comparison with regard to the coordination environment of alkali earth metal cations (Mg2+ vs. Ca2+). In Cs2Mg3(SO4)4, each Mg2+ cation is 4/5-fold coordinated to form MgO5 or MgO6 polyhedron, which is connected to five SO4 groups (Figure 3c,d). Interestingly, corner-sharing mode is used when the Mg2O6 octahedra link with four SO4 groups, and the linking with the additional SO4 group (five altogether) occurs through edge-sharing mode. In addition, the Mg1 atom connects to one Mg2 atom via a common oxygen atom (Figure 3d). When Mg2+ cations are replaced by Ca2+ cations of large radii in constructing the new compound Cs2Ca3(SO4)4, CaO6 octahedra connect to adjacent SO4 groups exclusively by corner-sharing mode because of the extended Ca–O bond distances. Moreover, the Ca2 atom in Cs2Ca3(SO4)4 bridges two adjacent Ca atoms, which is not observed in Cs2Mg3(SO4)4. The longer Ca–O bond makes the SO4 groups arrange more uniformly than those in Cs2Mg3(SO4)4. Second, Cs2Ca3(SO4)4 is isomorphous to Rb2Mg3(SO4)4, in which MO6 (M = Ca, Mg) octahedra connect to adjacent SO4 tetrahedra via corner-sharing mode (Figure 3e,f). The only difference is that MO6 octahedra have a different distortion, resulting from uneven bond distances. In Rb2Mg3(SO4)4, one Mg1–O bond distance (2.510 Å) is apparently longer than the other Mg–O bonds, which induces a large distortion of Mg1O6 octahedra. Such distortion is beneficial to the polarization anisotropy. In addition, the cation radius ratio of Cs/Ca, Rb/Mg, and Cs/Mg is 1.707, 2.27, and 2.60, respectively, indicating that the larger the difference in cation radius, the more easily the non-centrosymmetric structure is formed.




3.3. UV–vis–NIR Diffuse Reflectance Spectroscopy


When light is projected onto a rough surface, it is reflected in all directions, which is referred to as diffuse reflectance. The measured UV–vis–NIR diffuse reflectance spectrum is depicted in Figure 4. Apparently, the reflectance of Cs2Ca3(SO4)4 is close to 100% in the wavelength range of 400–800 nm and higher than 60% in the range of 200–400 nm. Although the synthesized samples had low levels of Cs2Ca2(SO4)3, this impurity exhibited a higher reflectance than our measured value and, thus, the measured spectrum essentially shows reflectance due to Cs2Ca3(SO4)4. Therefore, it can be inferred that the energy band gap is greater than 6.2 eV, suggesting that Cs2Ca3(SO4)4 has a wide UV light window of penetration and may have a potential application as a window material.




3.4. Electronic Structure


Electronic structures can be used to verify diffuse reflectance spectra and understand the origin of optical properties. The energy band structure calculation demonstrates that the title compound exhibits a large band gap of 5.453 eV. Although the calculated value is slightly smaller than the experimental one, it basically verifies that Cs2Ca3(SO4)4 has a high reflectance in the UV region (Figure 5a). The total density of states (DOS) and partial DOS are shown in Figure 5b. In the energy region from −20 to −15 eV, the contribution of Ca-3p, Cs-5s, S-2p, and O-1s states dominates (Figure 5b). In the energy range from −10 to −5 eV, the DOS is mainly composed of Cs-6p, S-2p, and O-2p states. In the energy range from −5 to 0 eV, only O-2p states contribute. In the energy range from 5 to 10 eV, Cs-6s and Cs-6p states take up most of the DOS, while the contribution from S, O, and Ca elements gradually decreases. As we know, the optical absorption edge is closely related to the energy band gap determined by the states around the Fermi level [28]. From the above analysis, in the range of −5 to 10 eV, the elements S, O, and Cs make the largest contribution and, thus, determine the energy band gap of the title compound. In other words, SO4 groups and Cs+ cations represent the main contribution in determining the optical properties of Cs2Ca3(SO4)4.



The birefringence of Cs2Ca3(SO4)4 and two similar compounds was calculated. As shown in Figure 6, the birefringence of the three compounds increases with the decreased incident wavelength, and the values are 0.0016 at 534 nm for Cs2Mg3(SO4)4, 0.0043 at 534 nm for Cs2Ca3(SO4)4, and 0.0175 at 534 nm for Rb2Mg3(SO4)4. Apparently, Cs2Ca3(SO4)4 has a birefringence higher than that of Cs2Mg3(SO4)4 but lower than that of Rb2Mg3(SO4)4, which results from the distinct anisotropy polarization of cationic polyhedra and the arrangement of SO4 groups. It is well known that SO4 groups in sulfates exist only as isolated units, so cations have a dominant role in controlling their arrangement.





4. Conclusions


Using an element substitution strategy with a template compound of Cs2Mg3(SO4)4, Cs2Ca3(SO4)4 crystals were synthesized using the spontaneous crystallization technique. The crystal structure has fundamental building units of CaO6 octahedra and SO4 groups, which are connected to each other through a corner-sharing mode. Structural comparisons indicate that the SO4 groups in Cs2Ca3(SO4)4 are more uniformly arranged than those in Cs2Mg3(SO4)4, which may be the reason for the sharply enhanced birefringence. The measured UV–vis–NIR diffuse reflectance spectrum shows that the title compound has a wide transparency window in the UV optical region. The first-principles calculations suggest that Cs+ cations and SO4 groups are responsible for the large energy band gap of Cs2Ca3(SO4)4. This work may provide a useful reference for understanding the role of cations in regulating crystal structures and optical properties.
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Figure 1. Calculated and experimental XRD patterns for Cs2Ca3(SO4)4. 
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Figure 2. Crystal structure of Cs2Ca3(SO4)4 viewed along (a) c-axis and (b) a-axis. 
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Figure 3. Connection mode between (a,b) Ca and S atoms in Cs2Ca3(SO4)4 and between Mg and S atoms in (c,d) Cs2Mg3(SO4)4 and (e,f) Rb2Mg3(SO4)4. 
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Figure 4. Diffuse reflectance spectrum of Cs2Ca3(SO4)4. 
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Figure 5. (a) Electronic band structure; (b) DOS and partial DOS plots. 
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Figure 6. Calculated birefringence for Cs2Ca3(SO4)4, Cs2Mg3(SO4)4, and Rb2Mg3(SO4)4. 
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