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Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7]：from 2D Layered Polar to 3D Centrosymmetric Framework Structures
Xinlei Lia,# Yang Zhanga,# Yang Pana, Yucheng Haoa*, Yuan Linb,c*, Haijian Lid, Minghua Lia,  Changzeng Fane, and Evgeny V. Alekseevf
[bookmark: OLE_LINK29][bookmark: OLE_LINK71][bookmark: OLE_LINK70][bookmark: OLE_LINK5][bookmark: OLE_LINK49]Two novel alkali metal aluminophosphates, namely, Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7], have been synthesized through low temperature flux methods. They crystallized in, P4 and C2/c space groups, respectively. Both structures of Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7] are built up by AlO6 octahedra and PO4 tetrahedra. The structure of Li3[Al(PO4)2(H2O)1.5] is composed of novel two dimensional (2D) aluminophosphate layers, which contain two types of eight membered rings (8-MRs) along the c-axis. The structure of Na[AlP2O7] features a unique 3D anionic framework composed of corner-sharing isolated AlO6 octahedra and PO4 tetrahedra. Three intersecting tunnels along the [001], [110] and [101] directions can be observed. Importantly, the material of Li3[Al(PO4)2(H2O)1.5] crystallized in the polar space group P4, showing a moderate second harmonic generation (SHG) effect. Moreover, Na[AlP2O7] exhibits a wide transparency range with a short ultraviolet (UV) cutoff edge (~190 nm), which indicates its potential application in the deep UV region. Herein, the syntheses and topological structures of Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7], as well as elemental analysis, thermal stability, infrared spectroscopy, UV-vis diffuse reflectance, structural properties and nonlinear optical (NLO) properties are also discussed.
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1. Introduction
[bookmark: OLE_LINK28]Nonlinear optical (NLO) materials have attracted a lot of attention in recent half century, due to they have a wide range of application from information storage, immersion lithography and super high-resolution photoemission spectroscopy1-7. Especially, ultraviolet (UV) NLO crystals worked in the region of wavelength λ~300 nm, or even the deep-ultraviolet region (DUV, λ ≤ 200 nm)8-12. Deep-UV laser light sources have been widely used in several key fields such as laser processing technology, bio-medicine, precision scientific research equipment, and laser high-resolution lithography. Therefore, compared with UV NLO materials, their deep-UV counterparts turned into the current domestic and international research hotspot gradually13-17. 
Similar to borates18, inorganic phosphates have attracted 


considerable research interest due to their abundant structural diversity and remarkable NLO properties19-20. Although, in general, the phosphorus atoms are only four-fold coordinated with oxygen atoms to form the PO4 tetrahedra, the PO4 tetrahedra can be further interconnected by sharing oxygen atoms to create the diversity of structure units, such as isolated [PnO3n+1](n+2)- (n ≥ 1) groups, [PO3]∞ chains, [PnO3n]n- (n ≥ 3) rings, and so on21-24. The rich structure diversity results in the discoveries of thousands of inorganic phosphates25-27. For example recently it has been noticed that the mixed oxo-anionic phosphates with different degree phosphate groups polymerization can also be synthesized, such as Na4Mg3[(PO4)2(P2O7)], Rb6Bi4[(PO4)2(P2O7)3], Na4Ni5[(PO4)2(P2O7)2], Na7Y2[(P2O7)2(P3O10)], KMg6[(P2O7)2(P3O10)], Pb2Cd3[(PO4)2(P2O7)], and TI3Ti3O[(PO4)3(P2O7)], etc,28-34 which violate the Pauling’s fifth rule35. However, to our best knowledge, these structural types of phosphates are still rarely reported. 
[bookmark: OLE_LINK54][bookmark: OLE_LINK45]Remarkably, phosphates can combine with borates, aluminates, silicates, germanates, etc., to form complex material, e.g. borophosphates36, aluminophophates37, silicophosphates38, germanophophates and so on39. Among them, aluminophosphate (AlPO) molecular sieves have been extensively studied for their structural diversity as well as potential applications in magnetic, separation, catalysis, ion-exchange and nonlinear optical (NLO) materials40. Aluminium atom has more diverse oxygen coordination environments than that of phosphorus and can form 4, 5 and 6-folded AlO4 tetrahedra, AlO5 pyramid and AlO6 octahedron in inorganic phases. PO4 tetrahedra can combine with these units, generating numerous type of complex and applicable aluminophosphate materials. Different types of Al-P heterooxoanions can be found in the literature, for example [AlPO4(OH)]-, [AlP4O16]9-, [AlP2O8]3-, [Al2P3O12]3-, [Al3P4O16]3-, [Al3P5O20]6-, [Al4P5O20]3-, [Al5P6O24]3-, [Al11P12O48]3-, [Al12P13O52]3-, [Al13P18O72]15- 41. 
[bookmark: OLE_LINK60][bookmark: OLE_LINK6]Recently, a series of remarkable NLO phosphate materials have been reported. Such as Ba5P6O20, RbNaMgP2O7, LiA2PO4 (A= Cs, Rb), and so forth. Among them, Ba5P6O20 is a potential deep UV NLO material with a very short absorption edge of λ=167 nm42a. Luo et al. have reported a noncentrosymmetric and deep-UV transparent phosphate RbNaMgP2O7 which undergoes a thermo-induced reversible phase transition (at a high temperature of 723 K) and correspondingly an evident SHG enhancement up to ~1.5 times42b. Li and his coauthors successfully synthesized LiRb2PO4 by substituting Rb for Cs42c. LiRb2PO4 exhibits superior NLO performances; the deep-UV absorption edge is less than 170 nm, and the SHG response is about 2.1 × KDP. Compared to pure phosphates, in contrast, UV and deep-UV NLO AlPOs with short absorption edge are still quite less explored except for Ba11[Al(PO4)4](P2O7)(PO4)318, A3Al2(PO4)3 (A = K and Rb)43a, α-NaAlPO4(OH)2 and  KAlPO4F343b which have provided potential in the search for UV and deep-UV region NLO AlPOs.
In this work, mild hydrothermal conditions have been applied to explored new UV and deep-UV NLO AlPOs materials. Herein, we report novel 2D layered and 3D microporous aluminophosphates, namely, Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7]. The synthetic routes, novel and complex micro-porous framework structure as well as thermal behavior, UV-vis-IR spectroscopy and NLO properties are discussed in detail. 
2. Experiment Section
2.1 Materials and Methods. Lithium Fluoride LiF (Macklin, 99.9%), Boric acid H3BO3 (Alfa-Aesar, 99.5%), Aluminium Oxide Al2O3 (Macklin, 99.9%), Phosphite Phosphoric Acid H3PO3 (Macklin, 99.5%), Lithium Hydroxide LiOH (Macklin, 99.9%), NaOH (Macklin, 99.9%)，NaF (Macklin, 99.9%). 
2.1.1 Synthesis of Li3[Al(PO4)2(H2O)1.5]: Li3[Al(PO4)2(H2O)1.5] was synthesized using a mild low temperature flux method. The initial reactants of LiOH (0.0258 g, 1.08 mmol), Al2O3 (0.0275 g, 0.27 mmol), LiF (0.0140 g, 0.54 mmol), H3PO3 (0.0884 g, 1.08 mmol)，H3BO3 (0.25 g, 4.03 mmol) , and deionized water (0.1 ml), were sealed into teflon-lined stainless steel autoclaves (25 ml) and then transferred into a box furnace, heated up to 220 °C and holding for 50 hours, then slowly cooled down to room temperature with a rate of 3 °C/h. The final products were washed with hot water and ethanol. Colorless transparent columnar crystals Li3[Al(PO4)2(H2O)1.5] were obtained. The crystal size was ~ 0.25 mm. The yield was around ~70% based on Al content. Well shaped crystals were collected for further studies. EDS analysis on several single crystals gave an average molar ratio of Al : P = 1 : 1.96, which is in good agreement with its proposed chemical compositions (see Figure S1).
2.1.2 Synthesis of Na[AlP2O7]: Na[AlP2O7] was prepared through a mild hydrothermal synthesis. The initial compositions of NaOH (0.0517 g, 1.29 mmol), Al2O3 (0.033 g, 0.32 mmol), NaF (0.0272 g, 0.65 mmol), H3PO3 (0.1061 g, 1.29 mmol), H3BO3 (0.30 g, 4.84 mmol) and deionized water (0.1 ml), were sealed into teflon-lined stainless steel autoclaves (25 ml) and then transferred into a box furnace, heated up to 220 ℃ and holding for 36 hours, then slowly cooled down to room temperature with a rate of 2 ℃/h. The resulting products were washed with hot water and then rinsed with ethanol. Colorless block shaped crystals Na[AlP2O7] were obtained. The crystal size is around 0.15 mm large. The yield is around 60% based on Al content. High quality crystals were collected for further analyses. EDS analysis on several single crystals gave an average molar ratio of Na : Al : P = 1 : 0.98 : 1.91, which is in good agreement with the proposed chemical compositions (see Figure S2).
[bookmark: OLE_LINK2][bookmark: OLE_LINK56]2.2. Crystallographic Studies. Single Crystal diffraction data for Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7] were collected on an ROD, Synergy Custom DW system, HyPix diffractometer with Rigaku Mo-Kα radiation (λ = 0.71073 Å) at room temperature. All data sets were corrected for Lorentz and polarization factors as well as for absorption by the multi-scan method44a. Structures of Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7] were solved by direct methods and refined by a full-matrix least-squares fitting on F2 by SHELX44b. Structures were checked for possible missing symmetry elements using PLATON with the ADDSYM algorithm, and no higher symmetry were found44c. Crystallographic data and structural refinements for Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7] are summarized in Table 1. More information about the important bond distances and angles are listed in Table S1 in Supporting Information. 
X-ray powder diffraction data were measured on a Bruker-AXS D4 Endeavor diffractometer, 40kV/40mA, in Bragg−Brentano geometry. The diffractometer is equipped with a copper X-ray tube and a primary nickel filter producing CuKα radiation (λ = 1.54187 Å). A linear silicon strip LynxEye detector (Bruker-AXS) was used. Data was recorded in the range of 2θ = 5−80 ° with 10 s/step and a step width of 0.02 °. The aperture of the fixed divergence slit and the receiving slit was set to 0.2 mm and 8.0 mm, respectively. The discriminator of the detector was set to an interval from 0.16 to 0.25 V.(Figure S3)
2.3 SEM/EDS Analysis. For scanning electron microscopy (SEM) images, Energy Dispersive X-Ray Spectroscopy (EDS) measurements and elemental analysis were collected on a Hitachi SU80103040702 Environment Scanning Electron Microscope. The SEM/EDS results are given as Supporting Information (Figure S1, S2).
2.4. Thermal Analysis. The thermal behavior of the polycrystalline phases of Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7] up to 1100 °C were studied by differential scanning calorimetry (DSC) analysis coupled with thermogravimetry (TG) in air at a heating rate of 10 °C/min using a Netzsch STA 449C Jupiter apparatus. The samples (~30 mg) were loaded in a platinum crucible, which were closed with a platinum cover. During the measurements a constant air flow of 20-30 mL/min was applied.
2.5. UV-Vis diffuse reflectance spectroscopy. UV-Vis diffuse reflectance data were collected with a Jasco-V-650 spectrophotometer in the wavelength range from 190 to 800 nm at room temperature. Barium sulphate was used as a diffuse reflectance standard. The reflectance spectrum was converted to absorbance using the Kubelka–Munk function, F(R) = K/S = (1−R)2/(2R), where R is the reflectance, K is the absorption coefficient, and S is the scattering coefficient45. 
	Table 1. Crystal Data and Structure Refinements for Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7]a.

	Compound
	Li3[Al(PO4)2(H2O)1.5]
	Na[AlP2O7]

	FW
	264.77 
	223.91 

	Space group 
	P4 
	C2/c 

	a (Å)
	10.9897(3)
	7.3960(6)

	b (Å)
	10.9897(3)
	9.7388(7)

	c (Å)
	5.9946(3)
	8.2067(7)

	α (deg)
	90
	90

	β (deg)
	90
	106.039(9)

	γ (deg)
	90
	90

	V (Å3)
	723.99(5)
	568.10(8)

	Z
	4
	4

	λ (Å)
	0.71073
	0.71073

	F(000)
	512
	440

	DC(g cm-3)
	2.401
	2.618

	GOOF on F2
	0.809 
	1.183

	R1
	0.0429
	0.0776

	wR2
	0.1297
	0.2178

	a R1 = Fo -Fc/Fo, wR2 = {w[(Fo)2 - (Fc)2]2/w[(Fo)2]2}½


2.6. IR Spectroscopy. Infrared (IR) spectra were measured use polycrystalline sample mixed with KBr powder, with FT-IR spectrometer SHIMADZU IRAffinity-1S under room temperature in the range of 4000-400 cm-1. IR data (KBr) for Li3[Al(PO4)2(H2O)1.5]: 2446 (m), 1668 (w), 1163 (s), 1109 (m), 1045 (w), 624 (s), 463 (m); for Na[AlP2O7]: 2496 (m), 2329 (m),1632 (w), 1125 (s), 1002 (w), 956 (m), 612 (s). 
2.7. Bond-Valence Analysis. Semi-empirical method Bond-valence sums (BVS) are used for determining the valence states. BVS of all atoms in Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7] were calculated and in consist with corresponding formal values of oxidation states. The bond-valence parameters for Li(I)-O, Na(I)-O, Al(III)-O and P(V)-O were used according to Brese and O’Keeffe46. 
2.8. Second Harmonic Generation. Powder second harmonic generation measurements were performed on modified Kurtz and Perry equipment using a 2.05 μm Qswitched laser47. Polycrystalline sample of Li3[Al(PO4)2(H2O)1.5] was ground and sieved at 105-150 μm. To compare the SHG intensity, KH2PO4 (KDP) samples (powder size 105-150 μm) were used as the reference material.
3.1 Results and Discussion
3.1.1 Syntheses. Upon investigation of the A+-Al-P-O system, two novel aluminium phosphates, Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7], were synthesized using hydrothermal method (220 °C). For the synthesis of Li3[Al(PO4)2(H2O)1.5], the ratio of LiOH/Al2O3/LiF/H3PO3/H3BO3 is 10 : 3 : 5 : 40. For the synthesis of Na[AlP2O7], NaOH/Al2O3/NaF/H3PO3/H3BO3 is in a molar ratio of 13:3:6:13:48. However, when the reactions were carried out without H3BO3, the title compounds were not able to be prepared. Thus, we proposed that H3BO3 may play a role of a low temperature flux (180 ℃ melting point) and pH adjustment. The flux and pH value are of crucial factors for the structural formation in the mixed flux-hydrothermal methodology. These syntheses are comparable with those borophosphates or borate-phosphates preparation reported previously.36
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]3.1.2 Structure of Li3[Al(PO4)2(H2O)1.5]. Li3[Al(PO4)2(H2O)1.5] crystallizes in a tetragonal space group P4 (No. 75). The structure of Li3[Al(PO4)2(H2O)1.5] is composed of novel two dimensional (2D) aluminophosphate layers, which contain two types of eight membered rings (8-MRs) along the c-axis. There are five Li, one Al, two P and fourteen O atoms in an asymmetric unit. The 2D aluminophosphate layer was built up by AlO6 octahedra and PO4 tetrahedra (Figure 1a, 1b). As shown in figure 1c, the AlO6 octahedra and PO4 tetrahedra are corner [O(4), O(7)] sharing with each other, forming the 2D anionic aluminophosphate layer [Al(PO4)2]3- (Figure 1d). These 2D anionic aluminophosphate layers are parallel with ab-plane along the c-axis, with inter-layer distance of ~6.0 Å, the Li+ cations are within the interlayers space and inside the rings for balancing the anionic charge (Figure 1e). Two different 8-membered rings (MRs) were observed along the c-axis with sizes of ~5.474 Å × 5.383 Å and ~5.785 Å × 5.785 Å, respectively. (Figure S4) 
[image: E:\科研\Paper\Xinlei Li\Draft\CEC\Final\Figures\revised\Figure 1.tifFigure 1]
Figure 1. The structure of Li3[Al(PO4)2(H2O)1.5]. View of a AlO6 octahedron (a) and a PO4 tetrahedron (b); Local coordination environments of P and Al centers (c); a 2D layer parallel to the ab-plane (d); view of the 2D layered structure of Li3[Al(PO4)2(H2O)1.5] along the a-axis (e). Li atoms, AlO6 octahedra, PO4 tetrahedra and O atoms are shown as blue, yellow, green and red, respectively.


The P-O bond lengths in PO4 tetrahedra are in the range of [1.48(7) Å-1.603(16) Å]. The bond angles of O-P-O are within the range of [89(3)°-114.9(4)°]. The Al3+ cations are six oxygen coordinated, existing as AlO6 distorted octahedra. The Al-O bond distances in AlO6 octahedra are in the range of [1.790(8) Å-1.901(10) Å]. The bond O-Al-O angles are in the range of [86.0(4)°-179.2(5)°]. The Li+ cation is six oxygen coordinated with Li-O distances in the range of [1.868(17) Å-2.277(17) Å]. These bond distances and angles are comparable to those previously reported for aluminophosphates.1−3 (Table S1) The oxidation states of P cation is 5+, Al cation is 3+ and Li cation is 1+ based on the BVS values that are 5.24, 3.12 and 1.10, respectively46.[image: E:\科研\Paper\Xinlei Li\Draft\CEC\Final\Figures\Figure 2.tifFigure 2]
[bookmark: OLE_LINK43][bookmark: OLE_LINK40]Figure 2. The structure of Na[AlP2O7]. View of a PO4 tetrahedron (a) and a AlO8 octahedron (b); Local coordination environments of Al- and P-centers (c); view of the 3D framework structure of Na[AlP2O7] along the c-axis (d); Schematic model of the structure (e). Na atoms, AlO6 octahedra and PO4 tetrahedra are shown as blue, yellow and green, respectively.



3.1.3 Structure of Na[AlP2O7]. Na[AlP2O7] crystallizes in the monoclinic space group C2/c (No. 15). As shown in Figure 2, thestructure of Na[AlP2O7] features a unique 3D anionic framework composed of corner-sharing [AlO6] octahedra and PO4 tetrahedra. Three intersecting tunnels along the [001], [110] and [101] directions can be observed, which are filled by Na+ cations. The asymmetric unit of Na[AlP2O7] contains one Na atom, one Al atom, one P atom and four O atoms. As shown in figure 2c, one AlO6 octahedra connected with six PO4 tetrahedra in a corner (O1, O2, O3) sharing manner. Whereas one PO4 tetrahedron linked with three AlO6 octahedra via corner (O1, O2, O3) sharing. These AlO6 octahedra and PO4 tetrahedra connected with each other alternately into a 3D Na[AlP2O7]- network with three types of 1D large tunnels along the c-axis, [110] and [101] directions (Figure 3, 4). The three 1D tunnels along the c-axis, [110] and [101] directions are all based on 8-MRs composed of four AlO6 octahedra and four PO4 tetrahedra.
The P-O bond lengths in PO4 tetrahedra are ranging from 1.505(4) Å to 1.525(13) Å. The bond angles of O-P-O are in the range of [99.1(6)°-113.9(5)°] for PO4 tetrahedra. Whereas, the Al-O bond distances in AlO6 octahedra are in the range of [1.880(4) Å-1.913(4) Å]. The bond angles of O-Al-O are within the range of [86.66(15)°-179.0(2)°]. The Na+ cation is eight oxygen coordinated with Na-O distances in the range of [2.250(4) Å-2.796(13) Å] (Table S1). These bond distances and angles are comparable to those reported in other aluminophosphates3. The oxidation states of P cation is 5+, Al cation is 3+ and Na cation is 1+ based on their BVS values 5.06, 3.09 and 1.01, respectively15.

[bookmark: OLE_LINK8]Framework Topology Studies. Na[AlP2O7] also possess a zeolite-like topology with multi-intersection tunnels. Three 1D tunnels along the [001], [110] and [101] directions are all based on 8-MRs composed of four AlO6 octahedra and four PO4 tetrahedra. The size of these tunnels are as big as 6.114 Å × 5.403 Å，7.091 Å × 4.679 Å and 5.612 Å × 6.090 Å, respectively, (Figure 3, Figure 4), which is 
much bigger than that of recently reported α-NaAlPO4(OH) and β-NaAlPO4(OH)2. For purpose of reveal the complex zeolite-like topological network, we simplified its anionic aluminophosphate framework, [AlP2O7]−, by omitting the O anions. As shown in Figure 3a, the simplified anionic network of Na[AlP2O7] can be described as a 2-nodal net topological type with a point symbol17 {42.6}2{44.62.88.10}, which belongs to ant/anatase topological type48 (see Figure 3a).
[bookmark: _GoBack]On the basis of its cationic network, the framework density of porous Na[AlP2O7] is ~23.0 M, where M is the framework-forming cation, which is P and Al here. This relatively lower framework density of Na[AlP2O7] is comparable with those of the zeolite materials reported previously41. From the natural tiling illustration, the CBU of aluminophosphate Na[AlP2O7] framework is [41∙82], with the intersecting of 4-MRs and 8-MRs tunnels. As shown in figure 5, its framework not only contains the CBU tile of [41∙82], but also a type of [83] bridges. These [83] bridges linked CBU tiles of [41∙82] forms the three intersection tunnels along the [001], [110] and [101] directions. Both aluminate and phosphate groups have contributions to build the 3D skeleton for Na[AlP2O7] framework structure. Each [41∙82] CBU links to four other adjacent CBUs via their 4 or 8-rings constructing the 3D infinite aluminophosphate framework of Na[AlP2O7]. [image: C:\Users\Runner Hao\Desktop\Paper\Xinlei Li\Figure paper\Fig. 4.tifFig. 4]
[bookmark: OLE_LINK65][bookmark: OLE_LINK64][bookmark: OLE_LINK38]Figure 3. (a) The simplified cationic framework topology of Na[AlP2O7] along the c-axis (a); 1D 8-MRs along the c-axis with a size of ~6.114 Å × 5.403 Å (b), along the [110] direction with a size of ~7.091 Å × 4.679 Å (c), along the [101] direction with a size of ~5.612 Å × 6.090 Å (d). Al nodes, P nodes and O atoms are shown as yellow, green and red, respectively.




[bookmark: OLE_LINK51]It is worth comparing structures of Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7], which have the same Al/P molar ratio of 1/2. They crystallized in different space groups, P4 and C2/c, respectively. Both structures of Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7] are built up by isolated AlO6 octahedra and PO4 tetrahedra. The structure of Li3[Al(PO4)2(H2O)1.5] featured with 2D aluminophosphate layers, which contain two types of 8-MRs along the c-axis. In the 2D layered structure of Li3[Al(PO4)2(H2O)1.5], one AlO6 octahedron corner-linked four PO4 tetrahedra, however, one PO4 tetrahedron are coordinated with two AlO6 octahedra. Li+ cations are located in the inter-layers space with Li-O bond distances around 2.03 Å. The structure of Na[AlP2O7] features a unique 3D anionic framework composed of corner-sharing isolated AlO6 octahedra and PO4 tetrahedra. Three intersecting big 8-MR tunnels along the c-axis, [110] and [101] directions can be observed. These larger 8-MR tunnels that can accommodate the lager Na+ cations. Therefore, both the size and the charge of the cation exert strong effects on the structures of the compounds formed. Adjacent acentric PO4 groups and AlO6 groups in Li3[Al(PO4)2(H2O)1.5] are aligned to produce an acentric structure. Whereas, to accommodate the larger Na+ ions, both PO4 and AlO6 groups are arranged in an ordered direction, created three types large open tunnels in the centrosymmetrical structure of Na[AlP2O7]. Hence, we presumed that the cation size also has a strong effect on the symmetry of the material. [image: E:\科研\Paper\Xinlei Li\Draft\CEC\Final\Figures\revised\Figure 6.tifFigure 6]
Figure 6. The SHG intensity for the Li3[Al(PO4)2(H2O)1.5] (red) and KDP (black) samples.

[image: C:\Users\Runner Hao\Desktop\Paper\Xinlei Li\Figure paper\Fig. 6.tifFig. 6]
[bookmark: OLE_LINK30]Figure 5. (a) View of the 3D AlPOs framework using natural tiling for Na[AlP2O7] (a) and (b) the new [41∙82] CBU; and the [83] linker (c).



[image: E:\科研\Paper\Xinlei Li\Draft\CEC\Final\Figures\revised\Figure 4.tifFigure 4]
Figure 4. 1D 8-MR tunnels along the c-axis (a), along the [110] direction (b), along the [101] direction (c) in the structure of Na[AlP2O7]. Al atoms, P atoms and O atoms are shown as yellow, green and red, respectively.




3.3. Nonlinear Optical (NLO) Properties
For compound Li3[Al(PO4)2(H2O)1.5] crystallized in a noncentrosymmetric space group, second harmonic generation (SHG) response has been measured irradiated by a 1064 nm Q-switch laser. KDP (KH2PO4) has been selected as the reference, and SHG test indicates that Li3[Al(PO4)2(H2O)1.5] exhibits SHG response of around ~0.25 × KDP, suggesting that Li3[Al(PO4)2(H2O)1.5] is a moderate NLO material (Figure 6). Based on the anionic group theory19, [Al(PO4)2]3- should have a significant SHG response on account of the coexistence of three non-centrosymmetric chromophores including polarizable Li+ cations, asymmetric AlO6 and PO4 groups. The SHG intensity of Li3[Al(PO4)2(H2O)1.5] is comparable to phosphates that have been reported previously, such as CsLa(PO3)449a, Ba3P3O10Br49b and α-NaAlPO4(OH)2. These results indicate that Li3[Al(PO4)2(H2O)1.5] is a potential NLO material. 
3.4. Thermal Analysis.
Thermogravimetric (TG) and Differential scanning calorimetry (DSC) were measured for Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7] up to 1000 °C, the TG-DSC diagrams are plotted in Figure S5. TG analysis indicates that Li3[Al(PO4)2(H2O)1.5] shows one step of mass loss, which occurs at 291 °C and ends at 513 °C, under a flowing air atmosphere, which is attributed to the decomposition of water molecules in the structure. The mass loss procedure corresponds to the endothermic peak at 395 °C of the DSC curve. The mass loss observed from its TG curve is 10.54%, which matches well with the calculated one of 10.20 %. The endothermic peak at 635 °C is attributed to the melting of the dehydrated product. TG analysis shows that Na[AlP2O7] has no obvious weight loss from 50 to 1000 °C. From the DSC curve, it shows a relative strong endothermic peak at 505 °C, which corresponds to the decomposition of Na[AlP2O7] (see Figure S5b). Over the temperature range from 50 to 1000 °C, a small amount of weight loss was observed from the diagram. 
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Figure 7. UV-vis diffuse reflectance spectra for Li3[Al(PO4)2(H2O)1.5] (a) and Na[AlP2O7] (b).

The optical diffuse reflectance spectra of of Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7] are shown in Figure 7. The absorption data (K/S) were calculated from reflectance data with the Kubelka−Munk function45: F(R) = K/S = (1− R)2/2R, where R is the reflectance, K is the absorption coefficient, and S is the scattering coefficient. As shown in the UV−vis diffuse reflectance spectra of Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7], both of them showing little absorption in the range of 190-800 nm. As shown in Figure 7a, the UV cutoff edge of Li3[Al(PO4)2(H2O)1.5] is 380 nm, which means it is an ultraviolet NLO materials, this is comparable with that of α-NaAlPO4(OH)2. Whereas, the UV cutoff edge of Na[AlP2O7] is below 200 nm around 190 nm, the reflectivity goes up to 54.5%, suggesting that that Na[AlP2O7] is transparent down to the deep-UV region. The UV cutoff edge is comparable to that of deep-UV transparent phosphates of Ba11[Al(PO4)4](P2O7)(PO4)340e, RbNaMgP2O743b and aluminium borates Na3AlB8O15, Na3Al2B7O1551. The IR spectrum shows a very high transmittance in the range of 4000−1600 cm-1 (2.50−6.25 μm) for Li3[Al(PO4)2(H2O)1.5] and 4000−1800 cm-1 (2.50−5.55 μm) for Na[AlP2O7] (Figure 8b). Optical band gaps were extrapolated from  the absorption edge to baseline in F(R) versus E diagrams. Their estimated band gap values, Eg, are ~3.26 eV and ~6.46 eV, respectively. The relative wide transmittance range for NLO material Li3[Al(PO4)2(H2O)1.5] is comparable with those reported AlPOs2,41. Hence, Li3[Al(PO4)2(H2O)1.5] is a potential ultraviolet NLO material. 
[bookmark: OLE_LINK22]The IR spectra of Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7] are shown in Figure S6, their main IR absorption bands exhibited in the region from 500 to 1700 cm-1. For Li3[Al(PO4)2(H2O)1.5], the IR spectrum shows relatively strong absorption at bands 950-1250 cm-1 and 1500-1750 cm–1,  corresponding to asymmetric stretching and symmetric bending of PO4 tetrahedra. The IR absorption bands of that 400-700 cm-1 can be assigned to the stretching modes of AlO6 octahedra and vibrations of the P–O bonds in PO4 tetrahedra. The intense broad bands at ~3500 cm-1 are attributed to stretching vibrations of the water molecules (Figure S6a). For Na[AlP2O7], the IR spectrum shows moderate absorption bands at 940-1250 cm–1 that can be assigned to asymmetric stretching and symmetric bending of PO4 tetrahedra. The IR absorption bands of 400-650 cm-1 are attributed to the stretching modes of AlO6 octahedra and vibrations of the P–O bonds in PO4 tetrahedra. The intense band at 2200-2500 cm-1 are corresponded to the asymmetric stretching and symmetric bending of PO4 tetrahedra (Figure S6b). These assignments are consistent with previously reported works2,41. 
4. Conclusions
Two novel alkali metal aluminophosphates, namely, Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7], have been synthesized using low temperature flux method and well characterized. Both of Li3[Al(PO4)2(H2O)1.5] and Na[AlP2O7] are built up by isolated AlO6 octahedra and PO4 tetrahedra with the same Al/P ratio of 1 : 2, whereas, they have a totally different structural motifs. The structure of Li3[Al(PO4)2(H2O)1.5] is composed of novel 2D S-shaped anionic layers [Li3Al(PO4)2]n3- and crystallized in the polar space group P4. Importantly, Li3[Al(PO4)2(H2O)1.5] exhibits a moderate second harmonic generation (SHG) response. Changing the counter cations from Li+ with smaller radii to the larger Na+ reveals a new phase Na[AlP2O7], which features a unique 3D anionic framework [AlP2O7]- and crystallized in centrosymmetric space group C2/c. This shed light on the crucial role of counter cation in the phase formation, their structural chemistry and physical properties. Moreover, Na[AlP2O7] shows a wide transparency range with a short UV cutoff edge (~190 nm), which indicates it is a potential deep-UV transparent material. This work highlights the contribution of counter cations in the aluminophosphates system, which offer new insights for designing of novel UV or deep-UV NLO functional materials.
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