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Single crystals of a new organic cyclohexaphosphate (C8H12N)4(Li)2(P6O18)(H2O)6 prepared by an acid/base reaction between cyclohexaphosphoric acid H6P6O18 and 2,6dimethylaniline, have been successfully grown by slow evaporation technique at room temperature. This compound was characterized using X-ray diffraction (XRD) and FT-IR spectroscopy. The results show that the title compound was phased with a triclinic structure and P-1 space group. The crystal structure was solved by using 5203 independent reflections with a final R value of 0.031. The P6O18 ring is centrosymmetrical. Its main geometrical features are those commonly observed in others cyclohexaphosphates. The atomic arrangement of this compound can be described by an organization in a three-dimensional framework, built up from alternated organic and inorganic species. Adjacent P6O18 rings are linked via corner-sharing by LiO4 tetrahedra, generating anionic [Li2(P6O18)(H2O)] 4-layers parallel to (110). Charge balance is achieved by the protonated amine which is trapped in the interlayer space and interacts with the organic framework through strong and medium hydrogen bonding. An extensive network of N-H...O and O-H...O hydrogen-bonding interactions link the components into a three-dimensional network and additional stabilization is provided by weak C-H...O hydrogen bonds. Intermolecular interactions were investigated by Hirshfeld surfaces. The vibrational absorption bands were identified by infrared spectroscopy. The stretching modes of P6O18 ring and band assignments are described.

Introduction

Among the various condensation schemes occurring in phosphoric anions one of them leads to the formation of cyclic entities. The corresponding salts, for a long time called "metaphosphates" are now denominated cyclophosphates. Built up by a ring of corner-sharing PO4 tetrahedra, the general formula of their anions is PnO3n n-. Today these anions are known for n=3, 4, 5, 6, 8, 9, 10 and 12 [START_REF] Durif | The development of cyclophosphate crystal chemistry[END_REF].

Much attention has been devoted to the synthesis of open-framework phosphates

which exhibit a rich structural diversity and have been widely studied as catalysts, ionexchangers and as positive electrode in lithium and sodium batteries [START_REF] Assani | Dilead(II) trimanganese(II) bis(hydrogenphosphate) bis(phosphate)[END_REF]. Within this family of compounds, the resulting anionic frameworks, generally constructed from PO4 tetrahedra that are vertex linked with MOn polyhedra, generate pores and channels offering suitable environment to accommodate different other cations.

There is considerable scientific and technological interest in the synthesis, structure and properties of cyclohexaphosphates (n = 6) because these compounds offer high hydrolytic and thermal stability and pronounced complexation ability. In particular, cyclohexaphosphates were shown to be potentially attractive as precursors in the solid state synthesis of simple and mixed-cation polyphosphates for glass making [START_REF] Chudinova | Double Cyclohexaphosphates of Cesium and Divalent Metals[END_REF][START_REF] Fosfatnye | Laser Phosphate Glasses[END_REF].

This paper relates a contribution to the study of cyclohexaphosphates including organicmonovalent cations. Up to now, only four examples of this type of compound are reported [START_REF] Ameur | Poly[bis(piperazine-1,4-diium) [(cyclo-hexaphosphato)dilithium] tetrahydrate][END_REF][START_REF] Bel Haj | Crystal Structure of a Hybrid Cyclohexaphosphate: [o-C7H10NO]4Li2P6O18•5H2O, X-Ray[END_REF][START_REF] Khedhiri | Crystal Structure of a New Hybrid Cyclohexaphosphate: [C8H12N]4Li2P6O18•4H2O, X-Ray[END_REF][START_REF] Amri | Structural and physicochemical studies of [4-ClC6H4CH2NH3]4Li2P6O18. 4H2O, Phosphorus Sulfur Silicon[END_REF]. Here, we report on the synthesis of a new cyclohexaphosphate with formula (C8H12N)4(Li)2(P6O18)(H2O)6.

Experimental

Chemical Preparation

The title compound (C8H12N)4(Li)2(P6O18)(H2O)6 was prepared by an acid-base reaction between cyclohexaphosphoric acid and 2,6-dimethylaniline. An aqueous solution (10 mL) of H6P6O18 (5 mmol) was first prepared by passing a solution of Li6P6O18 through an ion exchange resin (Amberlite IR120) in its H-state. The Lithium salt Li6P6O18 was produced according the process described by Schülke [START_REF] Schülke | Crystal Chemistry of Condensed Phosphates[END_REF]. The cyclohexaphosphoric acid is cooled and neutralized by adding slowly 2,6-dimethylaniline dissolved in ethanol.

Schematically the reaction can be written:

The resulting solution is then slowly evaporated over a few days at ambient temperature to give large rectangular prisms of stable crystals. The lithium existence in (C8H12N)4(Li)2(P6O18)(H2O)6 resulted from an incomplete Li + /H + exchange of Li6P6O18 on the used resin.

X-Ray Single Crystal Structure Analysis

The crystallographic data were collected on a Nonius Kappa CCD diffractometer at room temperature using graphite-monochromated MoKα radiation (λ = 0.71073 Å). Data sets were integrated with the Denzo-SMN package [START_REF] Otwinowski | Methods in Enzymology[END_REF] and corrected for Lorentz-polarization and absorption effects [START_REF] Blessing | Direct Methods for Solving Macromolecular Structures[END_REF]. The structure was solved by direct methods (SIR97) [START_REF] Altomare | SIR97: a new tool for crystal structure determination and refinement[END_REF] and refined by full-matrix least-squares methods with all non-hydrogen atoms anisotropic. Hydrogens of the methyl groups were included on calculated positions, riding on their carrier atoms. All other hydrogen atoms were located in the difference-Fourier map and refined isotropically.

All calculations were performed using SHELXL-2014/7 [13] implemented in the WINGX system of programs [START_REF] Farrugia | WinGX suite for small-molecule single-crystal crystallography[END_REF]. Some data collection parameters and results of the structure determination are given in Table 1. Selected bond distances and angles are given in Table 2.

The drawings were made with ORTEPIII [START_REF] Burnett | ORTEP-III: Oak Ridge Thermal Ellipsoid Plot Program for Crystal Structure Illustrations[END_REF] and Diamond [START_REF] Brandenburg | Diamond Version 2.0 Impact GbR[END_REF].

FT-IR Experimental details

The IR spectrum was recorded in the range 4000 -400 cm -1 with a ''Perkin-Elmer FTIR'' spectrophotometer1000 using samples dispersed in spectroscopically pure KBr pressed into a pellet. The asymmetric unit of the title compound corresponds to one half of a P6O18 6-anion lying on an inversion center (½, 0, 0), one Li + cation, three water molecules, out of which two coordinated to the Li atom, and two 2,6-dimethylanilium cations. An ORTEPIII [START_REF] Burnett | ORTEP-III: Oak Ridge Thermal Ellipsoid Plot Program for Crystal Structure Illustrations[END_REF] view of the molecular structure is shown in Figure 1. Due to the symmetry, the P6O18 moiety is built up by three independent PO4 tetrahedra. The P-P-P angles of 100.69 (1), 103.19(1) and 117.26(1)° show that the rings are significantly distorted from the ideal three-fold symmetry; the total puckering amplitude Q, measuring the overall degree of puckering according to Cremer and Pople [START_REF] Cremer | A General Definition of Ring puckering Coordinates[END_REF], is 1.8773 [START_REF] Amri | Structural and physicochemical studies of [4-ClC6H4CH2NH3]4Li2P6O18. 4H2O, Phosphorus Sulfur Silicon[END_REF] Å. It should be noted that these large deviations are commonly observed in cyclohexaphosphates with a ring of low local symmetry [START_REF] Khedhiri | Synthesis, Structure, and Physicochemical Studies of Hexakis(2,4-dimethylanilinium) Cyclohexaphosphate Hexahydrate[END_REF][START_REF] Khedhiri | Hexakis(3,4dichlorobenzylammonium)cyclohexaphosphate hexahydrate[END_REF], as in the title compound.

However the P-P-P angles in Cs6P6O18.6H2O [20], ranging from 93.2 to 145.5°, exhibit the greatest distortion measured up to now. The great flexibility of the 12-membered P6O18 rings can explain the discrepancy between large rings and the small ones.

Examination of the main geometrical features of the three independent PO4 tetrahedra (P-O and P-P distances, P-O-P or O-P-O angles) (Table 2) as well as the average values of the distortion indices [START_REF] Baur | The geometry of polyhedral distortions. Predictive relationships for the phosphate group[END_REF] (DI(PO) = 0.038, DI(OPO) = 0.040 and DI(OO) = 0.014) show clearly that, in spite of the P-P-P angles deformation, they are in accordance with values observed in similar cyclohexaphosphates such as in (C6H7ClN)6P6O18. 0.5(H2O) [START_REF] Khedhiri | Synthesis and characterization of a new cyclohexaphosphate, (C6H7ClN)6P6O18•0[END_REF] and (C9H14N)4(H3O)2(P6O18) [START_REF] Khedhiri | Synthesis and Characterization of a new Cyclohexaphosphate, (C9H14N)4(H3O)2(P6O18)[END_REF]. Å). All these hydrogen bonds, van der Waals, and electrostatic interactions between organic cations and cyclohexaphosphate anions increase the structure stability of the crystal structure. showing the linkage between the different entities of the structure Table 3. Structural parameters for hydrogen bonding interactions (Å, °). 
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Hirshfeld surface contacts analysis

The Hirshfeld surface around a molecule in a crystal is a region in space where molecules come into contact. Quantitative insights in the nature of intermolecular interactions in the crystalline state can be obtained by its analysis. The enrichment ratio of contacts between the different chemical species defined in [START_REF] Jelsch | Likelihood of atom-atom contacts in crystal structures of halogenated organic compounds[END_REF][START_REF] Jelsch | The enrichment ratio of atomic contacts in crystals, an indicator derived from the Hirshfeld surface analysis[END_REF] were computed. The Hirshfeld surface (Figure 4) was computed on a dimer of the asymmetric unit in order to reproduce the whole cyclohexaphosphate anion with the program MoProViewer [START_REF] Guillot | MoProViewer: a molecule viewer for the MoPro charge-density analysis program[END_REF]. To obtain an integral surface around each interacting moiety (cyclohexaphosphate, Li + , water molecules, organic cations), the different groups were chosen in the crystal in order to avoid any close contacts.

The major interactions in terms of contact surface are the C-H…C contacts, the strong The enrichment ratios Exy significantly larger than unity indicate that the X…Y contacts are over-represented in the crystal packing when compared to equiprobable contacts computed from the chemical composition on the Hirshfeld surface (Table 4). This is the case for the favorable electrostatic interactions such as Ho/n…O, Li…O. The highest enrichment found for P…O contacts is presumably a proximity secondary effect of the favored strong hydrogen bonds P=O…Ho/n. Some C-H…Pi interactions between organic cations are found in the crystal packing and this type of contact is much enriched (E=2.0). The strong enrichment of C…C contact denotes also the presence of Pi…Pi stacking between the C6 aromatic cycles. Hc atoms represent nearly one third of the Hirshfeld surface, as a result the hydrophobic contacts Hc….Hc do also occur, notably between methyl groups, but these interactions are very slightly disfavored (E=0.95).

When the Hirshfeld surface around the cyclohexaphosphate alone is analyzed, the anion turns out to interact mostly with hydrogen atoms (29% H-N, 28% H-C and 23% H-O[water]) and with the Li + cation (18%). On the other hand, the lithium cation interacts mostly with oxygen: two water O atoms (43% of surface) and two hexaphosphate oxygen atoms (35% of surface).

Table 4. Statistical analysis of intermolecular contacts. The first row shows the chemical content on the Hirshfeld surface. The next rows show the proportions CXY of actual contacts between the different pairs X…Y of species in the crystal packing. The last rows shows the enrichment ratios EXY of contacts [START_REF] Jelsch | Likelihood of atom-atom contacts in crystal structures of halogenated organic compounds[END_REF][START_REF] Jelsch | The enrichment ratio of atomic contacts in crystals, an indicator derived from the Hirshfeld surface analysis[END_REF]. The hydrogen atoms Hc bound to carbon are differentiated from those bound to nitrogen or oxygen (Ho/n). The nitrogen species is omitted as N is mostly buried by its neighbor atoms. The major contacts in terms of surface CXY and the most enriched (EXY>> note that theoretically the IR and Raman active modes are distinguishable and there is one IR active mode, A2u or E1u in each of the four stretching vibration domains (Table 5). For the studied compound, the P6O18 ring has a Ci site of symmetry lower than the ideal D6h symmetry. This may lead to the activation of inactive modes along with shifting and splitting of the internal modes. At the Ci site, the 66 normal modes predicted by the theoretical group analysis for P6O18 ring are reduced to int = 12Au + 12Ag and only the Au mode is IR active.

According to the previous studies of cyclohexasilicates [START_REF] Sterger | Spektroskopische Untersuchungen an kondensierten Phosphaten und Phosphorsäuren. V. Strukturunterschiede beim Trimetaphosphation in Kristall und Lösung[END_REF][START_REF] Matossi | Vibration frequencies and binding forces in some silicate groups[END_REF] and based on some studies carried out for previous works [31][32][33] and reported on similar cyclohexaphosphates compounds [START_REF] Gharbi | Structural, DSC and IR studies on a New Organic-Cation Cyclohexaphosphate: [NH3-(CH2)2-NH2-(CH2)2-NH3]2P6O18.2H2O[END_REF], we propose an attempt of assignment of the observed bands. The stretching P-O modes of P6O18 ring are observed in the following regions: 1350-1180 cm -1 for νas(OPO) - , 1180-1060 cm -1 for νs(OPO) -, 1060-960 cm -1 for νas(POP) and 850-660 cm -1 for νs(POP). [START_REF] Kamel | Synthesis and crystal sructure of a new dihydrogenomonophosphate (4-C2H5C6H4NH3)H2PO4[END_REF][START_REF] Oueslati | Synthesis and characterization of a new organic dihydrogen phosphate-arsenate: [H2(C4H10N2)][H2(As, P)O4]2[END_REF]. Nevertheless special cautions must be paid in attribution of these bands because of their possible overlapping with the stretching ν(C-C) and ν(C-N), δ(C-H) and γ(C-H) vibrations [START_REF] Nasr | Conductimetric and spectrophotometric investigation of lanthanide cyclohexaphosphates[END_REF]. Frequencies below 660 cm -1 are attributed to bending, translation and rotation of the P6O18 anion. C-C bending and NH3 torsion may occur in this region. The stretching modes of P6O18 ring and band assignments are described in Table 5. It is noted that the supplementary frequency in the s(POP) domain is attributed to the stretching (C-C). The lack of experimentally observed bands in the as(OPO) -and s(OPO) -domains can be explained by some coupling between the different ions, because the cell contains two P6O18 ring anions (Z=2).

2 Vibrations of [2,6-(CH3)2C6H4NH3] + cation and OH groups

The bands in the high-frequency region, between 3400 and 2500 cm -1 , correspond to the stretching vibrations of the N-H, C-H and O-H groups interconnected by a system of hydrogen bonds in the crystal [START_REF] Clegg | 2,4,6-Trimethylanilinium iodide[END_REF]. The band at 1639 cm -1 corresponds to δ(O-H) and δ(N-H) deformation vibrations. The two bands at 1567 and 1488 cm -1 are assigned to (C=C)Ar stretching vibrations [START_REF] Ben Nasr | Synthesis and crystal structure of (p-CH3C6H4NH3)6P6O18•8H2O[END_REF][START_REF] Soudani | Synthesis and physicochemical studies of a novel layered structure with a heptanuclear Cd complex: (C9N4H28)Cd7(H2O)2Cl18•nH2O(n = 5.89)[END_REF]. The C-C stretching vibrations of aromatic groups usually occur as associated with other bands below 1650 cm -1 [START_REF] Temel | DFT calculations, spectroscopy and antioxidant activity studies on (E)-2-nitro-4-[(phenylimino)methyl]phenol[END_REF].

The vibrations of the methyl group in the C-CH3 system are described by 12 normal modes. Three of them are stretching (CH3), three bending (CH3), one stretching (C-CH3), two rocking (CH3), rocking in-plane (C-CH) and out-of-plane (C-CH3) and one twisting r(CH3) vibrations.

Three fundamental (CH3) bands corresponding to one symmetric and two asymmetric vibrations are usually observed in the 2800-3000 cm -1 [START_REF] Lin-Vien | The Handbook of Infrared and Raman Characteristic Frequencies of Organic Molecules[END_REF][START_REF] Diem | Introduction to Modern Vibrational Spectroscopy[END_REF]. For the studied compound, these vibrations are located at the following wavenumbers: as(CH3) 2937, 2888 and s(CH3) 2780 cm -1 . Asymmetric as (CH3) vibrations usually occur between 1430 and 1470 cm -1 [START_REF] Lin-Vien | The Handbook of Infrared and Raman Characteristic Frequencies of Organic Molecules[END_REF].

These bands are observed at 1487 and 1455 cm -1 in the IR spectrum. On the other hand, the symmetric bending s(CH3) vibration is observed at 1393 cm -1 . This band is sensitive to the methyl group position and changes in a broad frequency range [START_REF] Sheinker | [END_REF][START_REF] Dollish | Characteristic Raman Frequencies of Organic Compounds[END_REF][START_REF] Carter | Raman spectroscopy and vibrational assignments of 1and 2-methylimidazole[END_REF][START_REF] Hill | Infrared absorption of NMe and NMe2 groups in amines[END_REF]. Other vibrations involving the methyl group observed at 1038 and 1060 cm -1 [(CH3)]. 

Fig. 1 :

 1 Fig. 1: ORTEP representation of (C8H12N)4(Li)2(P6O18)(H2O)6. Thermal ellipsoids are given
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 3 Fig. 3: Atomic arrangement of (C8H12N)4(Li)2(P6O18)(H2O)6, projected along the b-axis,
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 4 Fig. 4: View of the Hirshfeld surface around the (PO2)6 3-anion. a) molecular structure. b)
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 515 Fig. 5: Infrared spectrum of (C8H12N)4(Li)2(P6O18)(H2O)6.

Table 1 .

 1 Crystal and experimental data

	Empirical formula	C32H60Li2N4O24P6
	Formula weight [g mol -1 ]	542.27
	Crystal colour, habit	brown, rectangular
	Crystal temperature [K]	295
	Crystal size [mm 3 ]	0.25 × 0.50 × 0.53
	Radiation, wavelengthÅ]	Mo Kα, λ = 0.71073
	Crystal system	Triclinic
	Space group	P-1
	Unit-cell dimensions:	
	a, b, c [Å]	10.2454 (1), 10.6190 (2), 11.9147 (2)
	[°]	100.249 (1), 94.790 (1), 110.844 (1)
	Volume [Å 3 ]	1176.81 (3)
	Z	2
	Density calc. [g cm -3 ]	1.530
	Reflections for cell determination	23033
	 range for cell determination [°]	2 to 28
	Absorption coefficient [mm -1 ]	0.32
	F(000)	568
	 range for data collection [°]	2.1 to 28
	Limiting indices	-10 ≤ h ≤ 13, -14 ≤ k ≤ 13, -15 ≤ l ≤ 15
	Reflections collected/unique	23 033, 5579 (Rint = 0.033)
	Refinement method	Full-matrix least-squares on F 2
	Data, restrains, parameters (I > 2 )	5203, 6, 379
	Goodness-of-fit on F 2	1.17
	R indices (all data, on F 2 )	R = 0.031, Rw = 0.104
	 (min, max) [e Å -3 ]	-0.50 and 0.31

Table 2 .

 2 Interatomic distances (Å) and bond angles (°) in (C8H12N)4(Li)2(P6O18)(H2O)6.

	P(1)O4 tetrahedron			
	P1	O1	O2	O3	O4
	O1	1.486(1)	118.69(6)	109.99(6)	106.91(6)
	O2	2.556(3)	1.485(1)	106.36(6)	110.69(6)
	O3	2.531(3)	2.473(2)	1.6026(9)	103.13(5)
	O4	2.476(1)	2.534(2)	2.505(3)	1.595(1)
	P(2)O4 tetrahedron			
	P2	O3	O6	O5	O7
	O3	1.610(1)	110.24(5)	109.04(6)	100.58(5)
	O6	2.536(2)	1.480(1)	117.71(6)	106.80(5)
	O5	2.521(3)	2.537(3)	1.484(1)	111.10(6)
	O7	2.466(2)	2.470(3)	2.540(3)	1.5951(9)
	P(3)O4 tetrahedron			
	P3	O4	O7	O8	O9
	O4	1.5986(9)	100.79(5)	110.04(6)	106.64(5)
	O7	2.473(2)	1.611(1)	108.66(6)	109.81(6)
	O8	2.522(3)	2.511(2)	1.4778(9)	119.30(6)
	O9	2.472(3)	2.533(3)	2.555(2)	1.483(1)
	LiO4 tetrahedron			
	Li1	O1W	O2W	O5	O8
	O1W	1.943(3)	115.2(1)	106.3(1)	110.8(1)
	O2W	3.240(3)	1.895(3)	111.9(1)	98.4(1)
	O5	3.144(3)	3.215(2)	1.985(3)	114.42 (13)
	O8	3.206(3)	2.914(3)	3.310(3)	1.953(3)

P-O distances are on the diagonal, O-P-O angles and O-O distances are above and below the diagonal, respectively. The lithium atoms present a tetrahedral coordination as well, being coordinated to two water molecules O(W) and two O atoms O(E) belonging to two P6O18 6-ring anions. The geometrical features of LiO4 tetrahedron show that it is as regular as the PO4 tetrahedra, being slightly distorted with Li-O distances ranging from 1.895(3) to 1.985(3) Å (Table

2

). The smallest distance between two tetrahedral centers is 4.222 (2) Å.

Conclusion

Compared to other phosphates, cyclohexaphosphates compounds remain limited in bibliography. The use of 2,6-dimethylaniline as an organic-structure directing agent leads to a new cyclohexaphosphate of the chemical formula (C8H12N)4(Li)2(P6O18)(H2O)6. In the title compound, the phosphate ring anion, located around an inversion center, adopts a chair conformation. Adjacent P6O18 rings are linked via corner-sharing by LiO4 tetrahedra, generating anionic [Li2P6O18•H2O] 4-layers parallel to (110). The 2,6-dimethylanilinim cations occupy the interlayer space and interact with the inorganic framework through an extensive three-dimensional network of N-H…O and O-H…O hydrogen-bonding interactions.

Additional stabilization is provided by weak C-H…O hydrogen bonds and C-H..π interactions. Hirshfeld surface analysis reveals the percentage of intermolecular contacts of the title compound. The enrichment ratio is a novel and powerful tool derived from the Hirshfeld contact surface analysis to determine which type of contacts are over-or underrepresented in crystal packings.

Supplementary data

Crystallographic data for the structural analysis have been deposited at the Cambridge Crystallographic Data Centre, CCDC No 1497163. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK: fax: (+44) 01223-336-033; e-mail: deposit@ccdc.cam.ac.