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Introduction

Halogenoantimonates (III) feature a rich diversity of solid state structures. Sb 3+ -halide units are highly dynamic building blocks. If excess halogen ions are available, antimony(III) can forma range of anionic species, ranging from individual monomeric square pyramidal [SbCl5] 2-or octahedral [SbCl6] 3-anions to larger poly-anionic units in which the monomeric halogeno-antimonate units are connected with each other via corners, edges or faces to form chains, layers or multi-dimensional networks. The properties and structural characteristics of some of these organic-inorganic salts, defined by the general formula RaMbXc (R-organic cation; M-antimony(III); X-chlorine; a; b; c-stoichiometric coefficients (c=a+3b)), have recently been reviewed [START_REF] Jakubas | Structure and Phase Transitions in Alkylammonium Halogenoantimonates(III) and Bismuthates(III)[END_REF][START_REF] Fischer | [END_REF][3].The square pyramidal [SbCl5] 2-anion itself features a stereo-active lone pair. In the polyanionic condensates, the metal shows a tendency toward a distorted octahedral coordination with some rather long Sb-Cl bonds, which can be traced back to the aspherical distribution of the Sb(III) lone electron pairs [4]. In the right structural setting, interesting non-linear optical (NLO) properties can arise [5][6][7][8][9][10][11][12][13], or pyroelectric, ferroelectric, ferrielectric or ferroelastic behaviors can be observed. The interconnections between individual SbCl5 units are often flexible in nature. Slight variations of secondary interactions, such as hydrogen bonding can induce structural changes that lead to interesting changes in properties upon either slight variations in the counter cations, or upon temperature or otherwise induced phase changes, adding further to the already fascinating properties of the static materials themselves.

In this context, we would like to report here the synthesis, structure determination, investigation of intercontacts by Hirshfeld surface analysis and spectroscopic studies of a new halogenoantimonate(III) compound, the non-centrosymmetric1-ethylpiperazinediium pentachloroantimonate (III) monohydrate, C6H16N2SbCl5.H2O, which features a square pyramidal [SbCl5] 2-ion containing a stereo-chemically active lone pair of electrons.

Experimental

Chemical preparation

A solution of Sb2O3 (29 mg, 0.2 mmol) in water (6 mL) was added dropwise to a solution of 1-ethylpiperazine (11.4 mg, 0.1 mmol) in ethanol. The mixture was dissolved in aqueous HCl (2 M, 20 mL). After stirring for 30 min, the resultant solution was allowed to evaporate at room temperature. Crystals of the title compound, which remained stable under normal conditions of temperature and humidity, were isolated after several days (yield 76%). Anal. Calc.: C, 16.61%; H,4.15; N,6.46 %. Found: C, 16.72; H, 4.09; N,6.56 %.

Investigation techniques X-ray single crystal structural analysis

Single crystals were mounted on Mitegen micromesh mounts using a trace of mineral oil and cooled in-situ to 100(2) K for data collection on a Bruker AXS APEXII CCD diffractometer using the  scan technique with Mo K radiation (λ = 0.7107 Å). Data were collected, the unit cell determined, and the data integrated and corrected for absorption and other systematic errors using the Apex2 suite of programs [START_REF]Bruker Apex 2[END_REF]. SHELXS-97 [START_REF] Sheldrick | [END_REF] was used to solve the structures using direct methods and SHELTXL6.14 [START_REF]Bruker Advanced X-ray Solutions[END_REF], SHELXL 2014 [START_REF] Sheldrick | SHELXL2013[END_REF] and the graphical interface SHELXLE [START_REF] Hübschle | [END_REF] were used for refinement. Water O-H distances were restrained to 0.84(2) Å. Carbon and nitrogen bound H atoms were positioned geometrically and constrained to ride on their parent atoms, with carbon hydrogen bond distances of 0.99 and 0.98 Å for CH2 and CH3 and 0.88 for NH2 moieties, respectively. Methyl H atoms were allowed to rotate but not to tip to best fit the experimental electron density. Uiso(H) values were set to a multiple of Ueq(O/C/N) with 1.5 for CH3 and OH, and 1.2 for CH2 and NH2units, respectively. The drawings were made with Diamond [START_REF] Brandenburg | Diamond Version 2.0 Impact GbR[END_REF]. Crystal data and experimental parameters used for the intensity data collection are summarized in Table 1.

NMR and IR measurements

The NMR spectra were recorded on a solid-state high-resolution Bruker DSX-500 spectrometer operating at 125.78 MHz for 13 C and 50.68 MHz for 15 N with a classical 4 mm probe-head allowing spinning rates up to 10 kHz. 13 C and 15 N NMR chemical shifts are given relative to tetramethylsilane and neat nitromethane, respectively (precision 0.5 ppm). The spectra were recorded by use of cross polarization (CP) from protons (contact time 2 ms) and magic angle spinning (MAS). Before recording the spectrum it was checked that there was a sufficient delay between the scans allowing a full relaxation of the protons (typically 10 s). The IR spectra were 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.

Results and discussion

Structure description

The asymmetric unit of the featured compound, C6H18N2SbCl5.H2O, consists of two 1ethylpiperazinedium di-cations, two pentachloroantimonite di-anions and two solvent water molecules (Fig. 1). In the anions, the antimony(III) atom is coordinated to five chloride anions to form [SbCl5] 2-polyhedra having a distorted square pyramidal geometry, with one short axial and four longer equatorial Sb-Cl distances as a result of the Sb III lone electron pair occupying the sixth corner of the coordination polyhedral geometry around the Sb atom. Fig. 2 depicts the two [SbCl5] 2-ions. In the first anion, Cl5 is the apical chlorine atom and the Cl1, Cl2, Cl3 and Cl4 atoms form the basal plane of the square pyramid. In the second anion Cl10 is the apical chlorine atom while the Cl6, Cl7, Cl8 and Cl9 atoms form the basal plane of the square pyramid. The square pyramids face each other with the lone pairs of the two antimony atoms pointing at each other. Due to the interference of the two lone pairs, the Sb(1)•••Sb(2) distance is rather large (4.058 Å), more than double the sum of the van der Waals radii of two antimony atoms [START_REF] Bukvetskii | [END_REF]. The Sb-Cl distances vary between 2.4046(10) and 2.8097(9) Å. The Sb-Cl bond lengths in the two crystallography independent inorganic anions are given in Table 2. The geometries of the two crystallographic independent [SbCl5] 2-units are very similar. The equatorial Sb-Cl bond lengths range from 2.5026(9) to 2.7899(9) Å for Sb(1)-Cl5 and vary between 2.4954(9) and 2.80979(9) Å for Sb(2)Cl5. In both [SbCl5] 2-polyhedra, the two shortest Sb-Cl bond lengths are almost identical (2.5625(10) and 2.5026(9) Å for [Sb(1)Cl5] 2-and 2.5520(9) and 2.4954(9) Å for [Sb(2)Cl5] 2-), while the two equatorial Cl atoms form much longer bonds (2.6905(10) and 2.7898(9) Å for [Sb(1)Cl5] 2-and 2.7154(10) and 2.8097(9) Å for [Sb(2)Cl5] 2-). The axial Sb-Cl bond lengths, opposite to the stereo-active lone pair, are significantly shorter (Sb(1)-Cl5 =2.4046(10) Å and Sb(2)-Cl10 = 2.4087(10)Å). The variation of the Sb-Cl bond lengths can be traced back to the influence of the stereo-active lone electron pair (LEP) at Sb(III) [21][22][23], and to hydrogen bonding interactions involving the equatorial chlorine atoms. The two chlorine atoms with the longest Sb-Cl bonds larger than 2.8 Å, Cl4 and Cl7, are involved in each two strong N-H•••Cl hydrogen bonds that withdraw some of the negative charge at the chlorine atom, and substantially weakens their Sb-Cl bonds. The chlorine atoms with Sb-Cl bond lengths around 2.7 Å (Cl3 and Cl6), feature no strong N-H•••Cl hydrogen bonds towards the cationic ammonium ions, but they are hydrogen bonded to neutral water molecules. These less strong hydrogen bonds do weaken the Sb-Cl bonds somewhat, but less than for the N-H + •••Cl interactions. The remaining four equatorial chlorine atoms, Cl1, Cl2, Cl5 and Cl8, do not feature any strong hydrogen bonds to either ammonium cations or water molecules, and they feature the shortest equatorial Sb-Cl bonds around with values around 2.50 to 2.56 Å. It should be pointed out that the chlorine atoms featuring long and short Sb-Cl bonds are arranged pair wise trans to each other, with every hydrogen bonded chlorine with long Sb-Cl bonds being located opposite a non-hydrogen bonded chlorine atom with a short Sb-Cl bond. The trans effect imposed by the stereoactive lone pair is the weakest, resulting in a very short Sb-Cl bond for the axial chlorine atoms.

The hydrogen bonding interactions do not only affect the geometry of the two [SbCl5] 2- polyhedra, they are also the main force guiding the overall molecular arrangement of the ions in the crystal lattice. The two SbCl5 square pyramids are interconnected via the water molecules through O(W)-H•••Cl hydrogen bonds, so that infinite double chains are formed in the structure parallel to the [101] direction (Fig. S1). The 1-ethylpiperazinediium cations are inserted between these double chains via the above mentioned N-H•••Cl bonds, which are augmented by additional C-H

•••Cl, C-H•••O and N-H•••O
hydrogen bonds that give rise to a threedimensional network (Fig. 3, Table 3).

The conformation of the piperazinium six-membered ring can be described in terms of Cremer and Pople puckering coordinates [START_REF] Pauling | The Nature of Chemical Bond[END_REF], i.e., evaluating the parameters Q (total puckering amplitude), q2, q3, θ and φ. For the first organic cation, the calculated values for the N1-C1-C2-N2-C3-C4 ring are as follows: Q = 0.5737 Ǻ, q2 = 0.0147 Ǻ, q3 = 0.5735 Ǻ, θ = 1.46° and φ = -168.41°. For the second N4-C8-C7-N3-C10-C9 ring, Q = 0.5722 Ǻ, q2 = 0.0221 Ǻ, q3 = 0.5717 Ǻ, θ = 2.21° and φ = 17°.These values correspond to the structure of the most stable chair conformation.

Hirshfeld surface and Enrichment ratio

The Hirshfeld surface in a crystal is representative of the region in space where molecules come into contact. Therefore, its analysis gives the possibility of obtaining quantitative insights into the nature of intermolecular interactions in the crystalline state.The Hirshfeld surface was computed around the organic cations, the water molecules and the ten chlorine atoms of the two SbCl5 groups. The contacts were analyzed with MoProViewer program [START_REF] Guillot | [END_REF] in terms of chemical species interacting with each other in Table 4. The chemical types Sb, N and C represent only a small proportion of the surface content: 1.0, 0.15 and 2.6%, respectively. The hydrogen atoms Hc bound to carbon are differentiated from those bound to nitrogen or oxygen (Ho/n).

The enrichment ratio of contacts [26] was computed for all the sum of individual moieties present in the asymmetric unit. An enrichment ratio larger than unity for a given pair of chemical species X…Y indicates that these contacts are over-represented in the crystal packing when compared to equiprobable contacts computed from the chemical composition on the Hirshfeld surface.

The majority of contacts in the crystal of the title compound are of Hc…Cl type and these contacts are strongly enriched with EHcCl = 1.7. The second most present contacts are between the polar hydrogen atoms Ho/n and the chloride atoms, with an enrichment which is slightly higher at 1.8. This reflects that the driving force in this crystal packing is the electrostatic attraction between the negatively charged SbCl5 moieties and the organic cation as well as the hydrogen bonds between the water hydrogen atoms with the chloride atoms.

The O…Ho/n contact is the most enriched type (E=2.6) and is in relation with the strong hydrogen bond N2-H2D…O1 between a water molecule and an amine. The oxygen water forms also weak O…H-C hydrogen bonds with the organic cation resulting in an EOHc larger than unity (E=1.4). Besides contacts between hydrogen atoms with chloride and oxygen, other interactions are generally disfavored. The self-contacts X…X have especially low EXX ratios, as a given chemical atom type does not like to interact with itself due to electrostatic repulsion between charges of same sign. The hydrophobic Hc atoms which have only a weak positive charge is the least disfavored self-contact.

Contacts around the two independent cations and water molecules

The intermolecular interactions of the two independent cations and water molecules in the asymmetric unit have been quantified separately in Fig. 4. The cations have 80% of Hc and 15% of Hn atom types on the Hirshfeld molecular surface. The figure 4 highlights the preponderance of Hc…Cl -hydrogen bonds in the surrounding of both cations. Moreover the proportions of the different contact type are nearly identical for both molecules. For the two independent water molecules, the strong hydrogen bonds Ho…Cl -constitute a major part of the contacts. The strong hydrogen bonds Ho…Cl -and Hn/o…O have very similar percentages of the total contact of the water molecules, while the two weaker interactions Hc…O and Ho…Hc are not conserved.

Contacts around the ten Cl -anions

The contacts formed individually by the ten independent chloride atoms are displayed in Figs. S2 andS3. The most frequent contacts of the chloride anions are of Cl…Hc type as they represent 42%10% on the Hirshfeld surfaces around the Cl -atoms (Table . 5), due to the abundance of Hc on the organic cations surface. The second next abundant contact at 30% proportion is of Cl…Sb type. The Cl3 and Cl6 anions interact with two antimony cations resulting in contact surfaces larger than 40%. The eight other chloride anion form a unique ionic bridge with a Sb +++ cation and show a low variability around 26%2. The over-represented Cl…Hn/o strong hydrogen bonds represent between 10 and 25% of the contact surface. The Hirshfeld surface has 8%5% Cl -…Cl -contacts which are only a consequence of the strong Cl - …Cd ++ ionic bridges which generate Cl -…Sb +++ …Cl -interaction triplets. Basically all ten Cl - anions interact mostly with Hc, Hn/o, Sb and Cl species, with some degree of variation, while the contacts with C, N and O are scarce. The correlation between the contacts types are shown in Table 6. Some contacts types around the chloride atoms are significantly anticorrelated: corr(Cl…Hc, Cl…Sb) = -0.87; when the chloride atoms forms two ionic bridges with antimony, it is at the detriment of the weak hydrogen bonds. As could be expected the strong and weak hydrogen bonds are in competition: corr(Cl…Hc,Cl…Hn/o) = -0.62. The Cl…Cl and Cl…Hn/o are also moderately anticorrelated (Fig. 5).

Quantum mechanical study

The HOMO and LUMO orbitals were also determined on the cations alone and then on the cations/anions system corresponding to the atoms of the asymmetric unit. Even if it is difficult to determine discrete orbitals for a crystal (a better choice would be to perform periodic calculations which are highly time consuming) a good approximation of the gap between the occupied and unoccupied bands can be obtained by this way. Fig. 6 shows the HOMOs and LUMOs and the next orbitals for the title compound calculated at the B3LYP/6-31+G* level except for antimony for which the LANL2DZ pseudopotential was used. Clearly the highest occupied orbitals are localized on the inorganic parts of the crystal while the lowest unoccupied orbitals are located on the cations. The gap between the LUMO and the HOMO is 0.86 eV, a value which is relatively small.

NMR results

The 15 N CP-MAS NMR spectrum of C6H16N2SbCl5.H2O, is shown in Fig. S4. Two peaks of approximately equal intensity are resolved, which correspond to the four crystallographic independent nitrogen atoms. Despite the apparent lack of splitting for both 15 N peaks, it is reasonable to assume that the signals overlap in pairs, as shown by the theoretical calculations (see below).

The 13 C CP-MAS NMR spectrum of C6H16N2SbCl5.H2O, is shown in Fig. S5. The presence of two well-defined resonances at 11.50 and 11.94 ppm, assigned to the carbon atoms of two methyl groups, is in agreement with two organic molecules being present in the asymmetric unit as resolved by X-ray structure determination.

The simulation of the spectrum shows that the region between 40 and 60 ppm is composed of eight lines with two of them, at 41 and 49.8 ppm, having about double the integrated intensity of the other six (Table . 7). The spectrum, in the whole, can be thus interpreted as featuring 12 resonances with four of them overlapping in pairs. This number of lines corresponds to twelve crystallographic independent carbon atoms, in agreement with two organic molecules in the asymmetric part of the unit cell. The good agreement of the 13 C CP-MAS NMR spectrum with the solid state structure confirms the validity of the interpretation of its 15 N spectrum as consisting of two pairs of overlapped signals.

Theoretical calculations were undertaken in order to assign the NMR resonances to the different crystallographic non-equivalent atoms of the unit cell. The chemical shifts calculations were made on theorganic molecules only. X-ray diffraction data give C-H or N-H distances which are too small compared to what is usually observed (typically below 0.1 nm) due to the fact that this method is not sensitive to the nuclei but to the electrons and so gives values corresponding to distances between the barycentres of electronic charges. As a consequence, the positions of the hydrogen atoms were first optimized with the B3LYP / 6-311 ++ G ** method, the other atoms being frozen. Then the absolute chemical shift was calculated using the GIAOmethod. Finally, the calculated values were calibrated relative to tetramethylsilane for carbon with exp = 0 ppm and nitromethane (using glycine) for nitrogen with exp = -347.2 ppm. The atoms are labeled as depicted below:

The results are listed on Table 8. Clearly, there is a very good agreement between the experimental and the theoretical values calculated after optimization of the position of the protons, allowing unambiguously the attribution of the different NMR signals. It can also be seen that the nitrogen chemical shifts of the two molecules in the asymmetric unit are quite similar (difference 0.3 ppm), explaining the observation of only two signals.

IR spectroscopy

To gain more information on the crystal structure, we have undertaken a vibrational study using infrared spectroscopy. The experimental vibrational spectrum is shown in Fig. S6. The assignments of the observed bands are essentially based on comparisons with data previously reported for similar compounds [27,28].

Heterocyclic compounds containing an N-H group exhibit N-H stretching absorption in the region from 3500 to 3200 cm -1 . In the present work, bands between 3485 and 3220 cm - 1 are assigned to thestretching vibrations of the O-H and N-H groups. The bands of medium intensities at 3095, 2997 and 2972 cm -1 have been assigned to the C-H stretching modes. The strong band observed at 2754cm -1 was attributed to sym (NH2 + ). The band at 1614 cm -1 was assigned to the O-H in-plane deformation. The bands at 1460, 1438 and 1394 cm -1 were assigned to CH3 and CH2 deformation modes. The bands of medium intensities at 1327, 1260 and 1208 cm -1 were assigned to C-N stretching. Thebands at 1113, 1042and 1011 cm -1 were attributed to asymmetric and symmetric C-C stretching modes. Finally the infrared bands observed in the range 911-500 cm -1 were assigned to CCN group deformation vibrations.

DFT calculations showed that the inorganic entities lead to vibrations below 500 cm -1 which are not observed experimentally in our conditions. So we focused only on the vibrations of the organic cation. As for the NMR calculations, the positions of the hydrogen atoms were first optimized before calculation of the infrared frequencies (a direct calculation led to numerous imaginary frequencies). The absence of imaginary frequencies gave a proof of this approach. The resulting IR spectrum, calculated by the B3LYP/6-311++G** method, is plotted on Fig. S7 and is very similar to the experimental spectrum allowing a good correlation between the experimental and theoretical data as shown on Fig. 7. Thus, the precision is well-sufficient to assign the experimental frequencies and to confirm the attributions proposed above.

Concluding remarks

A new organic-inorganic material, C6H16N2SbCl5.H2O, has been prepared at room temperature and characterized by physicochemical methods. On the structural level, it can be described by an anionic framework formed by the two SbCl5 square pyramids, which are interconnected via the water molecules through O(W)-H•••Cl hydrogen bonds, so that infinite double chains are formed in the structure parallel to the [101] direction. The Hirshfeld surface analysis reveals the percentage of intermolecular contacts of the title compound. The two independent cations form almost the same kind of contacts in terms of interacting chemical species involved. The chloride atoms form mainly hydrogen bonds and ionic bridges with Sb +++ cation. The statistical analysis of the contacts involving the ten independent Cl-atoms highlight that the weak Hbonds Cl -…H-C are anti-correlated with the strong electrostatic interactions Cl -...Sb +++ and Cl - …Hn/o. The variability of contacts among the chloride atom is between 25% and 36% for the three major interactions. The number of 13 C and 15 N CP-MAS NMR lines is in full agreement with the crystallographic data. DFT calculations allow the attribution of the experimental NMR lines and of IR bands at low frequencies. data Crystallographic data for the structural analysis have been deposited at the Cambridge Crystallographic Data Centre, CCDC No1062768. 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. 
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  View of the asymmetric unit in the crystal structure of the title compound showing the atomnumbering scheme and displacement ellipsoids drawn at the 50% probability level

Fig. 2

 2 Fig. 2 Geometry around the two Sb(III) cations in C6H16N2SbCl5.H2O.

Fig. 3

 3 Fig. 3 Projection along the b-axis of the crystal packing of the title compound. The dotted lines indicate hydrogen bonds.

Fig. 4

 4 Fig.4Decomposition of the contact types for two independent cations and for the two water molecules. Some of the Ho/n hydrogen atom types can here unambiguously be attributed to Hn or Ho.

Fig. 5

 5 Fig.5The different types of contacts surfaces around the ten Cl-anions. The X-axis is the proportion of Cl….Hc contacts.

Fig. 6

 6 Fig. 6 Frontier orbitals in C6H16N2SbCl5.H2O.

Fig. 7

 7 Fig. 7 Comparison between experimental and calculated IR frequencies of C6H16N2SbCl5.H2O.

Table 1 .

 1 Experimental details of C6H16N2SbCl5.H2O.

	Crystal data	
	Chemical formula	C6H8Cl5N2OSb
	Mr	433.22g.mol -1
	Crystal system, space group	Orthorhombic, Pca21
	Temperature (K)	100
	a, b, c (Å)	9.5235 (16), 8.1902 (7), 18.8696 (16)
	V (Å 3 )	3017.3 (4)
	Z	8
	Radiation type	Mo Kα
	µ (mm -1 )	2.69
	Crystal size (mm)	0.43 × 0.33 × 0.17
	No. of measured, independent and observed	15583, 5400, 5201
	[I > 2σ(I)] reflections	
	Rint	0.026
	Refinement	
	R[F 2 > 2σ(F 2 )], wR(F 2 ), S	0.024, 0.058, 1.06
	No. of reflections	5400
	No. of parameters	286
	Δρmax, Δρmin (e Å -3 )	1.61, -0.83

Table 4 .

 4 Statistical analysis of intermolecular contacts. The second row shows the chemical content on the Hirshfeld surface. The antimonate, nitrogen and carbon species are omitted as they are mostly buried behind Cl and H atoms. The third row shows the proportion of X…X self-contacts for all chemical types. The right-upper part of the five last rows shows the % of X…Y contacts while the left-lower part shows the enrichment ratios EXX and EXY of contacts[26]. The enrichment ratios EXY in bold correspond to the chemical species which are the most present on the molecular surface (equiprobable X…Y larger than 10%). Table.7. Data of the spectrum simulated in the range 40 and 60 ppm of the title compound.

	atom type	Cl	Ho/n	Hc	O
	surface %	40.1	14.0	38.2	4.0
	self contacts %	1.5	0.2	6.0	0.0
	Cl	0.09	20.9	53.6	0.6
	Ho/n	1.8	0.10	3.4	2.8
	Hc	1.7	0.32	0.41	4.1
	O	0.21	2.6	1.4	0.00

Table . 8

 . . Comparison of calculated and experimental chemical shift values of the carbon and nitrogen atoms in C6H18N2SbCl5.H2O.

	Atoms	Calculated	Experimental
	C1	49.5	41.0
		48.2	40.5
		50.4	41.8
		49.1	41.0
	C2	54.0	49.8
		56.0	51.8
		51.8	49.8
		55.5	50.8
	C3	62.2	56.7
		63.6	57.2
	Me	12.7	11.94
		12.2	11.50
	N1	-308.1	-363
		-307.8	
	N2	-282.1	
		-281.9