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The incorporation of the aromatic diamine 2-methylimidazole as template in the synthesis of hybrid sulfate salts with transition metal was effected by the slow evaporation method. The resulting structure presents a lamellar character with a supramolecular network, which is uncommon in the family of sulfates and their derivates. The three synthesized compound with the general formula

Zn, Co and Mn) crystallize in the monoclinic symmetry, space group P2 1 /c. According to the design shape of the protonated amine and its bonding relations between the supramolecular inorganic layers, building from hydrogen bond only, the interlamellar distance reached 11.6 Å. The π-stacking between aromatic moieties of amines have a relevant role in stabilizing the lamellar structure. The thermal study with in situ powder X-ray diffraction and thermogravimetry of the synthesized compounds showed that the dehydration stage of precursors lead to the formation of an anhydrous crystalline phase with a good thermal stability. Beyond this and under the decomposition stage, Co and Zn compound become amorphous whereas the Mn-based compound showed successive crystalline phases. The magnetic measurements performed for the cobalt based compound indicate a low interaction exchange within the material in agreement with a typical paramagnetic behavior.

Introduction

Hybrid organic-inorganic materials have been the challenge for the development of industry and the desire to cover new features in multiple domains offering the possibility of combining the dissimilar properties of organic and inorganic components [1-6]. Hybrid layered materials, whose crystal structure might consist in stacked inorganic sheets with intercalated inorganic and/or organic guests, represent an interesting opportunity for developing new materials in different fields of applications, such as nonlinear optical materials, conductors, photoactive materials, nanomagnets, polymer additives, ion-exchangers, electrodes and catalysis [1,3]. Various types of hybrid PCPs (Porous Coordination Polymers) [7], 2D MOFs (Metal Organic Frameworks) [8] or layered/clays inorganic compounds [9], exhibit selective catalytic activities towards many small organic molecules.

In particular, layered structures governed by weak bonding energy in one or two lattice directions are one of the most studied and used [9]. Amongst them, hybrid supramolecular compounds represent an interesting opportunity for the development of new materials in various fields of applications, as dielectrics, semiconductors and materials for ONL [10,11]. Many transition metal [12], lanthanide [13], and actinides [14] sulfates combining the organic molecules as template have been developed. The particularity of the templating role of amine and their importance was shown in several applications, such as optics and catalysis [15][16][17][18][19][20]. Organic-inorganic sulfates salts built from transition metals and amines have been mainly described in the literature as supramolecular crystal structures belonging to well-known families as alums and Tutton's salts [21][22][23]. In this context, we are interested in mixed transition metal sulfates and protonated amines with good thermal stability and which can present reversible phase transitions, for potential applications as dielectric or catalysts [24]. Our recent research activity was introducing aromaticity and/or delocalization of electrons through using aromatic amine as structuring agent in the synthesis of new hybrid sulfates. As a result, an uncommon structure type that gathers between supramolecular and lamellar Aspect was highlighted [25,26]. It seems that the use of various types of amine molecules onto the synthetic reactions of new hybrid double sulates of transition metals can generate a wider variety of structure topologies. The intention is the incorporation of 2methylimidazole diamine (C 4 H 5 N 2 ) and the investigation of its influence in this calss of materials. 2methylimidazole is a heterocyclic amine soluble in water characterized by the presence of a hydrophobic methyl group linked to an aromatic five-heterocycle which contain two nitrogen atoms as a hydrophilic diamine part that can accepts hydrogen bonding. We demonstrated in a previous work that zinc-based sulfates including 2-methylimidazole for which a short structure description was given, possess a catalytic activity towards a diastereoselective separation through the nitroaldol reaction [27].

In the present study, the crystal structure of members of (

C 4 H 7 N 2 ) 2 [M II (H 2 O) 6 ](SO 4 ) 2 •2H 2 O is described in detail.
An interest for the significant effect of the aromatic diamine template is given. A thermal study showing the structural evolution of materials in different stages was performed. Also, the magnetic behavior was presented. was adjusted between 2 and 3 by dropwise addition of concentrated sulfuric acid H 2 SO 4 until the solution becomes clear. The formed crystals were collected by filtration and washed with a small amount of distilled water before being dried in ambient air.

Experimental Section

3. Single-Crystal Data Collection and Structure Determination

A suitable crystal of CoMZL compound was glued to a glass fiber mounted on APEX II area detector 4-circles diffractometer. Intensity data sets were collected using Mo Kα radiation (0.71073 A) through the Bruker AXS APEX2 Sofware Suite. The crystal structure of compounds possessing the general formula (C 4 H 7 N 2 ) 2 [M II (H 2 O) 6 ](SO 4 ) 2 •2H 2 O with M II = Zn, Co was determined in the monoclinic symmetry, space group P2 1 /c. The atoms of the metal, sulfur, oxygen and the nitrogen of the aromatic amine were located using the direct methods with the program SIR97 [28]. The positions of the carbon atoms of amine molecule were found from successive difference Fourier calculations using SHELXL97 [29]. The hydrogen atoms linked to the carbons were fixed geometrically and restrained via HFIX command of SHELXL97 program, while the other hydrogen atoms were found and refined by several cycles of refinements. Within a water molecule, the O-H and H-H distances have been restrained to give the ideal value for H-O-H angle. The atomic displacement parameters of the H atoms were fixed at 1.5U eq of their parent atom. Crystallographic data are given in Table 1.

4. X-Ray powder diffraction

X-Ray powder diffraction data of ground crystals of MnMZL compound were collected at room temperature with a Bruker D8 diffractometer, with the parafocusing Bragg-Brentano geometry, using monochromatic Cu Kα1 radiation (λ = 1.5406 Å) selected with an incident beam curved-crystal germanium monochromator. The diffraction pattern was collected over the angular range 5-110° (2θ) with a counting time of 4 s per step and a step length of 0.02 (2θ). X-ray powder diffraction patterns of CoMZL and ZnMZL compounds are simulated from single crystal structures (Fig. 1).

5. Thermal analyses

Temperature-dependent X-ray powder diffraction (TDXD) were carried out with a θ-θ Bruker AXS D8 Advance powder diffractometer, equipped with a high-temperature Anton Paar HTK1200 oven camera and a LynxEye detector. Powder patterns were collected sequentially upon heating at 21.6 °C h -1 up to 400 °C, with the monochromatized CuKα1 radiation (λ =1.5406 Å).

To ensure satisfactory counting statistics, counting times of 20 min/pattern were selected for the thermal decomposition of the precursors, so that any pattern could be collected within a temperature range of 7.2 °C. TGA/DSC measurement was performed with a TA SDT Q600 instrument in flowing air, for any compound, with a heating rate of 0.5 °C min -1 up to 600 °C.

6. Magnetic measurements

Magnetic susceptibility measurement in the range of 2-300 K was carried out on a powdered sample of the cobalt based compound, at the magnetic field of 1000 Oe, using a Quantum Design SQUID Magnetometer (type MPMS-XL5).

Results and Discussion

1. Crystal structures

The synthesized hybrid materials with the general formula

(C 4 H 7 N 2 ) 2 [M II (H 2 O) 6 ](SO 4 ) 2 •2H 2 O
(M II = Zn, Co and Mn) are isostructural and crystallize in the monoclinic symmetry, space group P2 1 /c (Fig. 1). The crystal structure of each compound shows a lamellar feature with a fully supramolecular network. It is built from the stacking of anionic inorganic layers of ([

M II (H 2 O) 6 ](SO 4 ) 2 •2H 2 O) 2-along
the crystallographic b axis, between which are located the 2-methylimidazolium cations (C 4 H 7 N 2 ) + in such a way to compensate the negative charges of the inorganic part (fig. 2a).

The inorganic layer is parallel to the (a, c) plane and is constructed by the metal octahedra, sulfate tetrahedra and the free water molecules interconnected and stabilized via O-H•••O hydrogen bond only, giving rise to a pseudo 2D inorganic layer. The metal octahedra [M II (H 2 O) 6 ] 2+ and the free water molecules are located on the mean plane of the layer and form a positively charged sheet, which is limited by two negatively charged sheet of sulfate tetrahedra (SO 4 ) 2-at the upper and the lower sides (fig. 2b).

The free water molecules play an important role to provide the supramolecular aspect of the inorganic layer forming a connecting bridge between inorganic anions and cations. Indeed, the oxygen of H 2 O molecule may be, at the same time, an hydrogen bond acceptor given from oxygen atom of water molecule coordinated to the metallic octahedron and an hydrogen bond donor toward oxygen of anionic sulfate.

The protonated amines are arranged in [001] single direction between the mineral layers (fig. The interlayer distance that corresponds to the distance between the mean planes of two adjacent inorganic layers is equal to 11.67 Å, i.e, the equivalent to the half of the b parameter of the crystallographic unit cell (table 1). This interlayer distance can be modified depending upon on the amine template incorporated into the structure. Such structural arrangement, which can readily be related to layered materials with supramolecular appearance, is observed in the organic-inorganic sulfate salts incorporating α-methylbenzylamine

(C 8 H 12 N) 2 [M II (H 2 O) 4 (SO 4 ) 2 ]•2H 2 O (M = Fe to Zn)
where the layers are built from mineral entities exhibiting more important interlamellar distance i.e. 

2. Thermal decomposition

Thermal stability is an important opportunity for lamellar materials like clay minerals (modified montmorillonite) [47] and some hybrid layered materials as many phosphonates, known for their intercalation and catalytic properties [48,49]. In the fact of the supramolecular lamellar feature of the structure design of our precursors, we decide to give a thorough thermal study to investigate their thermal stability.

The thermal decomposition of the compounds (

C 4 H 7 N 2 ) 2 [M II (H 2 O) 6 ](SO 4 ) 2 •2H 2 O (M II = Zn,
Co and Mn) was studied by in situ X ray powder diffraction (TDXD) and thermogravimetry (TG). The thermal behavior is almost the same for all precursors and transformations differ only by the temperature intervals. Indeed, we note the same succession of steps. First, a complete dehydration to yield an anhydrous crystalline phase which is stable over a wide range of temperature, then, a decomposition of the anhydrous phase accompanied with a loss of crystallinity. At higher temperatures (300 -400 °C), a completely amorphous phases are formed for zinc and cobalt compounds. For Mnbased material, we see the formation of crystalline phases from 336 ° C.

2. 1. Thermal decomposition of (C 4 H 7 N 2 ) 2 [Co(H 2 O) 6 ](SO 4 ) 2 •2H 2 O

Data given from thermogravimetric analyses (fig. 3) show that under dynamic air heating at a rate of 0.5 °C.min -1 , (C 4 H 7 N 2 ) 2 [Co(H 2 O) 6 ](SO 4 ) 2 •2H 2 O undergoes a first mass loss of 24.13% between room temperature and 70 °C, accompanied by an endothermic DSC signal. This mass loss corresponds to the departure of 8 water molecules (theoretical loss, 25.66%), from which the complete dehydration of the precursor and the formation of the anhydrous (C 4 H 7 N 2 ) 2 Co(SO 4 ) 2 . The latter remains stable up to 200 °C. Beyond this temperature, the decomposition initiate in two stages leading to the final residue of 21.68% corresponding to ½ (CoO + CoSO 4 ) at 600 ° C (theoretical value, 20.49%). The first stage of decomposition between 200 and 300 ° C is a mass loss of about 8.96% coupled with an endothermic heat flow. The second decomposition step is more important (mass loss of about 41.13%), it occurs between 300 and 500 ° C and is accompanied with an exothermic peak on the DSC curve.

An X-ray powder diffraction study according to the temperature (fig. 4) shows that the anhydrous phase (C 4 H 7 N 2 ) 2 Co(SO 4 ) 2 is crystallized and it is stable between 62 °C and 235 °C. It undergoes a small transition manifested by a small change in the shape of the diffraction patterns at 113 °C. From 235 °C, XRD data show that the crystallinity of the phases decreases strongly to result in an amorphous product at 300 °C (decomposition phase).

The weight losses associated with the steps of diffraction patterns changes can allowed proposing chemical formula for the anhydrous phase. After a complete dehydration, these materials will undergo structural changes. Indeed, the water molecules connected to the metal cation will be released, and a rearrangement of the metal polyhedron is still possible. It is assumed that the metal in the anhydrous phase will be surrounded by the sulfate groups instead of water molecules. So that the metal develops a strong bond with oxygen linked to sulfur atom (M-O-S) to form a condensed structure.

Magnetic Properties

Generally, the mineral part of the lamellar structure of hybrid compounds is the origin of magnetic properties. Some organic hydroxysulfate, such as, Co 4 (SO 4 )(OH) 6 (C 6 N 2 H 12 ) 0.5 .H 2 O that contain a stack of inorganic layers between which the organic molecules are located, can display an 
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  2c). They are linked to the mineral part through connecting the sulfate groups by N-H•••O hydrogen bond and they interact with each other by weak π-π interactions. These interactions are made following a parallel-displaced configuration of amine aromatic rings [30,31]. Hence, the distance between two parallel planes of two aromatic rings of adjacent amine is of the order of 3.3 Å. Within the amine molecule, the C-N and C-C distances are close to the usual values observed in others homologous derivates.Adjacent layers are organized through coulomb attraction between the positive imidazolium group of 2-metylimidazolium molecule and the sulfate group supported by charge-assisted N-H•••O(-) hydrogen bond. Again, these charge assisted interactions are clearly seen as the driving force of the inorganic layer formation through developing O-H•••O(-) bonding between water molecules and sulfate group. Stability of the crystal structure is probably due to this type of strong hydrogen bonding especially between the organic part and the inorganic framework [32 -39].

  ) 4 possessing anionic sheets has an interlayer distance of 13.4 Å [40]. We can observe distances beyond mainly in 2D lamellar structures, such as in clay materials [41,42]. Others exemples of hybrid metal complexes and phosphate salts having a supramolecular structures with a lamellar feature show a crystal packing arrangement organized by separation between hydrophilic interior and hydrophobic exterior parts alternating along the longest crystallographic direction axis i.e. in the stacking direction [43 -45]. The building units of the structure includes one protonated amine, one sulfate tetrahedron, a metallic octahedron coordinated by 6 H 2 O lying in a special position and one free water molecule. The metal atom occupies a special position on the centre of symmetry of the space group. Its coordination sphere is composed of 6 oxygen atoms from six water molecules including three crystallographically independent. Four of them are in equatorial positions and two in apical positions. The coordination polyhedron thus formed is a quasi-regular octahedron (fig. 2d). Within the inorganic layer, the intermetallic shortest distances separating two metal octahedra are c.a. 6.66 Å. These distances are closer to those observed in 2-methylpiperazine related sulfate compounds exhibiting the same supramolecular network between the same [M II (H 2 O) 6 ] 2+ entities, such as, Co•••Co= 6.60 Å in (C 5 H 14 N 2 )[Co(H 2 O) 6 ](SO 4 ) 2 [46].

  interesting magnetic feature thanks to the strong interaction between the metallic centers due to the M-O-M bond [50]. The magnetic measurements of the hybrid sulfate salts templated by 2methylpiperazine (C 5 H 14 N 2 )[M II (H 2 O) 6 ](SO 4 ) 2 (M = Mn, Fe, Co and Ni), belonging to the tutton's salt family with their zero-dimensional structures, revealed a typical paramagnetic behavior with negligible interactions [46]. The peculiarity of the lamellar atomic arrangement found in our materials, while still supramolecular, motivated us to test their magnetic response. The magnetic susceptibility was determined for (C 4 H 7 N 2 ) 2 [Co(H 2 O) 6 ](SO 4 ) 2 •2H 2 O over the temperature range of 2-300 K in a 1000 Oe magnetic field. The magnetic susceptibility and its inverse evolutions versus temperature shows that susceptibility values follow a Curie-Weiss law (fig. 5), with a Curie constant C of 2.3 and a Curie-Weiss θ = -14 K, typical of an Co (II) complex with negligible interactions [51]. The χ.T product (fig. 6) decreases at low temperatures, approaching a value of 1.4 as T approaches zero, again in agreement with single ion anisotropy. The values of the results found indicate that the compound is predominantly paramagnetic with weak antiferromagnetic interactions. 4. Conclusion The use of the aromatic diamine 2-methylimidazole as organic part in the synthesis of hybrid double sulfates salts of transition metals provided a new structural type in the family of sulfates and their derivates, characterized by a lamellar stack with a fully supramolecular network. i.e., a stacking of supramolecular inorganic layers templated with chains of protonated amines formed by π-π interaction connection between their aromatic moieties. Hence, the interlayer distance in the compounds of the general formula (C 4 H 7 N 2 ) 2 [M II (H 2 O) 6 ](SO 4 ) 2 •2H 2 O with (M II = Zn, Co and Mn) reached 11.6 Å. The variation of this distance may depends on the nature of the amine incorporated between the mineral layers. Moreover, a thermal study showed that despite the existence of hydrogen bonds and π interactions weak builders of supramolecular network, these compounds showed a good thermal stability with appearance of crystalline anhydrous phases in temperature. Besides, magnetic measurements determined for cobalt based compound indicate a paramagnetic behavior supporting the weakness of the exchange interactions.
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 12 Fig. 1: X-ray powder diffraction patterns of (C 4 H 7 N 2 ) 2 [M II (H 2 O) 6 ](SO 4 ) 2 •2H 2 O with (M II = Zn, Co

Fig. 3 :

 3 Fig. 3: DSC-TG curves for the decomposition of (C 4 H 7 N 2 ) 2 [Co(H 2 O) 6 ](SO 4 ) 2 •2H 2 O in air.
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 4 Fig. 4: TDXD plot for the decomposition of (C 4 H 7 N 2 ) 2 [Co(H 2 O) 6 ](SO 4 ) 2 •2H 2 O in air, showing the
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 5 Fig. 5: Temperature dependencies of the magnetic susceptibility and its inverse for
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 6 Fig. 6: χ.T evolution versus temperature for (C 4 H 7 N 2 ) 2 [Co(H 2 O) 6 ](SO 4 ) 2 •2H 2 O.
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2. 1. Materials

  

	10 ml of distilled water by magnetic stirring. The pH of each solution (ZnMZL, CoMZL and MnMZL)
	CoSO 4 •6H 2 O (98%, PROLABO), ZnSO 4 •7H 2 O (99%, CARLO ERBA), MnSO 4 •H 2 O (98%,
	Prolabo), 2-Methylimidazol C 4 H 6 N 2 (99%, Aldrich), H 2 SO 4 (97 %, Aldrich) were acquired from
	commercial sources and used as received.
	2. 2. Synthesis
	Crystals of materials with the general formula (C 4 H 7 N 2 ) 2 [M II (H 2 O) 6 ](SO 4 ) 2 •2H 2 O were
	obtained by crystallisation in solution at room temperature (slow evaporation method). The metal
	sulfate hydrate (0.287g of ZnSO 4 •7H 2 O or 0.280g of CoSO 4 •7H 2 O or 0.169g of MnSO 4 •H 2 O) and
	0.246g of 2-methylimidazole amine (MZL) were dissolved, in the proportions of 1 metal / 3 amine, in

  16 Å [25]. The templating role of benzimidazole amine in (C 7 H 7 N 2 ) 2 [M II (H 2 O) 6 ](SO 4 ) 2 •4H 2 O (M II = Zn, Cu, Ni, Co) and (C 7 H 7 N 2 ) 2 [Fe(H 2 O) 6 ](SO 4 ) 2 •3H 2 O materials can modify the interlayer space from 12.3 to 13.2 Å depending upon on the nature of the metal [26]. Another lanthanum sulfate salt La 2 (H 2 O) 2 (C 4 H 12 N 2 )(SO 4

Table 1 :

 1 Crystallographic data and structure refinement parameters for (C 4 H 7 N 2 ) 2 [Co(H 2 O) 6 ](SO 4 ) 2 •2H 2 O. H 7 N 2 ) 2 [M II (H 2 O) 6 ](SO 4 ) 2 •2H 2 O (M II = Zn, Mn) given from TDXD analyses.

	Empirical formula Molecular weight/g mol -1	C 8 H 30 CoN 4 O 16 S 2 561.41
	Crystal system	Monoclinic
	Space group	P2 1 /c
	Z	2
	a/Å	7.5783(2)
	b/Å	23.2653(7)
	c/Å	6.66530(10)
	V/Å 3	1110.75(5)
	β/°	109.059(2)
	Calculated density/g cm -3	1.679
	Crystal size/mm 3	0.474 × 0.041 × 0.014
	T/K	293
	λ/Å	0.71073
	θ range/°	2.91-27.485
	Index ranges	-9 ≤ h ≤ 9, -30 ≤ k ≤ 30, -8 ≤ l ≤ 8
	Unique data	2537
	Observed data [I > 2s(I)]	1978
	F (000)	586
	Refinement method	Full-matrix least-squares on |F 2 |
	R 1 [I > 2s(I)]	0.0651
	R 1 (All)	0.0819
	wR 2 [I > 2s(I)]	0.1667
	wR 2 (All)	0.1851
	Goodness of fit	1.072
	No. of parameters	174
	Largest difference map peak and hole/e Å -3	2.145 and -0.853
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Graphical abstract -synopsis

The templating effect of 2-methylimidazolium amine in hybrid sulfate salts of transition metal known as supramolecular materials provided a layered structure type with an interlayer distance of 11.6 Å.

Highlights:

•

A supramolecular hybrid sulfate salts templated by 2-methylimidazolium amine.

•

The crystal structure show a lamellar stack with an interlayer distance of 11.6 Å.

• Thermal dehydration showed an important thermal stability.

•

The paramagnetic behavior of this class of hybrid materials was highlighted.