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Atypical Stoichiometry for a 3D Bimetallic Oxalate-Based Long-range Ordered Magnet Exhibiting High Proton Conductivity
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The reproducible formation of a 3D oxalate based coordination compound with an unusual Mn II /Cr III stoichiometry, of formula (NH 4 ) 5 [Mn 2 Cr 3 (ox) 9 ].10H 2 O, is presented. The unprecedented topology of the anionic network leads to antiferromagnetic long-range ordering whereas its guests favour high humidity-dependent proton conductivity.

Introduction

New materials with targeted physical properties are of current interest. Molecular materials, with their inherent chemical flexibility, represent good candidates to reach this goal. Metal-organic frameworks (MOFs) 1 are indeed structurally diverse platforms that allow not only the introduction of a single property such as gas storage, sensors, magnetism or catalysis 2 but also of several properties leading to multifunctional materials. Since their discovery, 3 have focused lot of attention in that direction because the anionic network provide magnetic properties and is able to host a wide variety of functional cations, paving the way to a rational synthesis of magnetic multifunctional materials. 4 In particular, electron conduction was introduced in such networks through tetrathiafulvalene (TTF) derivatives cationic stacks inserted between the anionic layers. 5 This approach has culminated with the synthesis of a molecular ferromagnetic conductor.6 A revival of the influence of the electric field recently appears in oxalate-based systems following two distinct objectives: the introduction of ferroelectricity towards molecular multiferroics 7 and the development of proton conductivity within the material. 8 It should be noted that MOFs exhibiting the latter phenomenon have received little attention despite its importance for promoting efficient fuel cells. 9,10 The introduction of proton conductivity in oxalate-based compounds was first studied by Kitagawa et al.8 Their strategy relies on the introduction of acidic or hydrophilic residues into the cationic component in order to construct proton-conductive pathways between the anionic bimetallic layers. Recently, Pardo et al. 11 2) whose proton conduction is related to the presence of ammonium and/or crystallization water molecules within one-dimensional channels. Interestingly, this compound exhibits a three-dimensional (3D) quartz-like coordination network that strongly contrasts with the well-known 2D (6,3) and 3D (10,3) 

[M a II/III M b I/II (C 2 O 4 )] n 2n-
networks generally encountered in oxalate-based coordination networks. 12 This example raised two sets of important questions about (i) the metal stoichiometry and the topology of such networks (ii) the mechanisms of the proton conduction in such high dimensional architectures.

In this communication, we report the formation of a 3D bimetallic oxalate-bridged compound of formula (NH 4 ) 5 [Mn 2 Cr 3 (ox) 9 ].10H 2 O (1). This unconventional 2/3 Mn II /Cr III stoichiometry leads is to an unprecedented structure that is carefully described together with the analysis of the magnetic properties and the humidity-dependent conduction properties.

Results and discussion

Crystals of 1 were obtained under self-assembly conditions13 by using a MeOH solution containing ammonium tris(oxalato)chromate(III) and manganese(II) chloride followed by a slow diffusion of a 1/1 CH 3 OH/CHCl 3 mixture (see ESI). Whereas the salts are essentially the same than those previously used to obtain bimetallic oxalate-based networks, 11 it appears that the original solvent mixture used herein addresses reproducibly the unprecedented 2/3 Mn II /Cr III stoichiometry observed in 1. Originally introduced as a counterion favouring the dissolution of trisoxalatometalate(III) salts in non aqueous solvents, the ammonium cations now appear as template cations of this very unusual bimetallic oxalate-bridged coordination networks. The observed metal ion ratio indeed corresponds to an original structural arrangement, detailed thereafter, that takes advantage of the robustness of the tris(oxalato)chromate(III) building block and of the versatility of the coordination modes of both the manganese(II) and the oxalate ions.

The crystal structure of 1 was solved by single-crystal X-ray diffraction (table S1 in ESI). 1 crystallizes in the achiral C2/c space group with the formula (NH 4 ) 5 [Mn 2 Cr 3 (ox) 9 ].10H 2 O. The compound is composed of a 3D anionic coordination network with cavities filled by ammonium cations and water molecules. Whereas one of the five ammonium cations needed to balance the charge of the anionic network was solved in the compound, the squeeze command was used for the structural refinement and, on the basis of TGA measurements and elemental analysis, four other ammonium cations and ten water molecules were found to be also present in the network (Fig. S4 in ESI). Within the network, both independent chromium atoms are surrounded by three oxalate ligands forming a slightly distorted octahedral environment, with Cr-O distances in the 1.963( 6) and 2.004(8)Å range. Cr1 is coordinated, via oxalate bridges to three Mn atoms in a triangular pyramidal environment, with MnCrMn angles of 102.46, 108.41 and 123.52°, whereas Cr2 behaves as a planar triangular bridge between three Mn atoms in the xOy plane. There are two types of manganese(II) in the unit cell. Both are coordinated to eight oxygen atoms located at the vertices of a distorted lozenge antiprism (Fig. 1 andS1). Mn1 is coordinated to two oxygen atoms from different oxalate ligands that act as bidentate-monodentate ligands and to three oxalate ligands in a bisbidentate coordination mode (Fig. 1 left and S1 left). The shortest Mn-O distance (2.265( 5) Å) corresponds to the monodentate coordination mode. The oxalate ions bridging the two faces of the prism exhibit a short (2.272(4) Å) and a long (2.491(5) Å) Mn-O distances whereas the two oxygen atoms of the bidentate oxalate located on one face of the prism are at 2.342(4) Å of the Mn1 atom. Owing to the mixed coordination modes of the oxalate ligands, Mn1 has coordination links with 5 chromium(III) ions with Mn-Cr distances in the 5.330(6)-5.634(6)Å range (Fig. 2 and S1 left). The situation is simpler for Mn2: it is surrounded by four oxalate ligands in a bisbidentate coordination mode (Fig. 1 right and S1 right). Each oxalate occupies an edge of a lozenge and has one short (2.249(5) or 2.267( 5) Å) and one long (2.424(6) and 2.367(5) Å respectively) Mn-O distances. It is thus coordinated to four chromium(III) ions being located at distances of Mn2 ranging between 5.574( 6) and 5.596( 6)Å (Fig. 2 right). To get an overall topological view of the material, one can figure out that both [Cr(ox)3]3-moieties are connected to 3 Mn(II) ions, whereas the Mn(II) ions act as five and four Cr(III) ions connectors (Fig. 2, left). The anionic 3D coordination network can be represented (Fig. S2 top) and described14 in terms of network topology as {3.6 4 .8}{3 4 .4 2 .5 4 }{3 3 .6 4 .7 2 .8}{3 5 .4 2 .5 3 .6 4 .7} point symbols for the four metallic ions representing the network (Mn2, Mn1, Cr2 and Cr1 respectively). This network is totally unprecedented since it is not enumerated in RCSR and Topos.14 The variety of the coordination modes of the oxalate ligand together with the versatility of the octacoordinated manganese(II) ions acting as either four-or five-connectors, allow the formation of this original network.

The anionic network is crossed by two types of channels running along the a-axis (Fig. S2 top). The first one is delimited by a distorted lozenge formed by two Cr1 and two Mn1 metal ions. The lozenges are sharing edges along the c-axis. The channel section is ca. 3.1x4.2 Å2. In these channels, one ammonium ion was refined (Fig. S2 bottom). It establishes Hbonds with a terminal oxygen atom of a non-bridging oxalate (O17) with dN-O distances of 2.940( 5)Å and with an oxygen atom of a bridging oxalate (dN-O = 2.985(6)Å). It is thus in a distorted tetrahedral environment with ONO angles in the range of 55.97 and 144.34°. The second type of channel is delimited by highly flatten octagons. The vertices of each octagon are four Cr1, two Mn1 and two Mn2 metal ions. The channel section is ca. 5.4x11.5 Å2. Additional electronic density from water molecules and ammonium ions are located in both types of channels, which could not be safely assigned to water molecules or ammonium cations.

The comparison with the 3D parent compounds of formula

(NH 4 ) 4 [MnCr 2 (ox) 6 ].4H 2 O
(2), 11 and also with [Ru(bpy) 2 (ppy)][MnCr(ox) 3 ] (3) 4c is important to understand the formation of this coordination network presenting an original connectivity. In all three compounds 1-3, the tris(oxalate)chromate(III) tecton is fully preserved. Nevertheless its connections with manganese(II) ions are slightly different. Whereas in 2, tris(oxalato)chromate(III) acts as a bis(bidentate) metalloligand, in 3, it acts a tris(bidentate) metalloligand. In 1, an intermediary situation is reached: as in 3, Cr2 behaves as a tris(bidentate) metalloligand but Cr1 is a monodentate-bis(bidendate) metalloligand. This situation is rather scarce.

It has been encountered in rad[Mn(H 2 O)Cr(ox) 3 ].2H 2 O (rad + =2-, 2-(1-methylpyridinium- 4-yl)-4,4,5,5-tetramethylimid-azoline-1-oxyl-3-oxide) 15 , [Co(tpy) 2 ][Mn(H 2 O)Cr(ox) 3 ].5H 2 O.CH 3 OH
(tpy=2,2':6',2''terpyridine) 16 and

[Mn(OH 2 ) 2 (CH 3 OH) 2 ][Mn(CH 3 OH)(OH 2 )] 2 [Cr(ox) 3 ] 2 (18C6) (18C6 = C 12 H 24 O 6 )
. 17 Moreover, 1 differs from other compounds by the environment of the manganese(II) ions. In 1, Mn2 is surrounded by four bidentate oxalate ligands. This coordination mode appears to be much the same as the one observed in 2. Nevertheless, the polyhedron evolves from a square antiprism in 1 to a bicapped triangular prism in 2 and, accordingly, the Mn-O distances span over a wider range in the latter compound. As stated in ref.

11, this situation is scarcely encountered in the literature. Finally, the environment of Mn1 (three bidentate oxalate ligands and two monodentate ones) is the most surprising. In CCDC, it is only found once for a Ba(II) ion in the discrete cluster of formula Ba 4 [Fe II 6 (µ 3 -OH) 6 (C 2 O 4 ) 6 ]Br 2 •6H 2 O 18 but it was never observed for any transition metal ion coordinated by oxalate ions or in any oxalate-based extended coordination network. This unusual coordination environment of Mn1 deeply modifies the connecting rules within the network and leads to the construction of this highly original coordination network.

The magnetic measurements were performed on microcrystalline powder of 1 checked by PXRD (Fig. S3, ESI) The thermal variation of cMT for 1, where cM is the molar magnetic susceptibility per Mn2Cr3 unit and T the absolute temperature, is shown in Fig. 3. The cMT value of 14.80 cm3mol-1K at room temperature is slightly higher than the value calculated for uncoupled magnetic ions (SMn = 5/2, SCr =3/2; cMT =14.375 cm3mol-1K with gCr = gMn =2.0). cMT increases continuously when T decreases, until reaching a maximum value of 35.0 cm3mol-1K at 6.0 K. The cMT then undergoes an abrupt decrease at low temperature. This behaviour is indicative of dominant Mn-Cr ferromagnetic (F) exchange interaction through the oxalate bridge. To quantify this interaction, the thermal variation of the inverse of the susceptibility was fitted by a Curie-Weiss law between 20 and 300 K leading to a value of the Curie-Weiss temperature Q = 4.0 K (Fig. 3 top). Moreover, the field-cooled magnetization (FCM) exhibits a peak at TN = 6.0 K which is indicative of the onset of an antiferromagnetic (AF) order with a Néel temperature of 6.0 K (Fig. 3, bottom). There seems to be a contradiction between the nature of the exchange interaction deduced from the treatment of the susceptibility and the nature of the long-range magnetic order (LRMO) deduced from the FCM. The comparison between the Curie-Weiss and the Néel temperatures is the first element to solve this ambiguity. The Curie-Weiss temperature can be related to the exchange interaction parameters using a meanfield approach known as molecular field. 19 This has two consequences: (i) when only one interaction is present, because of quantum fluctuations not taken into account in the meanfield approach, the absolute value of the Curie-Weiss temperature is always greater than the LRMO temperature (ii) when several exchange interaction are present, the Curie-Weiss temperature averages the different exchange interaction parameters. In the case of 1, it means that a dominant F interaction coexists together with either a weaker F interaction or even an AF one. The latter situation is the only compatible with the onset of an AF LRMO. A close look at the structure brings complementary information on the nature of the exchange interaction. In the [MnCr] oxalate-bridged networks, the Mn-Cr exchange interacrion is F when the oxalate bridge is symmetric. On the contrary, it becomes AF when the bridge is fairly unsymmetrical with respect to the manganese(II) ion as found in [Mn(CH 3 OH) 6 ][Mn(CH 3 OH)Cr(ox) 3 ] 2 .2CH 3 OH. 20 Though the structure of 1 is rather complicated, the magnetostructural analysis is quite straightforward using these guidelines. In the (ab) planes (Fig. 2 left), all the oxalate ligands are in a rather symmetrical bis(bidentate) bridging mode. Accordingly, the exchange interaction in these planes is F. In the (bc) planes (Fig. 2 right), the situation is more complicated. Along the b-axis, the interaction is ferromagnetic. But along the c-axis, the oxalate ligands bridging Mn1 to Cr1 adopt a bidente-monodentate mode which is the extreme case of the dissymmetrical bridge observed in ref. 20. Accordingly, the exchange interaction along this direction is AF. The contribution of this latter interaction to the Curie-Weiss temperature leads to a decrease of its value compared to the one found in networks with only one F exchange interaction. Moreover, this interaction couples AF the F-coupled (ab) planes leading to an overall AF LRMO. Electrical measurements were performed on sintered microcrystalline powder of 1 at 298 K at various humidity rates (Fig. 4 and S5 in ESI). For example, for a relative humidity (RH) set at 74% of the saturation value, a Cole-Cole circular arc fitting of the leads to a conductivity value σ of 7.1 10 - 4 S cm -1 (Fig. 4 top). [START_REF]The other experiments done by varying the relative humidity (RH) are given in ESI[END_REF] Let us note that the value of 74%RH is the maximum we can reach in the case of 1 because above 80%RH, the crystals are deliquescent, preventing measuring their conducting properties. When the relative humidity is decreased, the σ values undergo a dramatic decrease of five orders of magnitude down to 9.1 10 -9 S cm -1 at 9.5 %RH (Fig. 4, bottom). This behaviour is much similar to what has been observed in other oxalate-based anionic networks hosting acidic cation. 8,11 The strong dependence of the conductivity upon relative humidity confirms that proton conductivity is responsible for the high conductivity of 1 and should occur through a Grotthus mechanism. Compared to the parent 3D compound 2, 11 the conductivity of 1 is slightly higher at comparable RH (Fig. 4 right). In the present case, a possible explanation for the increase of the protonic conductivity could be based on the enlargment of the channels section in 1 compared to the one in 2, in particular for the octagonal ones. In turn, this enhanced accessibility to water molecules could also explained the deliquescent behaviour of compound 1 at high RH percentages. Nevertheless, in contrast with the most fruitful magnetostructural approach, the main difficulty to correlate the structure of proton conductors to their electrical behaviour, is that the identification and localisation of the molecules responsible for the conduction by X-ray diffraction are next to impossible.

Experimental Synthesis

Except where mentioned, all the chemicals were purchased from commercial sources and were used as received. (NH 4 ) 3 [Cr(ox) 3 ]•3H 2 O was prepared following the literature procedures. [START_REF] Bailar | [END_REF] 0.71073 Å) radiation. The diffraction data was corrected for absorption and structural determination was achieved using the APEX (1.022) package. The ammonium and water molecules in compound 1 are highly disordered which could not be located successfully from Fourier maps in the refinement cycles. The scattering from the highly disordered lattice guest molecules were removed using the SQUEEZE procedure implemented in the PLATON package 24 . The resulting new file was used to further refine the structures.

Conclusions

The synthesis of a bimetallic oxalate-bridged system, in CH3OH/CHCl3 diffusion mixture yields a three dimensional compound of formula (NH 4 ) 5 [Mn 2 Cr 3 (ox) 9 ].10H 2 O presenting a remarkable Mn II /Cr III stoichiometry. In this compound, the coordination of the manganese(II) ions are very original and, by modifying the connection rules of this ion, leads to a very intriguing {3.6 4 .8}{3 4 .4 2 .5 4 }{3 3 .6 4 .7 2 .8}{3 5 .4 2 .5 3 .6 4 .7} threedimensional network topology. Moreover, the architecture displays wide channels filled with water and ammonium molecules. These guests are responsible for a high proton conductivity of the compound. In addition, this proton conductor displays a long-range magnetic ordering with TN= 6K.

Figure 1 :

 1 Figure 1: Representation of the Mn coordination environments in 1 for Mn1 (left) and Mn2 (right).

Figure 2 :

 2 Figure 2: Representation of the bimetallic anionic network in 1 (fuschia= Mn1, gold = Mn2, light green= Cr1, dark green= Cr2) along the a-axis (left) and along the c-axis (right).

Figure 3 :

 3 Figure 3: Thermal dependence of cMT and cM -1 (top) and field-cooled magnetization (FCM) for 1 (bottom).
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Figure 4 :

 4 Figure 4: Cole-Cole plot for the conductivity of 1 measured in 74 %RH at 298 K (top) and dependence of the conductivity of 1 (red losange) and 2 (green triangle) at 298 K with the relative humidity around the sample (for 2, the data are extracted from ref. 11) (bottom).

  Data was collected at 173(2) K on a Bruker APEX8 CCD Diffractometer equipped with an Oxford Cryosystem liquid N 2 device, using graphite-monochromated Mo-Kα (λ = . Z" plots at various humidity.

  described an oxalate-based network of formula (NH 4 ) 4 [MnCr 2 (ox) 6 ].4H 2 O (

NH 4 ) 5 [Mn 2 Cr 3 (ox) 9 ] 10H 2 O (1).

  Elemental analyses (C, H, N) were carried by the Microanalytical Service of the University of Grenoble.

	(NH 4 ) 3 [Cr(ox) 3 ]•3H 2 O (85.6 mg, 0.2 mmol) and MnCl 2 •4H 2 O
	(19.8 mg, 0.2 mmol) was dissolved in 8 mL methanol. The
	resulting mixture was carefully layered to 15 mL solution
	CH 3 OH/CHCl 3 1/1. Tiny violet crystals were obtained after
	three days in 72% yield. Elemental analysis calculated (%) for
	C 18 H 40 Cr 3 Mn 2 N 5 O 46 (1328.38): C 16.27, H 303, N 5.27; found:
	C 16.28, H 2.85, N 5.04;
	Single-Crystal Studies.
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