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Synthesis, structure and magnetic characterisation of a new

and acts as a doubly bidentate ligand bonding to Mn(1) in one. MnO6-based chain (via O(4) and O(6)) and Mn(2) in the adjacent chain (via O(2) and O(3)). 
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Synthesis, structure and magnetic characterisation of a new layered ammonium manganese(II) diphosphate hydrate, (NH4)2[Mn3(P2O7)2(H2O)2]{ Ann M. Chippindale,*a Fabrice O. M. Gaslain,a Andrew D. Bondb{ and Anthony V. Powellc a



School of Chemistry, The University of Reading, Whiteknights, Reading, Berkshire, UK RG6 6AD. E-mail: [email protected] b Chemical Crystallography Laboratory, 9 Parks Road, Oxford, UK OX1 3PD c Department of Chemistry, Heriot-Watt University, Edinburgh, UK EH14 4AS Received 9th April 2003, Accepted 13th June 2003 First published as an Advance Article on the web 27th June 2003 A new layered ammonium manganese(II) diphosphate, (NH4)2[Mn3(P2O7)2(H2O)2], has been synthesised under solvothermal conditions at 433 K in ethylene glycol and the structure determined at 293 K using single-crystal X-ray diffraction data (Mr ~ 584.82, monoclinic, space group P21/a, a ~ 9.4610(8), b ~ 8.3565(7), c ~ ˚ , b ~ 99.908(9)u, V ~ 738.07 A ˚ 3, Z ~ 2, R ~ 0.0351 and Rw ~ 0.0411 for 1262 observed data (I w 9.477(1) A 3(s(I))). The structure consists of chains of cis- and trans-edge sharing MnO6 octahedra linked via P2O7 units to form layers of formula [Mn3P4O14(H2O)2]22 in the ab plane. Ammonium ions lie between the manganesediphosphate layers. A network of interlayer and ammonium-layer based hydrogen bonding holds the structure together. Magnetic measurements indicate Curie–Weiss behaviour above 30 K with meff ~ 5.74(1) mB and h ~ 223(1) K, consistent with the presence of high-spin Mn21 ions and antiferromagnetic interactions. However, the magnetic data reveal a spontaneous magnetisation at 5 K, indicating a canting of Mn21 moments in the antiferromagnetic ground state. On heating (NH4)2[Mn3(P2O7)2(H2O)2] in water at 433 K under hydrothermal conditions, Mn5(HPO4)2(PO4)2?4H2O, synthetic hureaulite, is formed.



Introduction Hydrothermal methods under modest conditions (T v 700 K, autogeneous pressure) have proved successful for the synthesis of both manganese(II) and manganese(III) phosphates and produced a structurally diverse range of materials including synthetic minerals e.g. hureaulite, Mn5(HPO4)2(PO4)2?4H2O1,2 and gatehouseite, Mn5(PO4)2(OH)4,3 phosphates and phosphatehydrates with new stoichiometries e.g. Mn7(HPO4)4(PO4)2,4,5 Mn6(PO4)4?H2O6 and MnPO4?H2O,7 and materials incorporating inorganic or organic cations in pores or interlayer spaces e.g. NH4Mn4(PO4)38 and Ba(MnPO4)2?H2O,9 which have threedimensional frameworks, and NH4Mn2O(PO4)(HPO4)?H2O,10 [pipH2][Mn6(H2O)2(HPO4)4(PO4)2]?H2O (pip ~ piperazine),11 [NH3(CH2)2NH3][Mn2(PO4)3]?H2O12 and [NH3(CH2)2NH3]3/2[Mn2(PO4)3]?H2PO4,13 which have two-dimensional frameworks. There are only a few known examples of manganese diphosphates and the majority of these phases have been prepared by conventional high-temperature solid-state reactions. Their structures contain MnOx polyhedra linked in a variety of ways via P2O7 units to generate three-dimensional, layered and chain frameworks. For example, isolated MnO5 square pyramids are found in BaMnP2O7 (high-temperature form, 3-D)14 and NaCsMnP2O7 (2-D)15 and MnO6 octahedra in K2MnP2O7 (3-D).16 Dimeric units e.g. Mn2O8 units, derived from edge sharing MnO5 pyramids, are found in BaMnP2O7 (low-temperature form, 1-D)14 and Mn2O10 units in CaMnP2O7 (3-D),14 Na2MnP2O7 (2-D)15 and the Mn(III) {Electronic supplementary information (ESI) available: powder XRD data, atomic coordinates and thermal parameters, IR data, bond valence calculations, TGA. See http://www.rsc.org/suppdata/jm/b3/ b304003h/ {Present address: Syddansk Universitet, Kemisk Institut, Campusvej 55, 5230 Odense M, Denmark.
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compound HMnP2O7 (3-D).17 Chains of edge sharing MnO6 octahedra can be joined either through all cis linkages e.g. in Mn2P2O718 or through alternating cis and trans linkages in Mn2P2O7?2H2O (3-D),19 in which the building unit is MnO5(OH2), and K2MnP2O7F2 (3-D),20 in which trans MnO4F2 octahedra link to adjacent units through one Mn–O–Mn and one Mn–F–Mn bridge. Here we report the solvothermal synthesis, structural and magnetic characterisation of (NH4)2[Mn3(P2O7)2(H2O)2], a layered manganese(II) diphosphate of new stoichiometry (Mn : P ratio 4 : 3). The layers of formula [Mn3(P2O7)2(H2O)2]22, which are similar to those found in A2Co3(P2O7)?2H2O (A ~ K and NH4)21 and PbNi3(P2O7)2,22 contain chains of edge sharing MnO6 octahedra linked in a ‘trans cis cis trans’ repeating manner not previously observed in manganese diphosphates.



Experimental Characterisation methods Powder X-ray diffraction patterns for all products were recorded on a Siemens D5000 diffractometer (graphite ˚ ). Crystallites monochromated Cu-Ka radiation (l ~ 1.5418 A were examined by Energy-Dispersive X-ray emission analysis using a Phillips CM20 transmission electron microscope coupled with an Oxford Instruments INCA energy TEM 200 microanalysis system. Infrared spectra of samples diluted in KBr discs were recorded on a Perkin Elmer FTIR 1720-X spectrometer over the range 400–4000 cm21. Thermogravimetric analysis was performed under a flow of nitrogen gas using a Stanton Redcroft STA1000 thermal analyser at a heating rate of 4 K min21 over the temperature range 293– 1073 K. Magnetic susceptibility data for y14.5 mg of powdered sample contained in a gelatin capsule were obtained using a Quantum Design MPMS2 SQUID magnetometer.
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Data were collected over the temperature range 2 ¡ T/K ¡ 295, both after cooling in zero applied field (zfc) and in the measuring field of 1000 G (fc). Data were corrected for the diamagnetism of the sample capsule and for intrinsic core diamagnetism. Magnetisation data were collected at 5 K as a function of applied field in the range 0 ¡ H/G ¡ 10000.



Synthesis The title compound (NH4)2[Mn3(P2O7)2(H2O)2] was prepared under predominantly non-aqueous solvothermal conditions both as a pure polycrystalline phase and as single crystals. In reaction (I), a pure polycrystalline sample was prepared by dispersing MnCl2?4H2O (0.38 g) and (NH4)2HPO4 (1.27 g) in 6.00 cm3 of ethylene glycol by stirring. A small amount of tetraethoxysilane (0.10 cm3), which acts as a crystallising agent, was then added followed by orthophosphoric acid (1.48 cm3, 85 wt%) with further stirring to give a homogeneous gel with the overall composition MnCl2?4H2O : 5(NH4)2HPO4 : 56HO(CH2)2OH : 0.23Si(OEt)4 : 11.4H3PO4(aq). The crystallisation process took place in a 23 cm3 Teflon-lined stainless steel autoclave filled with the gel heated at 433 K for 7 days. The product, in the form of a pale-pink powder mixed with transparent blocks of (NH4)2HPO4, was washed in distilled water to remove the latter solid. The remaining product was collected by filtration and was then left to dry overnight at room temperature. All peaks in the powder X-ray diffraction pattern of the polycrystalline product could be indexed on the basis of a monoclinic unit cell determined from the singlecrystal study with refined lattice parameters: a ~ 9.458(2), b ~ ˚ , b ~ 99.93(2)u. Analytical electron 8.358(2), c ~ 9.474(2) A microscopy showed that each crystallite examined contained Mn and P, but no Si. Unfortunately, however, the material deteriorated very rapidly in the electron beam and a Mn : P ratio could not be determined. Combustion analysis values (N: 4.83, H: 2.15%) are in good agreement with those calculated for the formula (NH4)2[Mn3(P2O7)2(H2O)2] (N: 4.79, H: 2.07%) confirming that the sample is monophasic. The IR spectrum showed features consistent with the presence of H2O and NH41 groups in the compound. Broad bands are observed at 3347 and 3147 cm21 corresponding to O–H and N–H stretching modes together with sharp peaks at 1676 and (1466, 1420) cm21 assignable as H2O and NH41 bending modes respectively.23 Peaks observed in the region 1138–990 cm21 are associated with terminal stretching modes of the P2O7 unit whilst those at (916, 890) and 708 cm21 can be ascribed to the asymmetric and symmetric stretching modes of the P–O–P group respectively.24 The diphosphate character of the compound is therefore confirmed and, by using Lazarev’s relationship, the P–O–P bond is predicted to be bent with an angle in the range 127–132u.24 Thermogravimetric analysis under a flow of nitrogen gas revealed a weight loss of y14.1% over the range 513–873 K. The calculated loss for removal of 2 moles of ammonia and 3 moles of water is 15.1%. Collapse of the framework occurred at y820 K to give an amorphous black residue. Reaction (II) produced colourless square plates of (NH4)2[Mn3(P2O7)2(H2O)2] suitable for single-crystal X-ray analysis by a synthetic procedure similar to that for reaction (I) but using a gel composition of MnCl2?4H2O : 7.9(NH4)2HPO4 : 56HO(CH2)2OH : 0.23Si(OEt)4 : 5.8H3PO4(aq). The crystals did not show any evidence of degradation under normal conditions after at least 6 months. The powder X-ray diffraction pattern of a ground sample of the product showed that (NH4)2[Mn3(P2O7)2(H2O)2] was the major phase with a very small amount of an unidentified impurity, which results in a single observable peak in the powder X-ray ˚ of relative intensity 2. diffraction pattern at d ~ 7.132 A



Table 1 Crystallographic Data for (NH4)2[Mn3(P2O7)2(H2O)2] Formula Mr Crystal size/mm Crystal habit Crystal system ˚ a/A ˚ b/A ˚ c/A b/u ˚3 Cell volume/A Z Temperature/K rcalc/g cm23, mCuKa/cm21 ˚ Radiation, wavelength/A Unique data, observed data (I w 3s(I)) Rmerge ˚ 23 Residual electron density (min, max)/e A Number of parameters refined R(F), Rw(F)



(NH4)2[Mn3P4O16H4] 584.82 0.03 6 0.08 6 0.08 Colourless plate Monoclinic, P21/a 9.4610(8) 8.3565(7) 9.477(1) 99.908(9) 738.07 2 293(2) 2.63, 25.62 CuKa, 1.54180 1492, 1262 0.017 21.35, 0.50 134 0.0351, 0.0411



Reaction of (NH4)2[Mn3(P2O7)2(H2O)2] under hydrothermal conditions Hydrothermal treatment of 0.075 g of (NH4)2[Mn3(P2O7)2(H2O)2] from reaction (I) in water (10 cm3) in an autoclave at 433 K for 7 days produced a pale-pink powder identified from its powder X-ray pattern as the mineral hureaulite, Mn5(HPO4)2(PO4)2?4H2O (monoclinic, C2/c, refined lattice parameters: a ~ 17.614(7), b ~ 9.122(3), c ~ ˚ , b ~ 96.57(7)u).1 9.501(3) A Single-crystal X-ray structure determination of (NH4)2[Mn3(P2O7)2(H2O)2] A suitable plate-like crystal was selected from the product of reaction (II) and mounted on a thin glass fibre using cyanoacrylate glue. X-Ray diffraction data were collected at 293 K using an Enraf-Nonius MACH3 (CAD4) diffractometer, with graphite monochromated CuKa radiation (l ~ ˚ ). Monoclinic unit-cell dimensions were determined 1.54180 A from 25 well-centred reflections and intensity data collected using an v–2h scan technique. The three standard reflections chosen as orientation and intensity controls showed no intensity variations when measured every hour during the data collection. The intensity data were corrected for absorption using Q-scans and merged within the program RC93.25 Full crystallographic details are given in Table 1. The structure was solved in the space group P21/a26 by direct methods (SIR9227) and all non-hydrogen atoms were located. All Fourier calculations and subsequent least-squares refinement on F were performed using the CRYSTALS program suite.28 The hydrogen atoms of the ammonium cation and water molecule were located in difference Fourier maps and their atomic coordinates were included in the refinement ˚ and subject to restraint of the O–H bond lengths to 1.00(5) A H–N–H and H–O–H bond angles to 109(1)u. A Chebyshev 3-term polynomial weighting scheme was applied giving final residuals of R ~ 0.0351 and Rw ~ 0.0411. Atomic coordinates and isotropic thermal parameters are given in Table 2 and selected interatomic distances and bond angles in Table 3. The local coordination of the framework atoms is shown in Fig. 1. CCDC reference number 208151. See http://www.rsc.org/ suppdata/jm/b3/b304003h/ for crystallographic data in CIF or other electronic format.



Results and discussion Crystal Structure of (NH4)2[Mn3(P2O7)2(H2O)2] The structure consists of [Mn3P4O14(H2O)2]22 layers constructed from MnO6 and P2O7 units with ammonium cations J. Mater. Chem., 2003, 13, 1950–1955
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Table 2 Fractional atomic coordinates and isotropic thermal para˚ 2) for (NH4)2[Mn3(P2O7)2(H2O)2] meters (A Atom



x



y



z



U(iso)



Mn(1) Mn(2) P(1) P(2) O(1) O(2) O(3) O(4) O(5) O(6) O(7) O(8) N(1) H(1) H(2) H(3) H(4) H(5) H(6)



0.50117(5) 0.5 0.23723(8) 0.29002(8) 0.6410(3) 0.6157(3) 0.3584(2) 0.3889(2) 0.6708(3) 0.3779(3) 0.2627(3) 0.1986(3) 0.4864(4) 0.579(2) 0.451(4) 0.413(3) 0.503(4) 0.711(6) 0.744(5)



0.36011(6) 0 0.4440(1) 0.69755(9) 0.1409(3) 0.1213(3) 0.2015(3) 0.5791(3) 0.4869(4) 0.3584(3) 0.6289(3) 0.4593(3) 0.2210(5) 0.172(4) 0.297(4) 0.135(3) 0.280(4) 0.505(7) 0.537(7)



0.13448(5) 0 0.29674(8) 0.09772(8) 20.1317(3) 0.1852(3) 20.0050(3) 0.0420(3) 0.2740(3) 0.2983(3) 0.2506(2) 0.4441(3) 0.5565(4) 0.540(4) 0.477(3) 0.559(4) 0.650(2) 0.377(2) 0.224(6)



0.0126 0.0126 0.0112 0.0104 0.0152 0.0149 0.0144 0.0137 0.0235 0.0174 0.0132 0.0161 0.0282 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500



Fig. 1 Local coordination of the framework atoms in (NH4)2[Mn3(P2O7)2(H2O)2] showing the atom numbering scheme (drawing package CAMERON29).



˚ ) and angles (u) for (NH4)2Table 3 Selected bond distances (A [Mn3(P2O7)2(H2O)2] Mn(1)–O(2) Mn(1)–O(3) Mn(1)–O(4) Mn(1)–O(4)a Mn(1)–O(5) Mn(1)–O(6)



2.282(2) 2.171(2) 2.177(2) 2.219(2) 2.172(3) 2.096(3)



Mn(2)–O(1)/O(1)b Mn(2)–O(2)/O(2)b Mn(2)–O(3)/O(3)b



2.302(2) 2.155(2) 2.147(2)



P(1)–O(2)c P(1)–O(6) P(1)–O(7) P(1)–O(8)



1.523(2) 1.509(3) 1.635(2) 1.509(2)



P(2)–O(1)a P(2)–O(3)d P(2)–O(4) P(2)–O(7)



1.510(2) 1.524(2) 1.517(2) 1.620(2)



O(2)–Mn(1)–O(3) O(2)–Mn(1)–O(4) O(2)–Mn(1)–O(4)a O(2)–Mn(1)–O(5) O(2)–Mn(1)–O(6) O(3)–Mn(1)–O(4) O(3)–Mn(1)–O(4)a O(3)–Mn(1)–O(5) O(3)–Mn(1)–O(6) O(4)–Mn(1)–O(4)a O(4)–Mn(1)–O(5) O(4)a–Mn(1)–O(5) O(4)–Mn(1)–O(6) O(4)a–Mn(1)–O(6) O(5)–Mn(1)–O(6)



79.47(9) 169.10(9) 95.36(9) 91.4(1) 98.20(9) 93.32(9) 90.24(9) 170.3(1) 94.6(1) 76.35(9) 95.2(1) 87.3(1) 90.47(9) 166.2(1) 90.0(1)



O(1)–Mn(2)–O(1)b O(1)–Mn(2)–O(2) O(1)–Mn(2)–O(2)b O(1)b–Mn(2)–O(2) O(1)b–Mn(2)–O(2)b O(1)–Mn(2)–O(3) O(1)–Mn(2)–O(3)b O(1)b–Mn(2)–O(3) O(1)b–Mn(2)–O(3)b O(2)–Mn(2)–O(2)b O(2)–Mn(2)–O(3) O(2)–Mn(2)–O(3)b O(2)b–Mn(2)–O(3) O(2)b–Mn(2)–O(3)b O(3)–Mn(2)–O(3)b



180 86.58(9) 93.42(9) 93.42(9) 86.58(9) 90.26(9) 89.74(9) 89.74(9) 90.26(9) 180 82.91(9) 97.09(9) 97.09(9) 82.91(9) 180



O(2)c–P(1)–O(6) O(2)c–P(1)–O(7) O(2)c–P(1)–O(8) O(6)–P(1)–O(7) O(6)–P(1)–O(8) O(7)–P(1)–O(8)



113.3(1) 106.3(1) 113.5(1) 106.3(1) 112.7(1) 103.8(1)



O(1)a–P(2)–O(4) O(1)a–P(2)–O(3)d O(1)a–P(2)–O(7) O(3)d–P(2)–O(4) O(3)d–P(2)–O(7) O(4)–P(2)–O(7)



112.8(1) 115.2(1) 104.8(1) 112.1(1) 104.5(1) 106.4(1)



P(1)–O(7)–P(2) Mn(1)–O(2)–Mn(2)



128.9(2) 94.79(9)



Mn(1)–O(3)–Mn(2) Mn(1)–O(4)–Mn(1)a



98.35(9) 103.65(9)



Mn(1)–O(2)–P(1)e Mn(1)–O(6)–P(1) Mn(1)–O(3)–P(2)f Mn(2)–O(3)–P(2)f



137.2(1) 126.3(1) 141.2(1) 120.4(1)



Mn(1)a–O(4)–P(2) Mn(1)–O(4)–P(2) Mn(2)–O(1)–P(2)a Mn(2)–O(2)–P(1)e



121.3(1) 133.0(1) 127.7(1) 127.9(1)



Note: symmetry transformations used to generate equivalent atoms: a 1 2 x, 1 2 y, 2z. b1 2 x, 2y, 2z. cx 2 1/2, y 2 1/2, z. d1/2 2 x, 1/2 1 y, 2z. e1/2 1 x, 1/2 2 y, z. f1/2 2 x, y 2 1/2, 2z.



residing within the interlayer space (Fig. 2). The layers are very similar to those observed previously in K3Co3(P2O7)?2H2O.21 There are two crystallographically distinct P atoms both with tetrahedral coordination which are linked through O(7) to form a P2O7 unit and two distinct Mn atoms. Mn(1) occupies a 1952
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Fig. 2 Polyhedral representation of (NH4)2[Mn3(P2O7)2(H2O)2] along the a axis showing the ‘zig zag’ nature of the MnO6 chains (dark-grey octahedra) running parallel to the b axis and the P2O7 units (light-grey tetrahedra). The nitrogen atoms are represented as grey spheres from which the hydrogen atoms have been omitted (drawing package ATOMS30).



general position and Mn(2) is on the inversion centre at (½, 0, 0). Both Mn atoms are coordinated to six O atoms (Mn(1)–Oav ˚ and Mn(2)–Oav ~ 2.201 A ˚ ) although the Mn(2)O6 ~ 2.186 A octahedron is more regular than that of Mn(1) which is present in a Mn(1)O5(OH2) unit. Bond-valence calculations31 suggest that the manganese is present in both sites in the 12 oxidation state and this is further confirmed by the magnetic measurements below. The MnO6 octahedra adopt an edge-sharing arrangement; the Mn(2)O6 octahedra share trans-edges with two Mn(1)O6 octahedra and the Mn(1)O6 octahedra share cis-edges with one Mn(1)O6 and one Mn(2)O6 octahedron. This results in a ‘‘zigzag’’ chain arrangement with a ‘trans cis cis trans’ repeat of MnO6 octahedra parallel to the b axis (Fig. 2). The MnO6based chains in turn are linked via P2O7 groups to form layers in the ab plane (Fig. 3). The diphosphate group is y24u from an eclipsed conformation when viewed along the P(1)–P(2) axis and acts as a doubly bidentate ligand bonding to Mn(1) in one MnO6-based chain (via O(4) and O(6)) and Mn(2) in the adjacent chain (via O(2) and O(3)). Three of the oxygen atoms, O(2), O(3) and O(4), bond to additional manganese atoms and hence are 3-coordinate whilst O(6) and O(1) are 2-coordinate, the latter forming a P(2)–O(1)–Mn(2) bridge. The remaining oxygen of the P2O7 unit, O(8), is coordinated solely to P(1) and



Fig. 3 View of single [Mn3(P2O7)2(H2O)2]22 layer showing the trans cis cis trans linkage of the MnO6 chains.



points into the interlayer space, the relatively short bond length ˚ ) suggesting some degree of multiple(P(1)–O(8) ~ 1.509(2) A bond character. The oxygen atom O(5) in the coordination sphere of Mn(1) also points between the layers and does not participate in the linkage between MnO6 and P2O7 units. The location of hydrogen atoms in difference Fourier maps, together with bond-valence calculations and the IR spectrum, supports its assignment as a coordinated water molecule, O(5)H2. The P2O7 group has a rather distorted geometry. The P–O bonds of the P(1)–O(7)–P(2)–O(7) bridge are significantly ˚ , and P(2)–O(7), 1.620(2) A ˚ ) than longer (P(1)–O(7), 1.635(2) A ˚) the P–O bonds involved in P–O–Mn bridges (P–Oav, 1.517 A as is generally observed in diphosphate structures.32 The P(1)– O(7)–P(2) bond angle is 128.9(2)u, confirming the prediction derived from the IR data. The coordination geometry around O(7) lies at the limit of the relationship between P–O bridging bond lengths and P–O–P bridging angles in P2O7 units observed previously in a number of diphosphate structures; ˚ namely, P–O bridging bond lengths in the range 1.63–1.54 A typically have P–O–P angles in the range 123–180u.33 The [Mn3(P2O7)2(H2O)2]22 layers stack in AAA fashion with ammonium cations occupying space between the layers (Fig. 2). A strong network of ammonium-layer and interlayer hydrogen bonds holds the structure together. Each NH41 cation hydrogen bonds to the oxygens of phosphoryl groups in ˚ and N(1)…O(8)’, adjacent layers (N(1)…O(8), 2.801(4) A ˚ 2.858(5) A) and also to one of the bridging oxygens ˚ ). The O(5)H2 group is involved in (N(1)…O(6), 2.738(4) A both strong interlayer interactions with the phosphoryl group ˚ ) and intralayer interactions with a (O(5)…O(8), 2.780(4) A ˚ ). bridging oxygen (O(5)…O(1), 2.733(4) A Magnetic characterisation of (NH4)2[Mn3(P2O7)2(H2O)2] The fc and zfc magnetic susceptibility data obtained for (NH4)2[Mn3(P2O7)2(H2O)2] overlie each other over the entire range of temperature studied (Fig. 4a). Data above 25 K are well described by a Curie–Weiss expression. The best fit to the inverse susceptibility data (Fig. 4b) yields a Curie constant of C ~ 12.36(4) cm3 K mol21 and a Weiss constant of h ~ 223(1) K. The former corresponds to an effective magnetic moment per Mn ion of meff ~ 5.74(1) mB, which is slightly reduced from the spin-only moment of 5.92 mB for high-spin Mn21 and is in close agreement with the effective moment of 5.77(1) mB obtained for [NH3(CH2)2NH3]3/2[Mn2(HPO4)3]H2PO4.13 The negative Weiss constant indicates that the dominant magnetic exchange interactions are antiferromagnetic in origin. Within a [Mn3(P2O7)2(H2O)2]22 layer, the chains of edge-sharing MnO6 ˚ . This, octahedra are separated from each other by ca. 4.84 A ˚ between chains in adjacent together with a distance of 9.48 A



Fig. 4 (a) Temperature dependence of the field-cooled (fc) and zerofield-cooled (zfc) molar magnetic susceptibility of (NH4)2[Mn3(P2O7)2(H2O)2] measured in a field of 1000 G. (b) Reciprocal molar magnetic susceptibility. Points are field-cooled data and the straight line is the linear fit over the temperature range 30 ¡ T/K ¡ 300.



layers, suggests that magnetic interactions between chains are comparatively weak and that the dominant magnetic exchange is between Mn21 ions within a given chain. Within a chain, the Mn…Mn distances are too great to allow significant direct ˚ Mn21–Mn21 magnetic exchange (Mn(1)…Mn(1), 3.456(1) A ˚ ). This suggests that coupling and Mn(1)…Mn(2) 3.267(1) A occurs via intervening oxygen anions. Each MnO6 octahedron shares a common edge with two neighbours resulting in Mn– O–Mn superexchange pathways with cation–anion–cation angles in the range 94.79(9) to 103.65(9)u. The qualitative coupling rules developed by Goodenough34 and Kanamori35 predict that correlation superexchange between two high-spin d5 ions via anion p-orbitals will be antiferromagnetic for all Mn–O–Mn angles in the range 90–180u. This is in accord with the negative Weiss constant. In view of this, the marked upturn in the susceptibility at low temperatures is perhaps surprising, indicating as it does some residual spontaneous magnetisation associated with a ferromagnetic component. The presence of a ferromagnetic component at low temperatures is confirmed by examination of the magnetisation as a function of applied field (Fig. 5). The pronounced curvature of this plot is inconsistent with paramagnetism at 5 K. Although saturation is not achieved, extrapolation of a plot of magnetisation vs. inverse field to zero inverse field leads to an estimate of 1.12(1) mB per Mn21 ion for the saturated moment. This value is considerably smaller than the value of 5 mB per Mn21 ion expected for a ferromagnetically-ordered phase, indicating that the lowtemperature magnetic ground state is not a simple ferromagnet. Weak ferromagnetism in an essentially antiferromagnetic J. Mater. Chem., 2003, 13, 1950–1955
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Fig. 5 Field dependence of the magnetisation of (NH4)2[Mn3(P2O7)2(H2O)2] at 5 K



system is frequently observed in low-dimensional structures.36,37 It arises from non-collinearity of the moments on two equivalent antiferromagnetically-aligned magnetic sub-lattices. Antisymmetric exchange of the Dzyaloshinsky–Moriya (D–M) type38 can account for canting of moments but, although symmetry allowed in (NH4)2[Mn3(P2O7)2(H2O)2], it is likely to be relatively insignificant owing to the small g-value anisotropy of Mn(II). Canting may therefore be the result of the effects of single-ion anisotropy: large zero-field splittings having been observed in the chain compound [(CH3)3NH][MnBr3?2H2O].39 Attempts to determine the zero-field splitting parameter from the data collected here were unsuccessful. Indeed, the expression of Fisher40 for isotropic Heisenberg exchange in a linear S ~ 5/2 chain provides a satisfactory fit to the susceptibility data with J/k ~ 8.2(3) K. Inclusion of an anisotropic term does not significantly improve the quality of the fit, suggesting a loss of information in the powder-averaged data and the need to perform measurements on aligned single crystals. The magnetic behaviour of (NH4)2[Mn3(P2O7)2(H2O)2] contrasts with that of the recently reported [NH3(CH2)2NH3]3/2[Mn2(HPO4)3]H2PO4.13 The latter adopts a layered structure in which corner-linked MnO6 and MnO5 polyhedra generate a magnetic sublattice comprising chains of cornerlinked Mn3 triangles. This material has a negative Weiss constant and the magnetic susceptibility shows a maximum at 2.5(1) K, indicating the establishment of an antiferromagnetically ordered state at low temperature. The antiferromagnetic Mn21–O–Mn21 interactions lead to a continuous decrease with decreasing temperature of the quantity (8xT/n)1/2, the effective magnetic moment per Mn21 ion (Fig. 6). However, the behaviour of (NH4)2[Mn3(P2O7)2(H2O)2] is strikingly different (Fig. 6). Initially, (8xT/n)1/2 shows a smooth decrease on cooling from 300 K, the data overlying those for [NH3(CH2)2NH3]3/2[Mn2(HPO4)3]H2PO4.13 However, at 11 K, there is a sharp upturn in (8xT/n)1/2, which continues to increase with further cooling and reaches a maximum value of ca. 9 mB at 2.9 K. The sharp upturn in the effective moment may indicate the onset of long-range magnetic order resulting in a structure in which there is a small residual spontaneous magnetisation.



Conclusion Solvothermal synthesis has been used to prepare a new layered manganese(II) diphosphate hydrate, (NH4)2[Mn3(P2O7)2(H2O)2]. The phase has also been observed by us as a product in solvothermal syntheses in the presence of amine templates such as hexamethylenetetramine and 4,4’-dipyridine which can undergo decomposition to NH41 cations under the acidic reaction conditions.41 The structure of (NH4)2[Mn3(P2O7)2(H2O)2] is similar to that of CoII compounds, M2[Co3(P2O7)2]?2H2O 1954
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Fig. 6 Comparison of the temperature dependence of the effective magnetic moment per Mn21 ion of (NH4)2[Mn3(P2O7)2(H2O)2] (solid points) and [NH3(CH2)2NH3]3/2[Mn2(HPO4)3]H2PO4 (open points) (as measured by the quantity (8xT/n)1/2. Both show a remarkably similar decrease in the effective magnetic moment as the result of antiferromagnetic correlations, but in the former compound the sharp upturn at 20 K is indicative of a ferromagnetic component to the ground state. The inset shows the detail of the low-temperature behaviour of (NH4)2[Mn3(P2O7)2(H2O)2].



(M ~ NH4, K), prepared by Lightfoot and Cheetham under similar conditions but using water rather than ethylene glycol as solvent (cell parameters for K2[Co3(P2O7)2]?2H2O: a ~ ˚ , a ~ 99.31(4)u).21 The 9.229(2), b ~ 8.110(1), c ~ 9.122(4) A synthesis of diphosphate materials under solvothermal conditions still remains relatively unusual.21,42 The layered structure contains zig zag chains of edge sharing MnO6 octahedra linked in trans cis cis trans repeating manner. MnO6 chains with P2O7 spacers have been observed previously in manganese diphosphates but with either all cis linkages e.g. in Mn2P2O718 or through alternating cis and trans linkages in Mn2P2O7?2H2O (3-D)19 and K2MnP2O7F2 (3-D).20 The magnetic data for (NH4)2[Mn3(P2O7)2(H2O)2] reveal the presence of weak ferromagnetism in an otherwise antiferromagnetic system, in common with other one-dimensional manganese-containing materials. The strong interlayer and ammonium-layer hydrogen bonds preclude ion exchange at room temperature although further heating under hydrothermal conditions causes transformation to Mn5(HPO4)2(PO4)2?4H2O. This too contains chains of edge sharing MnO6 octahedra but these are linked and then cross linked to give the 3-D structure found in Nature as the mineral heuraulite.
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