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Abstract:



Two novel low-dimensional molecular magnetic materials were prepared by the self-assembly of 3d- and 5d-metal complexes. These are the first neutral heterobimetallic cyanobridged compounds involving one anisotropic Mn(III) Schiff base complex and one octacyanotungstate(V) per molecular unit. A slow diffusion of the constituents’ solutions leads to the formation of the 0D crystalline complex 1, due to coordination of a water molecule to the Mn center, which prevents polymer formation. A rapid mixing of reagents results in the precipitation of the microcrystalline powder of complex 2, which based on the totality of experimental data, possesses a 1D polymeric structure. The magnetic studies have shown that antiferromagnetic exchange interactions prevail in 1 (J/kB = −13.1(7) K, D = −3.0(1.3) K, zJ' = −0.16(20) K and gav = 2.00(1)); while the presence of the significant intramolecular Mn(III)–W(V) ferromagnetic coupling through cyanide bridge is characteristic for 2 (J/kB = 46.1(5) K, gMn = 2.11(3), fixed gW = 2.0). Due to the weak interchain interactions, zJ′/kB = −0.8(2) K, and compound 2 is a metamagnet with the Néel temperature of 9.5 K undergoing a spin-flip transition at 2 kOe. The slow magnetization dynamics of 2 were investigated at a DC field of 0 and 2 kOe, giving the values of τ0 32(15) and 36(15) ps, respectively, well within the range typical for single-chain magnets (SCMs). The respective ∆τ/kB values were 48.4(1.2) and 44.9(1.0) K.
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1. Introduction


Molecular magnets of low dimensionality represent polynuclear coordination compounds in which the paramagnetic ions linked together via bridging ligands are particularly interesting due to the slow magnetic relaxation that a large group among them exhibit. What makes them especially attractive is the fact that they are very likely to find applications in high-density data storage or quantum computers [1,2,3,4]. A key parameter for describing these materials is the anisotropy energy barrier, ΔA, which needs to be overcome to reverse the magnetization.



For the zero-dimensional (0D) systems named single-molecule magnets (SMMs), the ΔA value depends on the total spin and the energy of uniaxial anisotropy of the molecule and can be expressed as ΔA = S2|D| for the integer S and (S2 − 1/4)|D| for the half-integer S [4], where the axial zero-field splitting parameter D < 0. In order to use the SMMs in real devices or at least in their prototypes, the ΔA should be high enough to fix the magnetic moment orientation and to prevent quantum tunneling. Slow magnetic relaxation has also been found for one-dimensional (1D) coordination compounds, known as single chain magnets (SCMs) [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27]. In terms of greater relaxation barriers, SCMs possess an advantage over SMMs. This benefit originates from an additional contribution in ΔA, yclept correlation energy Δξ, which is provided by the exchange coupling (J) between the paramagnetic centers. Taking into account that an interaction between adjacent spin carriers is −2JS1·S2, Δξ = 4|J|S2 for an isotropic model when |D/J| > 4/3 (Ising limit), while when |D| << |J|, Δξ = 4S2|JD|1/2 (Heisenberg limit) [2,7]. Therefore, for an infinite magnetic chain the total spin reversal barrier can be written as Ueff = ΔA + 2Δξ [28,29,30]. However, in a finite-length spin chain, the contribution of the correlation energy to the Ueff is twice as small (Ueff = ΔA + Δξ) due to a nucleation effect of the chain ends. Indeed, at low temperatures the relaxation dynamics of SCMs are typically described by the finite-length model [11].



Cyano-bridged metal assemblies have provided a large number of compounds with SMM [31,32,33,34,35,36,37,38] and SCM behaviors [39,40,41,42,43,44,45,46,47,48]. The larger part of these materials comprise 3d metal ions as the core magnetic units. This can be explained by the fact that compared to their 4d and 5d congeners, the coordination chemistry of the first row transition metal complexes is well studied, and there are numerous theoretical models to describe their magnetic behavior. The use of heavier transition metal complexes in the design of low-dimensional nanomagnets has a few advantages. First of all, they possess more diffuse valence orbitals than 3d metals that can offer stronger magnetic exchange interactions [32]. These ions are also found to exist in a variety of oxidation states. The facile changes in oxidation states and the ability to promote these changes via external stimuli, for example by the use of light, to trigger charge transfer reactions, has attracted attention of researchers in the area of multifunctional materials and has produced numerous compounds with several intriguing physical properties, such as photomagnetism [49,50,51].



Compounds involving cyanide complexes as metalloligands are the most common in the area of 4d and 5d molecular magnetism [32], the majority of which are cyanobridged heterometallic assemblies including the octacyanometallates [50,51,52]. Some of them are 1D polymers [53,54,55,56]; others possess layered [57,58,59,60,61,62,63] or 3D network structures [64,65,66,67,68]. The paramagnetic cyanotungstate(V) tectones have been used to build discrete molecules [69,70,71], chains [53,54,55,56], 2D [57] and 3D networks [64,65,66,67,68], and some of them have displayed variable magnetic properties such as high ordering temperatures [72], photo-induced magnetism [73,74], SMMs [75], and SCMs [17,54,55]. However, the assemblies of the paramagnetic [W(CN)8]3− precursor and manganese(III) Schiff base complex, [Mn(SB)]+, are fairly limited and poorly studied in comparison with the large family of bimetallic compounds comprised of the [Mn(SB)]+ cation and the 3d metal hexacyanides that are extensively investigated both structurally and magnetically [76]. To the best of our knowledge, so far only six bimetallic low-dimensional magnetic systems involving [Mn(SB)]+ and [W(CN)8]3− units have been reported [54,55,69,70,71,77].



To compensate for the triple charge of the [WV(CN)8]3− unit, three [Mn(SB)]+ moieties are needed. Thus, the nuclearity of molecular {MnW} species varies depending on the structure of the SB-ligand. In comparison with acacen2− (N,N-ethylenebis(acetylacetonylideneiminato)) included in the layered complex K[Mn(acacen)]2[W(CN)8]·2H2O [57], the salen-type ligands are too large to be assembled through the three cyano bridges in a tetranuclear neutral moiety [Mn(SB)]3[W(CN)8]. Even in the case of the smallest di-anion ligand, salen2− (N,N′-ethylenebis(salicylideneiminato)), only two MnIII-centers in [Mn(salen)H2O]3[W(CN)8] [70] are bound directly to the cyanometallate unit and the third one is phenolate-bridged to the {W-CN-Mn(salen)} unit forming an Mn–NC–W–CN–Mn–OPheO–Mn skeleton. Two closely related tri-nuclear compounds: [Mn(5Clsalmen)(H2O)2]{[Mn(5Clsalmen)H2O]2W(CN)8]} (5Clsalmen2− = N,N′-(1-methyl-ethylenebis(5-chlorosalicylideneiminato)) [77] and [Mn(5Clsaltmen)H2O(MeOH)][Mn2(5Clsaltmen)2(H2O)(MeOH)W(CN)8] (5Clsaltmen2− = N,N′-(1,1,2,2-tetramethylethylene)bis(5-chlorosalicylideneiminato)) [71] have a separated [Mn(5ClSB)(Solv)2]+ cation, while in the binuclear complex [Mn(3MeOsalophen)(H2O)2]2{[Mn(3MeOsalophen) H2O][W(CN)8]} (3MeOsalophen2− = N,N´-phenylenebis(3-methoxysalicylidene-iminato)) [69] the hydrogen bonds between aqua ligands as well as π–π contacts between aromatic rings bind the neighboring {MnIIIWV}2− dimer and isolated MnIII moiety. Both SCMs known to date, involving [WV(CN)8]3−: [Mn(5Brsalen)(H2O)2]{[Mn(5Brsalen)H2O]2W(CN)8]} (5Brsalen2− = N,N′-ethylenebis(5-bromosalicylideneiminato)) and [Mn(L)(H2O)2]2[Mn(L)W(CN)8], H2L = N,N′-bis(2-hydroxynaphthalene-1-carbaldehydene)-1,3-diamino propane) [55], also comprise a separated [Mn(SB)(H2O)2]+ counter ion, dimerized or not.



On account of a great variety of self-assembling in the [Mn(SB)H2O]+/[W(CN)8]3− system, the rational design of the low-D magnetic materials is not possible due to a random localization of both the bridged and separated paramagnetic anisotropic units of [MnIII(SB)(H2O)2]+ in the crystals of the heterobimetallic complexes. The main tactic for a telic synthesis of 0-1D species is the preparation of the neutral MnIIIWV magnetic assemblies. To implement this objective, once charged heteroligand cyanide species [WL(CN)6]− (L = bipyridine or phenantroline) have been used [78,79,80,81]. Despite the successful synthesis of the few [Mn(SB)][WL(CN)6] compounds with SCM behavior, this method has an essential drawback because the yield of octacoordinated [WL(CN)6]− precursors is low [80]. Very recently, the neutral molecular dimeric complexes were studied [82], as well as a row of chain coordination polymers [48] comprised of 3d metal cyanides, [MIII(CN)6]3−, and a triple charged [MnIII(SB2+)]3+-unit presented in Scheme 1. This choice was driven by the following factors: (i) the MnIII unit with a total “3+” charge can provide an assembling of neutral {MnIIISB}/{MIII(CN)6} 1:1 complexes due to electrostatic attraction; (ii) the large (CH3)3N+ groups of the 5TMAMsalen ligand should contribute to an axial coordination of the [Mn(5TMAMsalen)]3+ cations to the [MIII(CN)6]3− anion and (iii) to cancel or reduce the interchain magnetic interactions through the joint impact of both charge repulsion and steric hindrance, leading to spatial separation of the final 1D-polymer chains [48].



In the present report, we have extended this approach to the synthesis of a dinuclear complex [MnIII(5TMAMsalen)(H2O)WV(CN)8](H2O)4.75CH3CN (1) and a coordination chain polymer [MnIII(5TMAMsalen)WV(CN)8](H2O)8CH3CN (2) composed of equally charged constituents. The compounds were characterized by infra red spectroscopy (IR), thermogravimetric analysis (TG), X-ray diffraction (XRD), and elemental analysis. The detailed magnetic measurements were performed for both complexes. An explicit analysis of the magnetic properties together with a set of the other studies has revealed that 2 is a metamagnetic chain compound exhibiting a slow relaxation of magnetization.




2. Results and Discussion


2.1. Preparation and Characterization


It is very important to underline that the compounds were synthesized using a stoichiometric 1:1 molar ratio of the constituents by the reaction of acetonitrile solution of [Mn(5TMAMsalen)(H2O)2] (ClO4)3(H2O) with aqueous K3[W(CN)8](H2O)2. A diffusion method was performed for 1, while a direct mixing of the precursor solutions, followed by heating, for 2. The latter can also be obtained starting from 1 (See experimental section). The diffusion route produces 1 in the form of long brown-yellowish parallelepiped-like batons in a high yield, while the precipitation route results in a dark brown-reddish powder with a quantitative yield. The interdiffusion of aqueous and acetonitrile solutions produces the binuclear complex due to the coordination of an aqua-ligand to the Mn end of the {W-Mn} unit. Therefore, to avoid this process it is necessary to use the non-coordinating solvents along with the assembling of the chain polymer [Mn(SB)W(CN)8]n. However, all of our attempts to grow the single crystals of the 1D material using dry nitromethane and dichloromethane (or chloroform) as solvents for the Mn- and W-precursors, respectively, failed. If in the case of layering, for all solvent combinations, an impenetrable membrane was formed on the interface between the two solutions that prevented further contacts of the components, then direct mixing has resulted in amorphous powders. Very often, these powders were contaminated by products containing perchlorate anions, registered by IR.



At room temperature during the period of a few weeks, the enclosed in a vial crystals of 1 partially lost the solvate water molecules but kept their crystallinity without deterioration of the X-ray diffraction quality. Both 1 and 2 gradually lose solvent molecules during storage and heating. A thermo-analytical investigation of 1 has shown that in the temperature range of 25–145 °C, the solvent loss of about 13.5% (12.87% calculated for [Mn(5TMAMsalen)(H2O)][W(CN)8](H2O)4.75(CH3CN)) occurs in two steps. The first step (about 11.5%) most likely corresponds to the evaporation of four non-coordinated solvents: water molecules and one CH3CN molecule, while the second step (about 2%) is caused by a release of the coordinated H2O (See Figure S1 of the Supplementary information (SI)).



The powder samples of 2, depending on their dispersity, lose solvent molecules with a different speed. For this reason, the solvent content in 2 was determined by heating a part of the freshly prepared sample under vacuum at 110 °C up to a constant sample weight, wherein the weight loss was 17%. A sample treated in this manner as well as its progenitor was analyzed for CHN content. The powders of 2 heated in mild conditions absorb some amount of water from the air, which is confirmed by a weight loss step on the TG curve (See Figure S1, SI). An intensive decomposition of the complexes starts above 200 °C. It is noteworthy that 2 is somewhat more thermally stable compared to 1, which is clearly visible in Figures S1 and S2, where the TG and DTG plots for both complexes are presented. The higher thermal stability of 2 is consistent with the polymeric structure.



The compounds have very similar IR spectra in the range of 1700 to 400 cm−1, where the majority of frequencies match the coordinated Schiff base ligand frequencies. The broad absorptions are centered at 3440 and 3417 cm−1 for 1 and 2, respectively, being more intensive for the latter. Such a broad peak indicates the existence of a system of hydrogen bonds. In the region of 2100 to 2030 cm−1, both complexes have a complicated rake of peaks characteristic for CN vibration stretches (See Table 1). The presence of a set of bands indicates that the cyanide groups in [W(CN)8]3− are partly included in different types of interactions (bridging, hydrogen bonding). Note that for 2, the majority of νCN peaks are slightly shifted towards higher frequencies compared to those of 1. This may be associated with a more linked character of the [W(CN)8]3− metalloligand, which is in favor of the polymeric nature of 2.



Table 1. Cyanide vibration stretches for 1, 2, and (Bu4N)3[W(CN)8] (cm−1).
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(Bu4N)3[W(CN)8] [83]
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-

	
2111.7
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-

	
2088.0




	
2033.0

	
-

	
2038.4











2.2. Description of the Molecular Structure


The crystallographic data and structure refinement summary for 1 is included in Table 2. Single crystal X-ray structural analysis has demonstrated that this compound has a 0D molecular structure with an asymmetric unit (Figure 1) representing a neutral bimetallic assembly and consisting of one [W(CN)8]3− anion and one [Mn(5TMAMsalen)(H2O)]3+ cation. The slightly distorted square antiprism coordination environment of the tungsten ion comprises eight cyanide ligands. Some bond distances and angles defining the coordination polyhedron geometry are shown in Table 2. The W–C bond distances vary from 2.151(7) to 2.168(6) Å with an average value of 2.156(6) Å and the W–C–N angles are close to 180° with the greatest deviation from linearity of 1.58°, which is consistent with the data obtained for the related compounds [50,57,69,70,77]. The coordination environment of the Mn ion is an elongated tetragonal bipyramid because of the Jahn-Teller distortion. The 2O and 2N donor atoms of the 5TMAMsalen ligand in the basal plane of the pyramid form shorter bonds of 1.873–1.989 Å, while one N atom and an O atom of an H2O molecule in the axial positions form a much longer bond (2.244–2.447 Å) (Table 2). The Mn–N–C bond angle is less than 180° and is equal to 160.8°. Such a flexion is typical for the cyanide bridged MnIII–M(CN)n complexes [57,69,70,71,77,82,84,85].


Figure 1. Molecular structure of the [Mn(5TMAMsalen)(H2O)W(CN)8] unit in 1. Hydrogen atoms are omitted for clarity.



[image: Magnetochemistry 03 00016 g001]






Table 2. Selected bond distances (Å) and angles (°) for 1.
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Similar to the case of related 0D [82] and 1D [48] compounds, [MnIII(SB+)MIII(CN)6(H2O)] (MIII = Fe, Mn, and Cr), the Schiff-base ligand is in an envelope conformation with a torsion angle comprising the Nimine–C–C–Nimine core and a dihedral angle between the aromatic rings. In addition, in 1 the positively charged triethylammonium groups of the Schiff base ligand are in the cis-position relatively to the [MnIII(5TMAMsalen)]3+ unit plane similarly to its 3d-congener described in [82], while in the SCMs reported in [48] these groups are in trans-position.



The neutral bimetallic units of [Mn(5TMAMsalen)(H2O)W(CN)8] are bound into pairs by the hydrogen bonds between the aqua ligands and phenolate oxygen as well as the π–π contacts of 3.34 Å between aromatic rings (Figure 2). The distance of 4.906 Å between the adjacent Mn ions is shorter than that of 5.278 Å found in [Mn(5Clsaltmen)H2O(MeOH)]{[Mn(5Clsaltmen)(H2O)Mn(5Clsaltmen)(MeOH)W(CN)8]} [71]. Four of the seven non-bridging cyanide groups of the [W(CN)8]3− anion are involved in the intermolecular 3D hydrogen-bonding network, see Figure 2. In the crystal lattice there are seven positions occupied by H2O molecules with the total occupancy of 3.75 and one MeCN molecule, which is not engaged in hydrogen bonding.


Figure 2. System of hydrogen bonding in 1. Hydrogen atoms are omitted for clarity.
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The powder XRD data for 2 are presented in Figure S3, SI. The diffractogram of 2 differs from the powder X-ray diffraction (PXRD) simulation of 1 and the related chain compound {[Mn(5TMAMsalen)][Fe(CN)6]}n [48]. Considering the fact that 2 has the composition of [Mn(5TMAMsalen)W(CN)8](H2O)8(CH3CN) with a 1:1 ration for Mn:W, two organizations of a bimetallic product in the solid are possible. One of them is a tetranuclear moiety formed from the two dimers [Mn(5TMAMsalen)(H2O)W(CN)8] by removing the aqua ligands coordinated to the Mn-centers. This can result in a new 0D assembly by means of a mutual bridging of the {Mn(5TMAMsalen)} units by phenolate oxygen atoms, similar to that in reference [47], and forming the 7(CN) –W–CN–Mn(–O–)2–Mn–NC–W(CN)7 core. However, in such a case the valence stretches of CN would not experience some significant shifting in higher frequencies, such as what takes place for 2. Another option at the 1:1 metal ratio is a coordination linear polymer comprising of the –CN–Mn–NC–W– repeating moieties. This molecular structure of the compound is in better agreement with the experimental data.




2.3. Magnetic Properties


2.3.1. Magnetic Behavior of 1


The temperature dependence of the χMT product for 1 is presented in Figure 3. The χMT value at 250 K is 3.30 cm3·K/mol, which is very close to 3.34 cm3·K/mol expected for the high temperature limit for the pair of spins SMn = 2 and SW = ½, and g = 2. Furthermore, χMT decreases monotonically, pointing to an antiferromagnetic interaction between the spins, and reaches about 1.3 cm3·K/mol at 2 K, which is smaller than the 1.87 cm3·K/mol expected for the total spin of 3/2 in the ground state of antiferromagnetically coupled MnIII and WV. This may be associated with the zero-field splitting in the Jahn-Teller distorted MnIII complex, and/or antiferromagnetic intermolecular interaction. No sign of magnetic ordering was observed down to 1.8 K, using low field zero-field cooling/field cooling ZFC/FC) and AC susceptibility measurements (See Figures S4 and S5 in SI).


Figure 3. The temperature dependence of the χMT product for 1. The solid line represents the best fit (see text).
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To simulate the magnetic behavior of 1, we used the model of two spins with a Heisenberg exchange interaction J between them. The zero-field splitting of MnIII was taken into account using the axial approximation with the D term only.


[image: there is no content]



(1)







The Hamiltonian (1) was diagonalized numerically to calculate the magnetization of the isolated Mn-W pairs M2(H,T). The value averaged over the H directions was calculated to account for the powder sample. The interdimer interaction was introduced in the mean-field model by numerically solving the equation for the magnetization M(H,T) = M2(H + λM,T), where λ = zJ'/NAμB2g2. The least square fit of the temperature dependence of susceptibility (Figure 3) resulted in the following parameters: J = −13.1(7) K, D = −3.0(1.3) K, zJ' = −0.16(20) K, and the average factor g = 2.00(1). The values of D and zJ' are strongly correlated, which leads to their significant uncertainty.



Based on the values of ZFS for MnIII in a similar environment [82], the negative sign of D was assumed for the initial parameters in the fitting procedure. The value of D obtained from the susceptibility fit was used to calculate the M(H) dependencies shown in Figure 4. At zJ' = 0, the obtained parameters were D = −3.8(2) K, J = −13.6(2) K, and g = 2.00(1), with almost the same fit quality judged by the R2 value. The values of these fitting parameters are close to those found for a related anionic chain [Zn(HC(3,5-Me2pz)3]2[W(CN)8Mn(5Brsalcy)] [56].


Figure 4. Magnetization of 1 versus the magnetic field measured at 1.8 and 5 K. Solid lines are calculated M(H) dependencies (see text).
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In order to verify the consistency of the mean-field term zJ' value, it is important to evaluate the strength of spin coupling between two MnIII ions involved in two {[MnIII(5TMAMsalen)(H2O)]}2 neighboring units, which is mediated by hydrogen bonds between water ligands and π–π contacts between aromatic rings of the closest [MnIII(SB+)]3+ (See Figure S6, SI). For this purpose we have calculated the JMn-Mn exchange parameter in the [(MnSB+(H2O)]2 moiety (Figure S6, SI) in terms of a microscopic model based on the multi-electron superexchange theory described in reference [86]; details of such calculations are reported in [87,88,89].



The electronic characteristics of a pair of MnIII ions were obtained from ligand-field (LF) calculations in combination with the angular-overlap model (AOM) [90]. In these calculations, the AOM parameters eσ(O,N) = 10,000 cm−1 and eσ(O,N)/eπ(O,N) = 0.25 were employed (at the average metal-ligand distance of R0(Mn–O) = 2.05 Å), the radial dependence of the AOM parameters having been approximated by eσ,π(R) = eσ,π(R0)(R0/R)n with n = 4. LF calculations for MnIII ions in the {MnSB+(H2O)} unit were performed with the B = 600 and C = 3400 cm−1 Racah parameters and the Mn → Mn charge-transfer energy fixed at U0(W → Mn) = 65,000 cm−1 (8 eV). The set of one electron matrix elements, <di(A)|h|dj(B)>, related to the magnetic orbitals 3di(A) and 3dj(B) (with the orbital indexes i, j = xy, yz, zx, x2–y2, and z2) and centered on the pair of MnIII ions, was obtained from extended Hückel calculations based on the atomic parameterization reported in [91], as well as the real geometry of the {(MnSB+(H2O)}2 unit (Figure S6, SI) using the projection procedure described in [92].



Our calculations have resulted in a small antiferromagnetic exchange parameter JMn-Mn of −0.033 cm−1 (−0.048 K), which is much smaller than the exchange parameter JMn-W of −13.6 K within the dimer. This provides evidence that hydrogen bonds along with the π–π contacts between ligand aromatic rings are poor mediators of spin coupling between MnIII ions in the {(MnSB+(H2O)}2 unit. This suggests that {[Mn(SB+)H2O][W(CN)8]} molecular clusters are magnetically isolated and do not form 1D magnetic chains in the structure of 1. It is also noteworthy that the calculated parameter JMn-Mn of −0.033 K is reasonably consistent with the value of the molecular field parameter zJ' = −0.16(20) K obtained from the fitting calculations. This justifies the approach of using the isolated W−Mn dimers in terms of Equation (1).




2.3.2. Magnetic Behavior of 2


The cryomagnetic data for 2 is noticeably different from that for 1. The temperature dependences of the χMT product for 2 obtained at magnetic fields of 30 Oe and 5 kOe are presented in Figure 5. Starting from a constant value of 3.3 cm3·K·mol−1 at high temperatures, χMT values begin to rise, reaching a peak of 10.4 and 10.7 cm3·K·mol−1 at 15 K for the data obtained at 5000 and 30 Oe, respectively, before dropping sharply at lower temperatures for both. Such a behavior was also observed in [Mn(SB)]2[Mn(SB)W(CN)8] [54,56] and K[Mn(acacen)]2[W(CN)8]·2H2O [57], and indicates the presence of significant intramolecular MnIII–WV ferromagnetic interactions through cyanide bridges. A fit of the Seiden model [93] for an alternating chain composed of ½ Heisenberg spins for 2 is described by the Hamiltonian Equation (2)


[image: there is no content]



(2)




to the data obtained at 5 kOe in the temperature range of 50 to 300 K was performed using a single coupling constant J value, assumed to be identical for all W-Mn pairs, and gW = 2.0 was fixed. This approximation delivered gMn = 2.11(3) and J = 46.1(5.2) K, which indicates a strong enough ferromagnetic coupling between the W and Mn centers similar to data of Hong’s group [54].


Figure 5. The temperature dependence of the χMT products for 2 at different fields. The red line represents a Seiden model fit to the 5 kOe data. Inset: χM as a function of temperature at 300 Oe with a modified Glauber model fit (see text).
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Additionally, to estimate the interactions between the chains, the classic Glauber model χMT = Ceffexp(∆ξ/T) [28] was modified by including the following equation from the mean field theory [94] that accounts for the interaction between the chains: χ = χchain(1 − zJ'/(2NAg2μB2)χchain), where χ represents the susceptibility of a system with weakly interacting chains, χchain is the susceptibility of isolated chains, and zJ′ is a measure of the interchain interaction. The parameters obtained from the fit of the aforementioned model to the data obtained in 300 Oe in the temperature range of 15 to 50 K are as follows: the domain wall formation energy Δξ/kB = 22.5(5) K, Ceff = 2.91(4) cm3·K·mol−1, and zJ′/kB = −0.8(2) K (−0.53(9) cm−1) (assuming an effective g = 2.0), which is within the range for metamagnetic SCMs [95,96].



The magnetization vs. field curve of 2 measured at 2 K (Figure 6) proves that the compound is a metamagnet which undergoes a spin-flip transition at 2 kOe. The M value reached at 50 kOe is equal to 2.7 μB per MnII–WV unit, which is far from the theoretical value of 5.0 μB expected for a ferromagnetically coupled MnIII ion with S = 2 and WV with S = 1/2 and gav = 2.0. The estimated saturation magnetic field, HA, for 2 is about 91 kOe, and is of the same order of the values of 100, 108, and 120 kOe found for SCMs based on neutral [Mn(5TMAMsalen)(Cr/Fe)(CN)6] [48] and anionic [MnIII(acacen)FeIII(CN)6]2− [85] fragments, respectively. It is a consequence of the MnIII ion anisotropy. The antiferromagnetic behavior at low fields is further confirmed by the ZFC/FC experiment (Figure S7, SI), from which the Néel temperature of 9.5 K is clearly visible. Our previous analysis of the thermal dependence of the χT product explains this metamagnetic behavior, which is derived from weak antiferromagnetic interactions between ferromagnetically coupled chains.


Figure 6. The magnetization of 2 versus the field at T = 2 K. Inset: magnified low-field region. The solid lines guide the eye.
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The AC susceptibility of 2 reveals a frequency dependence below 4 K (Figures S8–S11, SI). Considering the metamagnetic character of this compound, measurements of AC susceptibility versus the applied DC field were performed at four different temperatures (Figure S10, SI). They show significant maxima for HDC = 2 kOe which concurs with the value of the spin-flip field. As slow magnetic relaxations in such systems can be enhanced by applying sufficient DC fields [30], AC measurements were conducted with the DC field of 2 kOe applied as well. In these conditions, the frequency dependence became more visible, which is shown in Figures S9 and S11 (SI). The Mydosh parameter, defined as the temperature shift of the χ' peak on a decade of frequency ΔTm/[TmΔlog(υ)] equals 0.13, which is above the range typical for spin-glasses [97].



Due to the DC field dependence, frequency plots of the AC susceptibility for 2 were measured at HDC = 0 and 2 kOe over a series of temperatures (Figure S11, SI). The generalized Debye model [98] was fitted to χ' and χ'' simultaneously for each temperature. The fitted parameters were χ in the limits χ0 and χ∞, the relaxation time τ, and the parameter α describing the distribution of τ. The fits for 2 delivered the α values in the range from 0.12–0.38 and thus confirmed the SCM character of the assembly. The parameters τ and α are listed in Table S1, SI.



Plots of lnτ vs. T−1 derived from the generalized Debye model fits to the data in the 0 and 2 kOe DC fields are presented in Figure 7. The values found from the linear fits of the Arrhenius law lnτ = lnτ0 + ∆τ/kBT of τ0 were similar and equal to 32(15) and 36(15) ps for 0 and 2 kOe, respectively, well within the typical range for SCMs [11,12]. The respective ∆τ/kB values were 48.4(1.2) and 44.9(1.0) K. Application of the DC field results in a slight lowering of the energy barrier, which has been observed for other metamagnetic SCMs [95]. The calculated value of the activation energy ∆A = ∆τ − 2Δξ is close to zero.


Figure 7. Arrhenius plots of lnτ versus T−1 for 2 derived from the generalized Debye model, fit to the data in the 0 and 2 kOe DC fields. Solid lines represent linear fits.
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3. Experimental Section


All chemical reagents and solvents were purchased from Alfa or Sigma-Aldrich and were used without further purification. [Mn(5-TMAMsalen)(H2O)2](ClO4)3·H2O [99] and K3[W(CN)8](H2O)2 [100,101] were prepared using published procedures. Elemental (C, H, N) analyses were carried out by standard methods with a Euro-Vector 3000 analyzer (Eurovector, Redavalle, Italy). FTIR spectra were measured with a NICOLET spectrophotometer (Thermo Electron Scientific Instruments LLC, Madison, WI, USA) in the 4000–375 cm−1 range. Thermogravimetric measurements were performed by means of a 50 Thermobalance TG 209 F1 Iris® NETZSCH (NETZSCH-Gerätebau GmbH, Selb, Germany) in He (70 mL/min), Al2O3 crucible, sample weight of about 5 mg, heating rate of 10.0 K/min, and temperature range from 25–350 °C. The experimental results were treated using standard software [102]. Powder X-ray measurements were performed using Cu-Kα radiation (λ = 1.5418 Å) with an X’Pro powder diffractometer (PANalytical Inc., Almelo, Netherlands) at room temperature.



3.1. Single-Crystal X-Ray Diffraction


SCXRD studies of 1 were carried out by means of an Xcalibur Ruby Gemini diffractometer (Agilent Technologies inc., Oxford, UK) at 293 K using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). The intensity data were integrated using the related analysis software [103]. An absorption correction based on the crystal faces was applied to the data sets (analytical) [104]. The structure of 1 was solved by direct methods using the SIR97 program [105] combined with Fourier difference syntheses and refined against F using reflections with [I/σ(I) > 3] by means of the CRYSTALS software program [106] with the Robust Weighting method based on the Chebychev polynomial: w = P[1 − (deltaF/6 * sigmaF)2]2, where P = 1.0/[A0T0(x) + A1T1(x)... + An-1] * Tn-1(x)], Ai are the Chebychev coefficients (19.4 15.0 10.7 15.3), and x = Fcalc/Fmax [107,108]. All atomic displacement parameters for non-hydrogen atoms were refined with anisotropic terms. The hydrogen atoms were theoretically located based on the conformation of the supporting atom and refined by using the riding model. Selected crystallographic data are presented in Table 3.



Table 3. Crystallographic data and structure refinement summary for 1.







	
Formula

	
C34H43MnN13O5.75W




	
formula weight

	
964.58




	
crystal system

	
triclinic




	
space group

	
PĪ




	
Lattice Parameters:

	




	
a (Å)

	
11.1881(4)




	
b (Å)

	
12.7756(5)




	
c (Å)

	
18.5278(8)




	
α (°)

	
89.805(3)°




	
β (°)

	
74.570(4)°




	
γ (°)

	
72.773(3)°




	
V (Å3)

	
2430.09(17)




	
Z

	
2




	
Dcalc (g cm3)

	
1.318




	
F (000)

	
966




	
λ (Mo Kα) Å

	
0.71069




	
μ (Mo Ka) (mm−1)

	
2.67




	
No. of Measured Reflections:

	




	
total

	
20,799




	
unique

	
11,156




	
reflections with I > 2.0σ(I)

	
9319




	
No. of variables

	
506




	
Rint

	
0.037




	
R1 (I > 2σ(I)) a

	
0.053




	
wR2 (All reflections) b

	
0.055




	
Goodness-of-fit (S) c

	
0.9








aR1 = Σ||Fo| − |Fc||/Σ|Fo|; bwR2 = {Σ [w(Fo2 − Fc2)2]/Σ [w(Fo2)2]}½; cS = {Σ[w(Fo2 − Fc2)2]/(n − p) }½.









3.2. Magnetic Measurements


All measurements of magnetic properties were performed using a Quantum Design MPMS 5XL SQUID magnetometer (Quantum Design, Inc., San Diego, CA, USA) in the range of temperature from 1.8–300 K and a magnetic field up to 50 kOe.




3.3. Synthetic Details


3.3.1. Synthesis of Complex 1, [Mn(5TMAMsalen)(H2O)][W(CN)8](H2O)4.75(CH3CN)


The complex was obtained by layering of the constituents’ solutions. A solution of K3[W(CN)8](H2O)2 (25 mg, 0.05 mmol) in water (8 mL) was divided into four portions, which were placed in narrow (diameter 5 mm) glass tubes. Aliquots (2 mL) of a 1:3 mixture of water/acetonitrile were layered on top of the portions of the K3[W(CN)8](H2O)2 solution as a dividing buffer layer. This provided a slow diffusion from a third, top layer, consisting of a 2 mL aliquot of a solution of [Mn(5TMAMsalen)(H2O)2](ClO4)3(H2O) (41 mg, 0.05 mmol) in acetonitrile (8 mL). These glass tubes were capped by parafilm and left undisturbed for three weeks in the dark until the elongated block-shaped brown-green crystals of 1 had formed. Yield: 86.5%. C34H43MnN13O5.75W (964.57) calcd. C 42.34, H 4.49, N 18.88; found C 42.54, H 4.53, N 19.00. IR: ν = 3417.6, 3035.4, 1978.6, 1615.4, 1544.2, 1470.5, 1438.5, 1384.4, 1328.4, 1298.0, 1257.0, 1235.4, 1173.1, 1148.3, 1092.6, 1049.1, 977.1, 919.4, 880.1, 851.8, 832.9, 818.8, 795.9, 759.9, 738.2, 674.0, 636.0, 603.3, 570.3, 496.8, 465.5 cm−1.




3.3.2. Synthesis of Complex 2, [Mn(5TMAMsalen)W(CN)8](H2O)8(CH3CN)


To a stirred light yellow solution of K3[W(CN)8](H2O)2 (25 mg, 0.05 mmol) in H2O (2.5 mL), a dark brown solution of [Mn(5TMAMsalen)(H2O)2](ClO4)3(H2O) (41 mg, 0.05 mmol) in acetonitrile (2.5 mL) was added dropwise. The precipitated product was stirred for a few minutes at 70 °C, and then collected by filtration. The solid was washed twice with H2O (2 mL), twice with MeCN (2 mL), and once with Et2O (2 mL) and was then air-dried. Yield: 97%. IR (KBr): ν = 3306, 2956, 2870, 2380, 1645, 1449, 1115, 535, 475 cm−1. C34H51MnN13O10W (1040.63) calcd. C 39.24, H 4.94, N 17.49; found C 39.25, H 4.92, N 17.52. IR: ν = 3443.8, 3039.5, 1980.5, 1614.6, 1544.2, 1470.4, 1415.1, 1386.2, 1334.2, 1293.1, 1257.0, 1235.2, 1203.3, 1172.9, 1147.7, 1092.3, 1051.0, 998.9, 974.7, 918.0, 878.0, 850.2, 830.7, 818.7, 796.5, 762.9, 736.4, 678.5, 637.0, 604.6, 572.2, 497.4, 467.0 cm−1.



Compound 2 was also obtained from 1: finely ground 1 (35 mg, 0.036 mmol) was dissolved in hot acetonitrile (7 mL). To this solution, distilled water (2 mL) was added. A brown powder was formed after 5 min of continuous stirring. The precipitate was separated by centrifugation, washed twice with H2O (2 mL), once with MeCN (2 mL), and once with Et2O (2 mL) and was then dried under vacuum. Yield: 89%. According to elemental analysis, the sample obtained from 1 contains less solvate water molecules compared to that prepared from the non-dimerized constituents. C34H45MnN13O6W (970.58) calcd. C 42.07, H 4.67, N 18.76; found C 42.10, H 4.72, N 18.67.






4. Conclusions


Apparently, both studied complexes have a different organization in the solid state, as was evident from their diffractograms (Figure S3, SI). If for 1, the molecular structure was determined from the SCXRD data, then a lack of the single crystal structure for 2 does not permit us to definitely explain why the magnetic behavior of this compound is so different compared to 1. However, our conclusion is that 2 is a 1D coordination chain, and is based on the totality of the experimental facts. First, compound 2, having a ratio [Mn(SB+)]3+ / [W(CN)8]3− = 1:1, is insoluble in any solvent and can be obtained from 1 (See experimental section). These three features, taken together, support a polymeric character of 2. Second, the majority of the νCN peaks in the IR spectrum of 2 (Table 1) are slightly shifted towards higher frequencies compared to those of 1. Furthermore, compound 2 is somewhat more thermally stable than compound 1. Two previous statements are also consistent with a more linked character of the [W(CN)8]3− metalloligand in the solid state. Third, the magnetic properties of compound 2, both static and dynamic, do not contradict the proposed structure.



An intriguing difference in the character of the spin coupling between the magnetic centers in 1 and 2 is certainly caused by a dissimilarity of their molecular structures in general and particularly by the geometry of the dimeric W–CN–Mn unit. To clarify this situation, we continue the challenge of single crystal growth to elucidate the structure of 2.



In summary, the two low dimensional assemblies constructed from the [W(CN)8]3− metalloligand and the anisotropic MnIII Schiff base complex have been prepared and characterized. These two compounds are the first examples of the neutral species among the small family of heterobimetallic compounds involving octacyanotungstate(V).
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Scheme 1. Triple charged unit [MnIII(SB2+)]3+. 
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