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Abstract

:

A new trinuclear CuII compound {[Cu3(HL′)2(H2O)2](ClO4)4}·(H2O)4 (1) was obtained and presented a trapped chiral hemiaminal (HL2′ = [(5-amino-4H-1,2,4-triazol-3-yl)amino](1H-imidazol-4-yl)methanol)). Compound 1 shows an almost flat cationic structure [Cu3(HL′)2(H2O)2]4+ with a Cu3 linear core reached by the double Cu-OR/NN-Cu triazole/alkoxo bridge of the hemiaminal molecule. The CuII spin carriers are antiferromagnetically coupled, presenting a spin doublet ground state (S = 1/2) with a magnetic coupling constant of −179 cm−1. Moreover, DTF calculations show that the planarity of the compound permits a sigma-type overlapping between the unpaired electrons of the spin carriers and the p-type orbitals of the coordinated N and O atoms producing an electronic delocalization through the bridging ligand responsible for the strong antiferromagnetic interactions observed experimentally.
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1. Introduction


Polynuclear molecular complexes containing copper(II) cations are characterized as having various structures and functions explored in fields such as chemistry, biochemistry, and materials science [1,2,3,4,5,6,7]. Also, different designs and arrangements of the CuII cations have been studied for their potential use in catalytic reactions involving oxidation or reduction and in developing new magnetic materials [1,2,4,8]. The isotropic spin state and coordination plasticity make this cation a useful spin carrier for magnetostructural correlations. Several copper(II) compounds with different dimensional structures and magnetic behaviors involving single-molecule magnets (SMMs) and single-chain magnets (SCMs) have been reported in the past years [9,10,11,12,13]. The effect of different bridging ligands on magnetic coupling has been explored in many cases using the concept of complementarity/counter-complementarity between the ligand and metal orbitals [14,15,16,17]. Azido and carboxylate are among the most common bridges in these compounds because of their diversity in bridging modes and efficiency in magnetic coupling. On the other hand, metal complexes involving Schiff bases containing N and O donors are particularly interesting as chelating and bridging ligands and have been central in developing coordination chemistry and molecular magnetism [18,19,20,21,22].



Triazole has also been widely studied in the molecular magnetism field [23,24], principally because this ligand can act as a nucleating linker, providing high versatility in preparing polynuclear coordination materials [25,26]. Moreover, triazole Schiff bases prepared using o-vanillin [27], quinoline [28], and acetic anhydride [29,30,31] have been a handful as they have multiple N-donor centers and effective bridging capabilities to obtain polynuclear structures with interesting magnetic properties. Nevertheless, Schiff bases containing two different azoles are somewhat scarce, and only a few examples can be found with FeII and FeIII-CoII spin carriers [32,33], in which the azole Schiff bases are innocent in their magnetic properties.



Therefore, based on the remarkable coordination capabilities of triazole and the fact that multiple azole Schiff bases remain unexplored, the condensation of amino-triazoles with imidazole carbaldehyde can offer an attractive way to obtain new ligands capable of binding multiple metal cations and finding correlations between structure and magnetism, which is necessary for the design of new materials. The present work is focused on synthesizing, characterizing, and studying the magnetic properties of a new linear trinuclear copper(II) complex by combining single-crystal X-ray diffraction, magnetic susceptibility measurements, and DFT theoretical calculations.




2. Experimental


The precursors and solvents used to obtain the H2L ligand were of p.a. quality (Sigma-Aldrich-Merck, Santiago, Chile) and were used without any previous purification. Also, the metallic salt used to obtain 1 complex was of p.a. quality. The quantitative content of C, H, and N was obtained on a Thermos CHNS Flash 2000 elemental analyzer using a solid crystalline sample. Thermogravimetric analyses were performed in an alumina holder and heated under an N2 atmosphere from room temperature to 900 °C with a heating rate of 5 °C/min on a Mettler Toledo TGA/DSC-II system. Fourier transform infrared spectra were recorded on an ATR-FTIR-4000 Jasco in the 4000−400 cm−1 range without using any support.



2.1. Synthesis of Compound H2L


The ligand H2L was obtained by the condensation reaction of 4H-1,2,4-triazole-3,5-diamine and 1H-imidazole-4-carbaldehyde in a molar ratio of 1:1.



A mixture of 5 mmol of 1H-1,2,4-triazole-3,5-diamine (datrz) was dissolved in 10 mL of methanol (MeOH). Then, 10 mL methanolic solution of 5 mmol of 1H-imidazole-4-carbaldehyde (imcar) was added. After 10 min of reflux, the solution turned light yellow. Finally, after 3 h of reaction, the yellow precipitate of H2L was separated by filtration and washed with MeOH. MW H2L: 177.74 g/mol, yield 89%, based on datrz. Anal. Calc. for C6H7N7: C, 40.87, H, 3.97, N, 55.16; Found, C, 41,70; H, 4.10; N, 56.10. FTIR:   ν ¯   C=N = 1670 cm−1.




2.2. Synthesis of Compound {[Cu3(HL′)2(H2O)2](ClO4)4}·(H2O)4 (1)


Caution: Perchlorate salts of transition metals have the potential to be explosive and should be handled with care. To a suspension of 0.35 mmol of HL2 in 5 mL of MeOH under constant stirring, a clear blue solution of 0.5 mmol of Cu(ClO4)2·6H2O was added. The suspension turned clear and changed to deep green. After 30 min of stirring, the solution was left undisturbed for crystallization. After two months, blue board crystals of {[Cu3(HL′)2(H2O)2](ClO4)4}·4H2O (1) appeared. The crystalline product was separated by filtration and washed carefully to avoid dissolving the crystals. MW: 1085.91 g/mol. The yield is 55%, based on copper salt. Anal. Calc. for C12H28Cl4Cu3N14O24: C, 13.4, H, 2.6, N, 18.1; Found, C, 14.1; H, 2.4; N, 18.9. FTIR:   ν ¯  ClO4 = 1056 cm−1 (Figure S1). TGA: Thermogravimetric analysis of 1 indicates a weight loss of ~7% until 120 °C, associated with releasing crystallization water molecules (~6%). The weight remains unchanged until 220 °C, indicating that 1 is stable until this temperature. At 220 °C, the decomposition of 1 starts (Figure S2).



The trinuclear complex is very soluble in the most common organic solvents, such as methanol, ethanol, acetonitrile, dimethylformamide, tetrahydrofuran, and dimethyl sulfoxide. Efforts to speed up the crystallization of 1 using different crystallization techniques were unsuccessful. Only slow evaporation permits the formation of well-defined crystals of 1.




2.3. X-ray Crystal Structure Analysis


Single crystals of 1 were directly picked up from the reaction media, immediately immersed in a drop of Paratone® oil, and mounted with a cryo-loop (Figure S3) on an APEXII Kappa-CCD Bruker AXS diffractometer equipped with a CMOS PHOTON 100 detector and using Mo-Kα radiation (λ = 0.71073 Å). The intensities were measured at 296 K. Frame integration and data reduction were carried out with the Bruker APEX2 program [34], and the SADABS program was employed for multiscan-type absorption corrections. Using the Olex2 [35] package, the crystal structures were solved with the ShelXT [36] structure solution program using Dual Methods and refined with the ShelXL [37] package using least-squares minimization based on F2. Table 1 and Table S1 summarize the crystallographic data details on data collection and refinement parameters of the crystal structure. Structure drawings have been made with TOPOS software version 4.0 [38]. Additional data concerning the crystals and the refinement parameters are detailed in the supporting information. The structure was determined at room temperature, presenting one of the perchlorate anions with disorder and the four crystallization water molecules with high thermal agitation. These facts explain the obtained R-value.



The X-ray powder diffraction data were collected at room temperature on a PANalytical X’Pert MPD diffractometer with Cu Kα1,2 radiation equipped with an X’celerator detector in the range of 4° < 2θ < 50°. The experimental X-ray powder diffraction patterns of the ground crystals agree with the theoretical patterns generated from the crystal structures. The indexing of the powder patterns has been recorded with the program DICVOL14 through the PreDICT interface [39]. The whole powder pattern fittings (pattern-matching with the Le Bail fit) were done employing the FULLPROF program [40] available in the software package WinPLOTR31 (2001) [41] (Figure S4). By fitting the powder pattern by pattern-matching with the Le Bail fit, it is possible to determine that the experimental XRPD of 1 agrees with the calculated pattern generated by SC-XRD data, confirming that the single crystal structure well describes the diffracting species of powder samples.




2.4. Magnetic Measurement


Magnetic measurements were carried out using a Quantum Design Dynacool Physical Properties Measurement System (PPMS) equipped with a Vibrating Sample Magnetometer (VSM). The dc data were collected under an externally applied field of 10 kOe in the 1.8–300 K temperature range. Isothermal magnetization measurements were performed between 0 and 90 kOe at temperatures varying from 1.8 to 8 K. Diamagnetic corrections (estimated from Pascal constants) were considered [42].




2.5. Theoretical Calculations


All theoretical calculations were performed in the ORCA 5 program package [43] in the framework of density functional theory (geometry optimization and broken-symmetry calculations) and wave function base methods (local magnetic properties) [44,45,46,47]. Starting from the crystallographic data, the complex structure was prepared for the calculation by optimizing the hydrogen positions. Scalar relativistic effects were included via the Douglas-Kroll-Hess (DKH) Hamiltonian [48], and the hybrid-B3LYP functional combined with the def2-TZVPP basis set was used. The magnetic coupling calculations were performed in the broken symmetry (BS) approximation framework [45,49,50]. As recommended in the literature, a special integration, seven in this work, was used for the metals and atoms directly coordinated to paramagnetic centers. A large basis-set, def2-QZVPP, was used to describe Cu, N, and O atoms in the BS calculations [51]. The magnetic interaction between centers was evaluated by diamagnetic substitution, considering Cu-Cu pairs and replacing the third center with Zn as a diamagnetic atom. Considering these models, the magnetic coupling can be obtained by mapping the lowest triplet and singlet electronic states to the Heisenberg-Dirac-van Vleck Hamiltonian (HDvV) eigenstates. However, in the unrestricted DFT formalism, the singlet state would require a spin-adapted linear combination of more than one Slater determinant. Noodleman proposed a solution to this problem by converging a BS solution and mapping to the HDvV eigenstates using a spin-projection procedure. This work determined the J values from three different corrections of the spin-contaminated energies for the high-spin (HS) and broken-symmetry (BS) solutions [49,50,51,52].
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3. Results and Discussion


3.1. Synthetical Approach


The condensation of 1H-1,2,4-triazole-3,5-diamine (datrz) and 1H-imidazole-4-carbaldehyde (imcar) yields the imine H2L as the main product (Scheme 1), corroborated by elemental analysis and FTIR, which also shows the absence of C=O absorption in the H2L spectrum due to the formation of the C=N bond as a product of the condensation reaction. Nevertheless, as discussed in the structural characterization, the H2L ligand is in 1 as a hemiaminal form, H2L′ (Figure S1b).



The Schiff base H2L is insoluble in organic solvents such as methanol, ethanol, acetonitrile, dimethylformamide, tetrahydrofuran, and dimethyl sulfoxide. But when a methanolic suspension of H2L is mixed with the methanolic solution of CuII salt, the suspension turns immediately into a deep, clear green solution. The synthesis of 1 can be explained based on the equilibrium between H2L and H2L′ shown in Scheme 1.



When the solution of Cu(ClO4)2·6H2O is added to the suspension of H2L, the presence of water molecules probably displaces the equilibrium toward H2L′, the hydrolyzed form of H2L. The hemiaminal ligand H2L′ was also stabilized by coordinating to copper(II) cations, thus explaining the presence of H2L′, the hemiaminal intermediate (carbinolamine), in 1.




3.2. Description of the Crystal Structure


Compound 1 crystallizes in a triclinic P  1 ¯   space group. The asymmetric unit comprises three CuII centers, two monoprotonated HL′ˉ ligand units, and two water molecules, forming a discrete complex. Additionally, four perchlorate anions and four H2O solvate molecules are found in the crystal packing.



The structure of complex 1 consists of a molecular pseudo-flat complex with the two organic ligands coordinating the three CuII central cations and forming a linear [Cu3(HL′)2(H2O)2]4+ trinuclear unit (Figure 1). The geometry of the three copper cations is square planar, with a trans-CuN2O2 environment in each center. The Cu2 in the middle presents two κN,O-HL′ˉ ligands coordinated by one N of the triazole and the alkoxo group, thus forming a six-membered chelating ring.



Meanwhile, in the external copper cations, Cu1 and Cu3, the CuN2O2 environment is reached by the κN’, HL′ˉ coordination modes of both ligands, belonging in one case to the imidazole ring and in the other to the triazole ring. The κO,N’’ coordination mode of -HL′ˉ permits the alkoxo groups to act as μ2-bridges in 1. Likewise, both metal cations have a coordinated H2O molecule that completes a tetra-coordinated environment around Cu1 and Cu3. In this way, HL′ˉ ligands behave as tris-tetradentate linkers that bridge the central Cu2 with Cu1 and Cu3 by two triazole/alkoxo bridges at the same time, with Cu···Cu distances of Cu1···Cu2= 3.3635 (14) Å and Cu2…Cu3 = 3.3284 (14) Å (Table 2).



Furthermore, although HL′ˉ presents two rigid triazole and imidazole groups, the ligand is not perfectly flat because the sp3 hybridization in the carbons C4 and C10 connects both heterocyclic fragments. Then, C4* and C10* atoms are stereogenic centers of each HL′ˉ ligand, presenting an L/D-configuration. In this sense, the hydrolyzation of H2L gives rise to a chiral HLʹˉ hemiaminal ligand, each [Cu3(HL′)2(H2O)2]4+ unit composed of a unique configuration of L- or D-HL′ˉ ligand (Figure 2a). Figure 2b shows a view of the ab plane, in which it is possible to observe that the [Cu3(HL′)2(H2O)2]4+ complexes in the unit cell are related to each other by an inversion center; thus compound 1 is crystallizing as a racemic mixture. Hemiaminal ethers have been obtained in coordination compounds through the hydrolysis of imine ligands by adding alcohol molecules such as methanol [53]. However, the addition of water is somewhat less common. In this sense, HL′ˉ can be considered as a trapped deprotonated form of the unstable hemiaminal derivative of H2L [54], stabilized by coordination to an acidic metal center and the templating effect due to the coordination to copper cations.



The sp3 hybridization of C4*/C10* also affects the overall geometry of the complex. A side view of the Cu3 central core shows that the three CuII cations are not perfectly aligned. This is mainly due to the tetrahedral geometry of C4*/C10* carbons in the -NC*- moiety connecting the imidazole and triazole rings (Figure 2b), which bends the whole structure of the complex, as evidenced by a large -CNC*C- torsion angle (179.5 (8)° for C4* and 177.9 (7)° for C10). Furthermore, considering the planes containing each CuN2O2 labeled as Cu1, Cu2, and Cu3 (Figure S5), it is observed that the central Cu2N2O2 moiety is aligned more planarly with Cu1N2O2 (8.19° interplanar angle) than Cu3N2O2 (18.13° interplanar angle).



Furthermore, compound 1 presents four perchlorate molecules balancing the charge of the [Cu3(HL′)2(H2O)2]4+ complex, presenting a packing through the axis with layers of [Cu3(HL′)2(H2O)2]4+ trinuclear units and three ClO4− anions interacting through the axial zones of the square planar cations, with Cu···Operchorate distances ranging between 2.510 (9) and 2.747 (8) Å (Figure 3). This packing has been observed in another planar-shaped polynuclear CuII compound with rigid triazole-based ligands [55]. In this case, Cu-O is shorter (less than 2.5 Å considered formally as a bond), and the packing is described as a 1D polymer rather than an anionic complex.




3.3. Magnetic Properties


The magnetic measurements were performed using a polycrystalline powder sample. Figure 4 shows the χmT vs. T plot for 3–1.8 K at 10 kOe for compound 1, where χm is the molar magnetic susceptibility per Cu3 unit. At room temperature, the χmT, 0.57 emu K mol−1, is smaller than expected for three uncoupled CuII spin carriers (1.125 emu K mol−1 for S = 1/2 and g = 2.0). By lowering the temperature, the χmT product gradually decreases, reaching a value of 0.37 emu K mol−1 near 100 K (the expected value for a strongly coupled Cu3 complex with S = 1/2), indicative that antiferromagnetic interactions are present in 1. From this point, a constant value of the χmT is observed until approximately 10 K. Then, a slight decrease in the χmT is observed, reaching a value of 0.33 emu K mol−1 at 1.8 K. The presence of the plateau below 100 K means that antiferromagnetic interactions between the central (Cu2) and terminal (Cu1 and Cu3) copper centers lead to an overall doublet spin ground state (S = 1/2).



Additionally, the field dependence of magnetization at 1.8, 3, 5, and 8 K, represented as reduced magnetization (Mred) against applied field H is shown in Figure S6. At 1.8 K, the magnetization reaches a saturation value of 1.1 μβ at 90 kOe. This is also consistent with the χmT values observed below 100 K that correlate well with a single unpaired electron, thus corroborating the antiferromagnetic coupling between the spin carriers and essentially a doublet spin ground state at low temperature.



As shown in the structural section, 1 shows a molecular structure consisting of a central core with a linear arrangement of three copper cations (Cu1-Cu2-Cu3) connected by an N,N-triazole and an O-alkoxo bridge with Cu1···Cu2 = 3.3635 (14) Å and Cu2···Cu3 = 3.3284 (14) Å intramolecular distances. In this sense, the magnetic interactions can be modeled using an isotropic spin Hamiltonian comprising the interaction of three centers of S = 1/2 (Cu1, Cu2, and Cu3) through two magnetic pathways:


    H ^  1  = −  J 1     S  C u 1    S  C u 2   −  S  C u 2    S  C u 3      



(4)




where J1 is the magnetic interaction constant between Cu1–Cu2 and Cu2–Cu3. Using this spin Hamiltonian, a fit of magnetic data was performed using PHI software (2003) [56]. The best-fit parameters are J1 = −179 cm−1 considering gCu1 = gCu3 = 2.02 and gCu2 = 2.2 (residual as implemented in PHI, R = 0.28).



As mentioned, the central Cu3 moiety is bridged by two chemical connectivities: a Cu-NN-Cu triazole bridge and a Cu-OR-Cu alkoxo bridge (Cu-OR/NN-Cu Figure S7). Separately, it has been reported that the NN bridge belonging to pyrazole, pyrazine, or hydrazine mediates antiferromagnetic (AFM) couplings between CuII centers, with the magnitude of the interaction strongly dependent on the Cu-NN-Cu torsion angle [57]. Meanwhile, the magnetic interaction through oxo bridges belonging to hydroxo, alkoxo, or phenoxo strongly depends on the Cu-O-Cu angle, mediating either ferro- or antiferromagnetic interactions [58]. However, other structural and bonding features, such as the planarity of the Cu-O-Cu moiety, should be considered for a complete magnetostructural relationship.



A careful search in the crystallographic data yeilded seven trinuclear compounds that share the same linear Cu3 core with two Cu-OR/NN-Cu bridges (Table 3). AFM couplings are observed for all reported compounds and are also characterized by Cu-O-Cu angles between ~115–120° and Cu-NN-Cu torsion angles in a broader range (~7–40°). Dogaheh et al. [59] reported a compound bearing a Cu–OR/NN–Cu moiety formed by a hydrazine/phenoxy bridge belonging to hydrazine-Schiff base ligands. The authors conclude a general trend in the Cu–OR/NN–Cu arrangement: a similar Cu-O-Cu bite angle around 115° is observed in all the Cu-OR/NN-Cu, consistent with the observed Cu3 compounds of Table 3. Moreover, the authors conclude that the larger the Cu-NN-Cu bridging moiety, the weaker the AFM coupling between the CuII cations. According to the compound reported by the authors, a −7.21 cm−1 coupling is observed for a 35.9° torsion angle. Nevertheless, the trend does not seem to match the trinuclear family reported by Adhikary et al. with the same hydrazine NN bridge [60]. The authors provide torsion angles ranging from ~29 to ~40°, obtaining −113.1 cm−1 for the lesser angle, and −249.7 cm−1 for the greater. In the case of compound 1, a coupling constant of −179 cm−1 is obtained with a lower Cu-NN-Cu angle of 17.2 (8)/13.7 (8)°. In this sense, Bazhina et al. [20] reported a coupling of −149/−175 cm−1 with a much lesser Cu-NN-Cu angle of 6.9 (8)°/8.0 (8)° with a NN moiety belonging to triazole rings the same as 1. Evidently, the Cu-NN-Cu and Cu-O-Cu angles, as structural parameters, are insufficient to analyze magnetic properties in this trinuclear compound. More subtle features affecting delicate orbital overlapping must be considered for an accurate magnetostructural analysis.




3.4. Theoretical Calculations


The theoretical study of the complex using DFT calculations considering the broken-symmetry approach allowed, firstly, to corroborate an antiferromagnetic coupling between the metal centers resulting in a doublet (S = 1/2) as a molecular ground state. The minimum energy configuration found (540 cm−1 more stable than the high spin S = 3/2 configuration) shows that Cu2 is coupled to the terminal copper cations in the ground state. The local planar square symmetry around each metal justifies that at each center, the unpaired electron is in an orbital that allows a sigma-type to overlap with the p-type orbitals of the coordinated N and O. This means that the magnetic coupling is mainly due to the electronic delocalization through the bridging ligand, which in turn, as previously discussed, is closely related to the torsion experienced in the Cu3 core.



From the structural information obtained for the complex, where the Cu1···Cu3 distance is 6.683 Å, it is possible to propose a weak coupling between the terminal Cu cations (Cu1–Cu3). For this reason, the proposed spin Hamiltonian (Equation (4)) only considers the interaction between neighboring atoms. A J3, representing the magnetic coupling between terminal centers, was also calculated to validate this approach. In this case, the central Cu2 was substituted by Zn. Table 4 summarizes the obtained results. As observed experimentally, the calculations predict a strong coupling between neighboring coppers, while the Cu1–Cu3 interaction could be neglected, given the low value of the calculated coupling constant. It is important to remember that this type of calculation tends to overestimate the coupling constant values. Therefore, for this work, this study is not intended to be quantitative but to provide additional magnetostructural information [62]. An important detail to note is that the values of Ja and Jc have excellent agreement with the strong coupling limit for this system. Theoretically, this means that both HS and BS states are well represented at the level of theory, and a non-projected spin scheme could be a good approximation in this case. From a structural point of view, this means that the α and β spins are being covalently shared and not localized on the spin carriers [49,50,51,52].



Figure 5 shows the spin density maps obtained from the diamagnetic substitution to obtain J1, J2, and J3. These maps allow us to corroborate the electronic delocalization and how the covalent nature of the metal-ligand interaction is responsible for spin polarization on the atoms directly coordinated to the metal centers. The calculated spin densities show a reduction in the formal value (Δρ = 1) on the copper atoms due to delocalization and a partial open shell on the N and O bridging atoms. The delocalization on the bridging O atom between two copper atoms is higher, as evidenced by its spin density value. In the BS configuration, the density drops practically to zero on this atom due to the balance between alpha and beta electron densities. On the other hand, the spin density on the NN moiety of the triazole fragments is small but non-negligible, corroborating that the spin polarization mechanism through the bonding strongly dominates the magnetic coupling in the Cu3 core of this complex. In other words, the kinetic exchange directly related to electron delocalization plays a key role in the coupling mechanism. Its contribution to the J values is more significant than the direct exchange interaction [63]. This fact corroborates the fact that even the subtle structural characteristics must be considered for the magnetostructural analysis because the spin polarization is closely related to the delicate orbital overlapping between the spin carriers by the bridging ligands.





4. Conclusions


We have reported the synthesis and characterization of a new molecular compound, {[Cu3(HL′)2(H2O)2](ClO4)4}·(H2O)4, which has three paramagnetic copper(II) centers with a linear arrangement. The linear assembly of the spin carrier is reached by the coordination of the chiral hemiaminal form derived from the Schiff base obtained for the condensation reaction of 4H-1,2,4-triazole-3,5-diamine and 1H-imidazole-4-carbaldehyde. The hemiaminal bridges the copper cations through Cu-NN-Cu and alkoxo Cu-OR-Cu bridges. The trinuclear compound is dominated by antiferromagnetic interactions, presenting a doublet spin ground state (S = 1/2). Moreover, the planar square symmetry around each metal cation permits a sigma-type overlapping between the unpaired electrons of the spin carriers and the p-type orbitals of the coordinated N and O atoms, producing electronic delocalization through the bridging ligand and, therefore strong antiferromagnetic interactions.
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Scheme 1. Proposed synthetic route for ligand H2L′ = [(5-amino-1H-1,2,4-triazole-3-yl)amino](1H-imidazol-4-yl)methanol; datrz = 1H-1,2,4-triazole-3,5-diamine, Imcar = 1H-imidazole-4-carbaldehyde, H2L = 3-{(E)-[(1H-imidazol-4-yl)methylidene]amino}-1H-1,2,4-triazol-5-amine. 
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Figure 1. (a) Trinuclear linear structure [Cu3(HL′)2(H2O)2]4+ of 1; (b) numeration of core atoms in 1; and (c) coordination mode of HL′ˉ. 






Figure 1. (a) Trinuclear linear structure [Cu3(HL′)2(H2O)2]4+ of 1; (b) numeration of core atoms in 1; and (c) coordination mode of HL′ˉ.



[image: Magnetochemistry 09 00175 g001]







[image: Magnetochemistry 09 00175 g002 550] 





Figure 2. (a) L and D isomers of the HL′ˉ ligand showing the tetrahedral geometry of C4* and C10* stereogenic centers. (b) View of the inversion center through ab plane. 
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Figure 3. Anionic packing through ac axis. 
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Figure 4. χmT vs. T plot at 10 kOe; the red line represents the fitting using the trinuclear model of     H ^  1    and     H ^  2   . Mred vs. H plots at 1.8, 3, 5, and 8 K. 
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Figure 5. Spin density maps (isovalue = 10−5 a.u.) of the broken-symmetry states constructed to obtain J1 (a), J2 (b), and J3 (c). 
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Table 1. Crystal data and structure refinement for 1.
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	Identification code
	1



	Empirical formula
	C12H28Cl4Cu3N14O24 *



	Formula weight
	1085.9



	Temperature/K
	296



	Crystal system
	triclinic



	Space group
	P-1



	a/Å
	7.4052 (9)



	b/Å
	14.7151 (17)



	c/Å
	17.1455 (19)



	α/°
	110.303 (4)



	β/°
	100.416 (4)



	γ/°
	94.458 (4)



	Volume/Å3
	1703.3 (3)



	Z
	2



	ρcalcg/cm3
	2.092



	μ/mm−1
	2.284



	F (000)
	1066.0



	Crystal size/mm3
	0.320 × 0.140 × 0.050



	Radiation
	MoKα (λ = 0.71073)



	2Θ range for data collection/°
	2.598 to 55.254



	Index ranges
	−7 ≤ h ≤ 9, −19 ≤ k ≤ 18, −22 ≤ l ≤ 20



	Reflections collected
	16,730



	Independent reflections
	7677 [Rint = 0.0629, Rsigma = 0.1129]



	Data/restraints/parameters
	7677/0/513



	Goodness-of-fit on F2
	1.109



	Final R indexes [I ≥ 2σ (I)]
	R1 = 0.0854, wR2 = 0.2089



	Final R indexes [all data]
	R1 = 0.1409, wR2 = 0.2379



	Largest diff. peak/hole/e Å−3
	1.61/−0.90







* 12 H atoms of the six water molecules were added to the final formula, C12H16Cl4Cu3N14O24.
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Table 2. Cu-O and Cu-N bond length in compound 1.






Table 2. Cu-O and Cu-N bond length in compound 1.





	
Cu-O Bond Length (Å)

	
Cu-N Bond Length (Å)

	
Cu-Cu Distances (Å)






	
Cu1

	
O1

	
1.960 (6)

	
Cu1

	
N1

	
1.939 (7)

	
Cu1

	
Cu2

	
3.3635 (14)




	
Cu2

	
O1

	
1.915 (5)

	
Cu1

	
N13

	
1.979 (7)

	
Cu2

	
Cu3

	
3.3284 (14)




	
Cu2

	
O2

	
1.955 (5)

	
Cu2

	
N4

	
1.921 (7)

	
Cu1

	
Cu11

	
7.4052 (9)




	
Cu3

	
O2

	
1.957 (5)

	
Cu2

	
N14

	
1.939 (7)

	
Cu2

	
Cu21

	
7.4052 (9)




	
Cu1

	
O1W

	
1.991 (6)

	
Cu3

	
N5

	
1.966 (7)

	
Cu2

	
Cu31

	
7.3084 (17)




	
Cu3

	
O2W

	
2.002 (6)

	
Cu3

	
N8

	
1.946 (7)

	

	

	




	
Cu1

	
O12

	
2.514 (9)

	

	

	

	

	

	




	
Cu1 1

	
O14

	
2.660 (8)

	

	

	

	

	

	




	
Cu2

	
O3

	
2.669 (7)

	

	

	

	

	

	




	
Cu2

	
O51

	
2.747(8)

	

	

	

	

	

	




	
Cu3

	
O6

	
2.617(9)

	

	

	

	

	

	




	
Cu3

	
O9

	
2.510(9)

	

	

	

	

	

	








1 x+1, y, z.
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Table 3. Related trinuclear lineal CuII-based compounds with Cu-OR/NN-Cu bridges.
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	Compound
	Cu-NN-Cu a
	Cu-O-Cu b
	J

(cm−1)
	Ref.





	[Cu3(HYDRAV)2Cl2] c
	35.9
	115
	−7.21
	[59]



	[Cu3L2(BF4)(H2O)2](BF4)d
	40.5 (2)/33.0 (1)
	116.23 (7)/118.40 (7)
	−170
	[60]



	[Cu3L2(NO3)2(H2O)2](H2O)3 d
	28.86
	116.95
	−113.1
	[60]



	[Cu3L2(Cl)2(CH3OH)2](H2O)2 d
	30.54
	116.89
	−98.3
	[60]



	[Cu3L2(ClO4)2(H2O)2] d
	40.19/28.92
	117.67/117.91
	−249.7
	[60]



	{[Cu3L1(L2)2(NO3)2(H2O)2](NO3)·1.5H2O}n e
	−6.9 (8)/8.0 (8)
	119.3 (3)/124.5 (3)
	−149/−175
	[20]



	Cu3(L3)2(OH)2(H2O)2 f
	13.1
	124.2
	-
	[61]



	{[Cu3(HL′)2(H2O)2](ClO4)4}·(H2O)4
	17.2 (8)/13.7 (8)
	120.5 (3)/116.6 (3)
	−179
	*







a torsion angle (°). b bond angle (°). c HYDRAV2 = Schiff base made with 1-(hydrazineylidenemethyl)naphthalen-2-ol, o-vanillin and (2-hydroxy-3-methoxybenzaldehyde). d H2L = 6,6-((1E,10E)-hydrazine-1,2-diylidenebis(methanylylidene))bis(2-methoxyphenol). e H2L1 = 4-[bis(pyridin-2-yl-methanol)]amino-1,2,4-triazole; L2= 4-amino-4H-1,2,4-triazole; the authors also reports an additional zJ of −0.7 cm−1. f L3 = (5-bis(5-tetrazolo)-3-thiapentane. AFM interactions are reported as θ = 240.77 K. * this work.
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Table 4. Calculated magnetic coupling constants (J in cm−1) and Mulliken atomic spin populations on the atoms that directly connect the metals for high-spin (HS) and broken-symmetry (BS) configurations.
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	Cu1–Cu2

(J1)
	Cu2–Cu3

(J2)
	Cu1–Cu3

(J3)





	Ja
	−349.3
	−207.7
	−8.8



	Jb
	−174.6
	−103.8
	−4.4



	Jc
	−337.8
	−202.9
	−8.8



	ΔρHS (Cu)
	0.680

0.701
	0.679

0.698
	0.689

0.690



	ΔρBS (Cu)
	−0.665

0.686
	−0.669

0.689
	−0.689



	ΔρHS (O)
	0.172
	0.175
	



	ΔρBS (O)
	0.021
	0.019
	



	ΔρHS (N)
	0.045

0.052
	0.043

0.059
	



	ΔρBS (N)
	−0.052

0.057
	−0.056

0.052
	
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
a b g

N14 °F
@ Cu
’

050900

CHON CuCl

O1W N1

(@

N5~,W

-

OVl ‘ (- / N—N
C HON Cu Cl N I\
/)/LNH/LM%\NHZ






nav.xhtml


  magnetochemistry-09-00175


  
    		
      magnetochemistry-09-00175
    


  




  





media/file2.png
H
H
O _ N—N N
LN s Y L~
datrz imcar HL,

Cu(Cl0Oy,), 6H,0

f

H HO '
N—N =
L=
HONYy NH NH
HL,'





media/file5.jpg





media/file3.jpg
cHoONCC
cu

o.0uPo

CHONCucC






media/file1.jpg
-HO

iy N RN
WG SISO R § W )

N

datrz imear HLy

Cu(CIOy); 6H;0

H HQ

N—N N
HL'






media/file7.jpg
orxroz 3 5






media/file10.png
0.60

T/ emu K mol™’

>§ 0.40

0.30

I
100

1%0
T/K

|
200

|
250

|
300





media/file12.png





media/file9.jpg
%mT / €mu K mol”!

0.60 4

0.55 1

i

0.454

200

250

300





media/file0.png





media/file8.png





media/file11.jpg





media/file6.png
o L-isomer o -~

-

L-isomer «

¢c-. 0. @

C HON Cu

A

. De-isomer

A 4

°.0u®

C HON Cu

. D-isomer

L-|somer

e/

D=isomer





