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Abstract

:

Our research group has made incursions into the scarcely known coordination chemistry of rhenium(II). The literature shows that Re(II) mononuclear complexes are attractive in molecular magnetism due to high magnetic anisotropy because of a significant spin-orbit coupling, making them a potential source for new molecule-based magnets. In this work, we present the preparation of four novel Re(II) compounds of general formula NBu4[Re(NO)Br4(L)] [NBu4+ = tetra-n-butylammonium: L = imidazole (1), pyrazole (2), 1,2,4-triazole (3) and 1H-tetrazole (4)]. The four compounds were fully characterized by single-crystal X-ray diffraction, infrared spectroscopy, and cryomagnetic measurements in the temperature range of 1.8–300 K. Their crystal structures consist of mononuclear [Re(NO)Br4(L)]− complex anions and NBu4+ cations. Each Re(II) ion is six-coordinate with a linear nitrosyl group and one monodentate nitrogen-donor (L), which are trans-positioned, plus four bromide groups, building a tetragonally distorted octahedral surrounding. The inter-anionic contacts were thoroughly analyzed using Hirshfeld surface analyses (plots over the dnorm, shape index, and 2D fingerprints). Cryomagnetic measurements show that these complexes behave as quasi-magnetically isolated spin doublets with weak antiferromagnetic interactions at low temperatures. The magnetic behavior of Re(II) was modeled by the influence of the ligand field, tetragonal distortion, spin-orbit coupling, and covalence effects. In addition, the antiferromagnetic exchange coupling was correlated to the nature of the intermolecular interactions.
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1. Introduction


In the last twelve years, mononuclear rhenium(II) complexes have garnered interest due to their various properties, such as catalysis [1,2], substance delivery [3], and photochemistry [4]. In the field of molecular magnetism, the Re(II) ion’s high anisotropy, resulting from significant spin-orbit coupling, makes its complexes a potential source for discovering new molecule-based magnets [5,6]. In this respect, an illustrative example is the single-molecule magnet (SMM) behavior reported for [{MnCl}4{ReII(triphos)(CN)3}4] [triphos = 1,1,1-tris(diphenylphosphinomethyl)ethane] by Dunbar’s group [7,8]. Since then, our research team has started a systematic magnetostructural study of new mononuclear rhenium(II) complexes containing potentially bridging diazine-type ligands that can generate polynuclear complexes [9,10,11,12]. Tetrabromonitrosylrhenate(II) complexes have proven themselves to be suitable metalloligands towards first-row transition metal ions whose coordination sphere is partially blocked. The mononuclear Re(II) complexes behave like quasi-magnetically isolated spin doublets with weak antiferromagnetic interactions across short Re-X···X-Re intermolecular contacts. Some of these complexes have been studied as salts of small diamagnetic and paramagnetic ions, affecting the through-space magnetic coupling between the [Re(NO)Br4(L)]− complex anions [13,14,15].



A detailed magnetic description of this type of compounds must be accompanied by a deep chemical characterization of the compound, particularly with regard to the electronic structure of the spin-carrying centers, their tridimensional arrangement, and connectivity, in order to formulate coherent Hamiltonian formalisms consistent with the number and type of metal centers in the crystal [16]. Herein, the observed magnetic exchange interactions occur in interionic or intermolecular forms. This behavior can be investigated through Hirshfeld surfaces analysis, which is a simple yet powerful tool that allows us to determine and describe semi-quantitatively the intermolecular surrounding in the considered species [17,18]. In this work, we focus on the preparation and characterization of a new set of Re(II) mononuclear complexes containing azole-type ligands that could potentially act as precursors of polynuclear compounds by using them as metalloligands [19,20,21]. Specifically, we report the synthesis, chemical, and cryomagnetic characterization of four novel compounds of NBu4[Re(NO)Br4(L)] (NBu4+ = tetra-n-butylammonium: L = imidazole (1), pyrazole (2), 1,2,4-triazole (3) and 1H-tetrazole (4). Additionally, we performed a detailed study of the crystal packing using Hirshfeld surfaces analysis and paid particular attention to the Br···Br contacts, π−π stacking, C−H···O, and conventional hydrogen bonds as potential pathways for through-space magnetic interactions [22].




2. Materials and Methods


2.1. Materials


All manipulations were performed under aerobic conditions, using materials as received (reagent grade). The precursor NBu4[Re(NO)Br4(EtOH)] was prepared from KReO4 and NO, as previously reported [9].




2.2. Physical Methods


Elemental analyses (C, H, N) were performed with a CE Instruments CHNS 1100 Elemental Analyzer [samples of 25 (1), 20 (2), 25 (3), and 23 mg (4)] by the Central Service for the Support to Experimental Research (SCSIE) at the University of Valencia. The IR spectra were recorded on an FTIR Shimadzu Prestige-21 spectrophotometer in the range 4000–400 cm−1. In addition, magnetic susceptibility measurements were carried out on polycrystalline samples with a Superconducting Quantum Interference Design (SQUID) magnetometer in the 1.9–300 K temperature range. In order to avoid saturation phenomena, external dc magnetic fields of 250 G (T < 50 K) and 5000 G (T ≥ 50 K) were used. Diamagnetic corrections from the constituent atoms were estimated from Pascal constants [23]. Corrections for the magnetization of the sample holder (a plastic bag) measured in the same conditions were also applied.




2.3. Synthesis of the Complexes


Complexes 1–4 were prepared by using a common synthetic procedure: 0.91 mmol of L was added to a solution of NBu4[Re(NO)Br4(EtOH)] (0.060 mmol, 50 mg) dissolved in 20 cm3 of EtOH. The reaction mixture was stirred at room temperature for three hours, leading to a yellow-greenish solution. Then, it was filtered to remove any small solid particles and allowed to evaporate slowly at room temperature. X-ray-quality crystals, as green polyhedrons, were grown after ten days. These were filtered off and dried in the air. Yield (based on Re): ca. 48 (1), 41 (2), 35 (3), and 41% (4). Calc. for C19H40Br4N4ORe (1/2): C, 27.0; H, 4.76; N, 6.62. Found: C, 27.3; H, 4.85; N, 6.44% (1). C, 27.3; H, 4.76; N, 6.48% (2). Anal. Calc. for C18H39Br4N5ORe (3): C, 25.5; H, 4.64; N, 8.26. Found: C, 25.2; H, 4.64; N, 8.26% (3). Anal. Calc. for C17H38Br4N6ORe (4): C, 24.1; H, 4.51; N, 9.91. Found: C, 24.0; H, 4.51; N, 9.91% (4). IR (KBr disk/cm−1): ν(NO) is located at 1765(s), 1769(s), 1769(s) and 1765(s) for 1–4, respectively. For other IR absorption bands, refer to Table S1 [24,25,26].




2.4. X-ray Data Collection and Structure Refinement


X-ray diffraction data were collected for single crystals of 1–4 using Agilent SuperNOVA (for 1, 2, and 4) and Bruker D8 venture (for 3) diffractometers at 150 K (for 1 and 3) and 293 K (for 2 and 4), with microfocus X-ray Mo Kα radiation (λ = 0.71073 Å) used in both diffractometers. CrysAlisPro v2021 [27] software (1, 2, and 4) and Apex2 [28] (3) were employed to collect, index, scale, and apply a numerical absorption correction based on Gaussian integration over a multifaceted crystal model. The structures were solved by applying the dual-space algorithm implemented in the SHELXT-2014 program [29]. Fourier recycling and least-squares refinement were used for the model completion with SHELXL-2018 [30]. All non-hydrogen atoms were refined with anisotropic thermal parameters through full-matrix least-squares procedures on F2. All hydrogen atoms were allowed to ride on their parent atoms with Uiso(H) = 1.2Ueq(C). Geometrical analysis of the interactions in the structures was performed with PLATON [31] and Olex2 [32] programs. Only in structure 4 did we apply restraints to the C-C distances for one of the NBu4+ cations since it presented a slight disorder. The CIF files contain the corresponding refinement details. Crystal data, collection procedures, and refinement results are summarized in Table S2, while selected bond lengths and angles are listed in Table 1. Mercury software (2022.1.0 version) was used for crystal structure visualizations [33]. The crystallographic data for the structures reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication 2247513–2247516. Copies of the data can be obtained free of charge by applying to the CCDC, Cambridge, UK (http://www.ccdc.cam.ac.uk (accessed on 6 April 2023).




2.5. Hirshfeld Surface Analysis


Hirshfeld surfaces [34] were constructed using the Crystal Explorer 17 software [35]. In particular, the intermolecular interactions in the solid state were studied by mapping the surface over the dnorm along with the two-dimensional fingerprint plots and over the shape index surface [36,37]. The Hirshfeld surfaces mapped over dnorm were calculated with the default setting of arbitrary units range; the rotation of the generated plot enables the identification of regions of interest. The colors employed to refer to the shortest and longest dnorm are red and blue, respectively. Red spots on the surface correspond to the shortest contacts within the surface, indicating the formation of intermolecular bonds. Contacts close in length to the van der Waals limit are white-colored [18]. Moreover, 2D fingerprint plots were computed for each interatomic contact and overall interaction. In the computation of individual interatomic contacts, the reciprocal interaction of each interatomic contact was also included.





3. Results


3.1. Details on the Preparation and Characterization of the Complexes


All of the complexes were prepared via ligand substitution from the anionic precursor [Re(NO)Br4(EtOH)]− as shown in the following chemical equation:


[Re(NO)Br4(EtOH)]− + L → [Re(NO)Br4L]− + EtOH











This reactant complex has been previously used as a precursor for other tetrabromonitrosylrhenate(II) complexes [9,38]. The {Re(NO)Br4}− fragment appears to be highly stable. The ethanol ligand is an easy-leaving group upon its substitution by other nitrogen donors from aromatic ligands under mild conditions because of the trans effect produced by the NO group. Higher yields are achieved in the presence of an excess of the substituent ligand. The IR spectra of these metal complexes are dominated by the characteristic stretching mode of the nitrosyl group at approximately 1750–1770 cm−1. This absorption peak experiences a mild shift when the ligand substitution occurs, making it helpful in monitoring the ligand exchange in the aforementioned reaction.




3.2. Crystal Structure and Hirshfeld Analysis


Single crystals of 1–4 were grown directly from the reaction solution and were used for the X-ray data collection. We observed how 1–3 crystallize in the monoclinic crystal system, space group P21/n, whereas 4 crystallizes in the monoclinic space group P21/c. They consist of discrete [Re(NO)Br4(L)]− complex anions and bulky n-(C4H9)4N+ organic cations in a 1:1 molar ratio, which are kept by electrostatic and van der Waals interactions.



Perspective views of the [Re(NO)Br4(L)]− complex anion of 1–4 are presented in Figure 1, and the main bond lengths and angles are summarized in Table 1. Each [Re(NO)Br4(L)]− unit comprises a rhenium(II) central ion surrounded by four bromide ligands in an equatorial plane, one NO group, and an azole-type ligand in the axial position. The geometry of the complex can be qualitatively described as a distorted octahedron and it is quantitatively confirmed by continuous symmetry measures (Table S3, [39]). The L ligands are coordinated to the rhenium(II) center through a nitrogen atom. The rhenium atom is slightly displaced from the mean equatorial plane towards the NO group, with the values of the d(Re–plane (centroid)) being equal to 0.138 (1), 0.156 (2), 0.161 (3), 0.171 (4A) and 0.166 Å (4B). The Re–NO group is practically linear, and the Re–NNO and N–O distances agree with those previously observed in similar complexes [11,14] (see Table 1). The Re-Br bond lengths are comparable, covering the narrow range 2.5017–2.5628 Å, similar to previously reported values. The fact that the values of the Re1–Br1 bond distance observed in 1–3 are slightly longer than the other Re–Br bonds is due to the participation of Br1 in Br···Br or Br···H intermolecular contacts in their respective compounds, as we will analyze later in this work. The planarity of the L ligands in 1–4 is preserved upon coordination, and their C–C and C–N bond lengths are almost identical to those observed in the corresponding free molecules in the solid state.



The analysis of the crystal packing of the complex anions in 1–3 reveals a similar pattern between them. Infinite supramolecular chains of [Re(NO)Br4(L)]− units are observed along the crystallographic b-axis, connected by bromo and hydrogen intermolecular contacts as well as π-stacking interactions [40,41], as shown in Figure 2, Figure 3 and Figure S2. These shortest intermolecular Br···Br distances are 3.7387(6) (Br2···Br3i in 1), 3.8811(7) (Br1···Br4i in 2) and 3.7817(5) Å (Br4···Br3ii in 3 [symmetry code: (i) = ½ − x, –½ + y, ½ − z; (ii) = 1.5 − x, −1/2 + y, 1.5 − z]. They are slightly greater than the sum of the van der Waals radii (ca. 3.7 Å) [42,43,44] but considered in any matter as weak intermolecular contacts [45]. Additionally, π-stacking interactions [40] are observed between the pairs of HIm ligands in 1 [d(C···C) = 3.516 Å; ˂P_CC = 27.171°], the Hpz ligands in 2 [d(C···C) = 3.910 Å; ˂P_CC = 31.97°] and the Htz ligands in 3 [d(C···C) = 3.677 Å; ˂P_CC = 30.72°], along the crystallographic b axis [˂P_CC is the slip angle between the normal of the pyridine plane (P) and the centroid vector (C)]. Finally, it is worth mentioning the observation of two weak hydrogen bonds in 1 between the Br1 and Br2 atoms from an anionic unit and the H3 and H2 atoms, respectively, from the imidazole ligand from another complex anion unit [d(Br1···H3) = 2.7029 Å; d(N3···Br1) = 3.531(4) Å; ˂(N3–H3···Br1) = 161.97°; d(Br2···H2) = 3.0119 Å; d(N2···Br2) = 3.678(5) Å; ˂(C2–H2···Br2) = 129.88°]. Similar intermolecular hydrogen bonds are observed in 3 between Br1 and the H1 atom from the Htz ligand of an adjacent complex anion [d(Br1···H1) = 2.6246 Å; d(C1···Br1) = 3.534(5) Å; ˂(C1–H1···Br1) =165.6°].



The crystal packing in 4 shows a different pattern, as shown in Figure 3a. A supramolecular corrugated sheet parallel to the bc plane is formed through intermolecular N–H···H hydrogen bonds and weak Br···Br and Br···N-type contacts. The hydrogen bonds correspond to the N13–H13···N26 set of atoms [d(N26···H13) = 2.55 Å; d(N13···N26) = 3.41(2) Å; ˂(N13–H13···N26) = 176°]. The Br···Br contacts observed involve the Br11 and Br22iii atoms [symmetry code: (iii) = x, 1.5 − y, ½ + z], the distance between them being 3.574(3) Å, a value which is 3.4% smaller than the sum of the van der Waals radii. The Br···N contacts concern the Br13 and N26iv atoms [symmetry code: (iv) = x, y, z], the value of the interatomic distance being 3.32(2) Å. The bulky NBu4+ cations separate these supramolecular 2D motifs from each other well, and no intermolecular interactions are observed between the anionic sheets. Furthermore, no π-π stacking is observed in the crystal structure. It is worth pointing out that the [Re(NO)Br5L]− anions are arranged similarly in 1–3, that is, with all of the anionic units orientated antiparallel in the same direction, whereas the [Re(NO)Br4(Htrz)]− complex anions display different orientations in the crystal of 4, as shown in Figure 3b.



In order to gain a deeper understanding of the intermolecular contacts between the complex anions in 1–4, we conducted a Hirshfeld surface analysis on this family of compounds. While a direct inspection of the crystal structure usually reveals the intermolecular contacts, Hirshfeld surface analysis allows us to qualitatively correlate the strength of intermolecular contacts with the intensity of the red spots in the dnorm plots [46]. In 1 and 3, the strongest inter-anion interactions are due to Br-H contacts. However, no solid red spots due to anion–anion interactions are observed in the Hirshfeld surface over the dnorm in 2. White-colored surface areas are present around the shortest Br···Br intermolecular distances in 1–3 due to the values relative to the sum of the van der Waals radii.



Conversely, the Hirshfeld plot over the dnorm map for 4A reveals the presence of equally significative Br···Br and Br···N through space contacts and N–H···N hydrogen bonds. Notably, in contrast to what usually constitutes the focus of discussion, conventional hydrogen bonding often makes relatively small percentage contributions to the overall surface. The HS analysis of anion B in 4 reveals that the interaction for this molecule only varies in proportion (less than 1%) and not in nature, compared to the case of the A anion. In all compounds, the other red spots observed that we do not point out are due to less-significant cation-anion interactions (magnetically speaking). The supramolecular 2D fingerprint plots analysis shown in Figure 2, Figure 3b, Figures S2 and S3b, and the quantitative analysis of the contributions of the different intermolecular contacts to the HS of the anions shown in Figure 4, reveals that the main contribution to the HS is H-involving contacts, mainly Br···H (50% to 53%) and H···H contacts (11% to 22%). This is expected due to the bulky bromide ligands of the complex anion and the presence of the large NBu4+ cation. The exclusively anion–anion interactions (of magnetic interest) that contribute to the HS are the Br···N and Br···Br-type contacts. However, they contribute less than 5% and 3% to the total HS, respectively.



The HS surfaces plotted over the shape index [Figure 2, Figure 3d, Figures S2 and S3d] show triangular-shaped regions around the aromatic rings, indicating that π···π stacking interactions occur in the crystal packing. However, it is found that these stacking interactions are very weak because the values of the centroid-to-centroid separation range from 4.755(3) to 5.963(1) Å. This can also be seen as brighter regions near the center of the fingerprint plot, just in the vicinity of (di, de) 1.8–2.0 Å, a range of values typical of the interplanar spacing of polycyclic aromatic hydrocarbons.




3.3. Magnetic Properties


The temperature dependence of the χMT product per Re(II) ion for 1–4 is shown in Figure 5. A quasi-Curie law is observed in a wide range of temperatures with a χMT value around 0.43 cm3 K mol−1 at 295 K and a slight constant decrease in the χMT value, which is as expected for a local spin doublet (SRe = 1/2) with a temperature-independent paramagnetism (TIP). However, upon cooling below c.a. 15 K, χMT decreases significantly due to the occurrence of antiferromagnetic interactions between the paramagnetic anionic units, the smallest value at 2.0 K being 0.207 cm3 mol−1 K for 2.



As previously reported, the theoretical magnetic behavior of magnetically non-interacting six-coordinate Re(II) complexes in an octahedral environment can be reproduced by considering a sequence of perturbations made up by the spin-orbit coupling (SOC), the tetragonal distortion, and the magnetic field [9,10]. Consequently, having in mind these considerations and the crystal structures of 1–4, their magnetic susceptibility data were analyzed through the following Hamiltonian [Equation (1)]:


    H ^   R e   = k λ  L ^   S ^  + Δ  (    L ^  z 2  − 2 / 3  )  + β H  (  k  L ^  +  g e   S ^   )  .  



(1)







The first term in Equation (1) considers the spin-orbit coupling between the S = 1/2 spin and the L = 1 effective angular moment for the 2T2 ground term of Re(II) due to the isomorphism ||T2|| = –||P|| [9,47]. λ is the spin-orbit coupling parameter, and κ is the orbital reduction factor. In the second term, Δ represents the energy gap between the 2E and 2B2 levels arising from splitting the 2T2 ground state in octahedral geometry (axial distortion) [48]. Finally, the last term accounts for the Zeeman effects, ge being the Landé factor for the free electron. In the absence of SOC, the tetragonal distortion (considering the C4v point group) splits the 2T2 term into an orbital singlet (2B2) and an orbital doublet (2E) separated by an energy gap (Δ), which is defined as positive if the singlet is the lowest level. Both perturbations must be considered simultaneously due to the strong spin-orbit coupling (λ ≈ −2000 cm−1) and ligand field operating in the 5d metal ions, which results in six double-degenerated Kramer doublets, as shown in the splitting diagram in Figure 6 [9].



The energy values associated with the wave functions of the 2T2 term are calculated using the Figgis [49] and Mabbs [50] methodology. These values are the following:    E 1  =  E 2  = κ λ  (  ν − 0 , 5  )   ,    E 3  =  E 4  =   κ λ   √ 2   a   and    E 5  =  E 6  =   κ λ   √ 2   b  ,  ν  being the tetragonal distortion parameter defined as   ν = Δ / κ λ   with   a =  1   2     [   (  ν + 0 , 5  )  − Z  ]   ,   b =  1   2     [   (  ν + 0 , 5  )  + Z  ]       and    Z =    ν 2  + ν + 2 , 25    . As the system is anisotropic, the effect of the magnetic field on the parallel direction (z) is different from that on the perpendicular ones (x and y). Under an axial symmetry, there is a parallel and a perpendicular component of the magnetic susceptibility [Equation (2)]:


   χ ∥  =    N A   β 2    4 k T      [    2  (  κ + 1 −  a 2   )     (  1 +  a 2   )     ]   2  −   2  N A   β 2   (  κ + 1 − a b  )    κ λ  (  1 +  a 2   )   (  1 +  b 2   )  Z    



(2)






   χ ⊥  =    N A   β 2    4 k T      [    2  (  κ a  2  − a  )     (  1 +  a 2   )     ]   2  −   2  N A   β 2    κ λ    {       [  k  (  a + b  )  − a b  2   ]   2    2  (  1 +  a 2   )   (  1 +  b 2   )  Z   −      (   2  − κ a  )   2     (  1 +  a 2   )   (  ν − 1 , 5 − Z  )     }   











Given that the magnetic susceptibility was measured on a powder sample, it must obey the expression    χ M  =    χ ∥  + 2  χ ⊥   3   . In the case where the intermolecular interactions are not considered, it is expected that a polycrystalline sample of any of the mononuclear Re(II) compounds would exhibit a Curie-law behavior with a total spin Seff = ½, (   χ M  T = C = N  β 2   g  a v  2  / 4 k  ). If the temperature-independent paramagnetism is considered, the lineal equation    χ M  T = A + B T    is derived [Equations (3)–(5)]:


   χ M  T = N  β 2   g  a v  2  / 4 k +  χ  T I P   a v     T  



(3)






    g  a v  2  =    (   g ∥ 2  + 2  g ⊥ 2   )  / 3   



(4)






   χ  T I P   a v   =  (   χ  T I P  ∥  + 2  χ  T I P  ⊥   )  / 3  



(5)







The values of    χ  T I P  u    y    g u     are deduced from Equation (2) and summarized in Table 2.



It is worth mentioning that a Weiss constant θ (in the form of T − θ) was introduced in the fitting procedure to account for the intermolecular magnetic interactions. The least-squares fit of the magnetic data using matrix-diagonalization techniques through the VPMAG [47] program led to the parameters listed in Table 3.



These values are similar to those previously obtained for other related Re(II)-nitrosyl complexes [9,10]. The relatively low values of κ (0.62 to 0.64) and high values of |λ|[image: Crystals 13 00658 i001](1800 to 1899 cm−1) are indicative of a significant covalence degree of the rhenium to ligand interaction in 1–4. The value of Δ (axial distortion) is positive in sign, indicating that the orbital singlet (2B2) is lower in energy than the doublet (2E) (Figure 6), in agreement with the electronic configuration expected for a tetragonal Re(II)-nitrosyl complex [51]. A simulation of the dependence of the gu value with the distortion parameter ν by using the equations in Table 3, shown in Figure 7a, agrees with the experimental g∥ < g⊥ pattern determined experimentally. Additionally, there is a good agreement between the experimental values calculated for the g∥ < g⊥ pattern and those inferred from Figure 7b. (g⊥ = 2.2 − 2.7 and g∥ = 0.9 − 1.4), considering λ = –2000 cm−1 and values of κ in the range 0.5–0.75.



The calculated values of g and TIP are very close to those observed for similar complexes previously reported [9,10,14,52]. Finally, the exchange pathways for the very weak intermolecular magnetic interactions have to be attributed to the through-space Br⋯Br, Br-H contacts, as well as π-π stacking interactions. Ligands that provide a supramolecular pathway through hydrogen bonding or halide–halide interactions may be essential for promoting significant magnetic interactions among mononuclear complexes in the crystal packing [52]. This is particularly relevant in the magnetochemistry of related mononuclear Re(IV) complexes (t2g3 electronic configuration), where through-space magnetic interactions can provide the magnetic pathways that lead to magnetic ordering at relatively high temperatures [53]. It is worth noting that although the shortest Br⋯Br distances in 1 are close to the van der Waals one (ca. 3.7 Å) [42,43,44], they may still be viewed as likely magnetic exchange pathways.





4. Conclusions


Four mononuclear Re(II)-nitrosyl complexes with a series of azole-type molecules as co-ligands (compounds 1–4) were isolated and magnetostructurally investigated. A thorough analysis of the influence of the magnetic field, SOC, axial distortion, and covalence effects as variable parameters successfully simulated their cryomagnetic data. Very weak intermolecular antiferromagnetic interactions occur in 1–4, the through-space Br⋯Br contacts, among other weak intermolecular interactions, providing exchange pathways for these complexes. The use of Hirshfeld surface analysis in the solid-state structure studies of 1–4 enabled the visualization of the proportion and nature of the interactions present in the structures, some of which are not immediately evident through knowledge of the crystal structure alone. Determining these intrinsic parameters and their relation to molecular or crystal structure is critical in providing essential tools for the rational design of molecular materials with interesting magnetic properties.
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Figure 1. Perspective drawings of 1–4 showing the atom numbering. Thermal ellipsoids are plotted at a 30% probability level. The Bu4N+ cation was omitted for clarity. A and B stand for the two crystallographically independent complex anions in 4. 






Figure 1. Perspective drawings of 1–4 showing the atom numbering. Thermal ellipsoids are plotted at a 30% probability level. The Bu4N+ cation was omitted for clarity. A and B stand for the two crystallographically independent complex anions in 4.



[image: Crystals 13 00658 g001]







[image: Crystals 13 00658 g002 550] 





Figure 2. (a) Packing diagram down the crystallographic a axis, (b) fingerprint plot, (c) dnorm surface, and (d) shape index surface of the [Re(NO)Br4(HIm)]− anionic units in 1. Short Br···Br (yellow), Br···H (purple) contacts and π-π stacking interactions (grey ovals) are shown. 
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Figure 3. (a) Packing diagram down the crystallographic a axis; (b) complex anion orientation scheme along the crystallographic a axis (black and red arrows represent the A and B molecules, respectively); (c) dnorm surface and (d) shape index surface of the [Re(NO)Br4(Htrz)]− units in 4. Short through space Br···Br (yellow) and Br···N (yellow) contacts and N–H···N hydrogen bonds (purple) are also shown. 
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Figure 4. Relative contributions to the Hirshfeld surface area of the overall close molecular contacts for the complex anions in 1–4. 
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Figure 5. Thermal dependence of the χMT product for 1–4. The inset shows a detail of the low-temperature domain. 
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Figure 6. Splitting of the 2T2 term by spin-orbit coupling and a tetragonal distortion. Numbers in parentheses correspond to the degree of orbital degeneracy. 
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Figure 7. (a) Calculated values of the g factor for an electronic configuration t25 (λ ˂ 0) as a function of possible negative and positive values of the distortion factor (ν) under different values of the covalence factor (κ). (b) Details of the calculated values of the g factor for λ = –2000 cm−1 and κ = 0.5 − 0.75. 
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Table 1. Selected bond distances (Å) and angles (°) for 1–4.
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Bond Lengths (Å)






	

	
1

	
2

	
3

	
4A/4B




	
Re1−N2L

	
2.173(4)

	
2.191(3)

	
2.194(4)

	
2.171(12)/2.183(12)




	
Re1−N1NO

	
1.736(4)

	
1.732(4)

	
1.743(4)

	
1.735(13)/1.759(14)




	
Re1−Br1

	
2.5628(5)

	
2.5335(5)

	
2.5558(5)

	
2.5013(16)/2.5020(18)




	
Re1−Br2

	
2.5347(5)

	
2.5346(5)

	
2.5290(4)

	
2.5197(17)/2.5286(18)




	
Re1−Br3

	
2.5103(5)

	
2.5250(5)

	
2.5041(4)

	
2.5172(15)/2.5017(13)




	
Re1−Br4

	
2.5274(5)

	
2.5130(5)

	
2.5228(5)

	
2.5145(16)/2.5070(16)




	
N1NO−O1

	
1.185(5)

	
1.176(5)

	
1.179(5)

	
1.139(13)/1.100(14)




	
Bond angles (°)




	
N1NO−Re1−N2L

	
178.69(14)

	
177.6(1)

	
177.9(1)

	
178.8(5)/179.2(6)




	
Re1−NNO−O1

	
177.8(4)

	
177.5(3)

	
176.8(3)

	
177.3(13)/177.6(16)




	
Br1−Re1−Br3

	
172.141(19)

	
173.98(2)

	
171.41(2)

	
171.11(6)/171.99(6)




	
Br2−Re1−Br4

	
175.197(18)

	
171.72(2)

	
173.71(2)

	
173.20(6)/172.77(7)




	
N1NO−Re1−Br2

	
90.93(12)

	
96.5(1)

	
94.1(1)

	
91.7(4)/93.0(4)




	
N2L−Re1−Br2

	
88.13(9)

	
85.87(9)

	
87.03(9)

	
87.3(3)/87.0(3)
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Table 2. Values of g and χ in the parallel and perpendicular directions to the magnetic field.
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	Direction (u)
	     g u      
	     χ  T I P  u     





	Parallel (z)
	    [    2  (  κ + 1 −  a 2   )     (  1 +  a 2   )     ]    
	   −   2  N A   β 2   (  κ + 1 − a b  )    κ λ  (  1 +  a 2   )   (  1 +  b 2   )  Z     



	Perpendicular

(x and y)
	    [    2  (  κ a  2  − a  )     (  1 +  a 2   )     ]    
	   −   2  N A   β 2    κ λ    {       [  k  (  a + b  )  − a b  2   ]   2    2  (  1 +  a 2   )   (  1 +  b 2   )  Z   −      (   2  − κ a  )   2     (  1 +  a 2   )   (  ν − 1 , 5 − Z  )     }    
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Table 3. Best-fit parameters for 1–4 a.
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	Compound
	Δ
	λ
	κ
	ν
	TIP b
	θ/K
	g||
	g⊥
	gav
	R c × 106





	1
	2225
	–1847
	0.62
	–1.94
	125
	–1.78
	1.25
	2.33
	2.03
	0.5



	2
	2589
	–1800
	0.63
	–2.28
	98
	–3.12
	1.43
	2.34
	2.08
	1.8



	3
	1850
	–1899
	0.63
	–1.55
	169
	–0.59
	1.01
	2.32
	1.98
	0.2



	4 d
	2016
	–1849
	0.64
	–1.70
	155
	–0.14
	1.07
	2.34
	2.01
	0.2







a All energies are given in cm−1. b χTIP = TIP × 10−6 cm3 mol−1 and calculated through Equations (2) and (3). c R is the agreement factor defined as ∑[(χMT)exp − (χMT)calcd]2/∑[(χMT)exp]2). d Although there are two crystallographically non-equivalent [Re(NO)Br4(Htrz)]− complex anions in 4, they are structurally quite similar—in particular, the coordination geometry around the rhenium atom (Table 1); therefore, their magnetic behavior was assumed to be identical.



















	
	
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/).






nav.xhtml


  crystals-13-00658


  
    		
      crystals-13-00658
    


  




  





media/file8.jpg
COMPOOUND

0% 20% 40% 60% 80% 100%

TG T — 1 e |
LONS S— e —

@Br--Br [1Br-H @Br--N EN--H BO--H BC-H HH--H [others





media/file11.png
0.40

0.35

X, T! cm? mol! K

0.25

0.30 [

X, T/ cm?* mol” K

(=

W

o
T

o

N

(5]
T






media/file6.jpg





media/file1.png





media/file13.png
C

Tetra:onal
distortion
0, 2
Ligand field E

—_—

AT

2T28

\ 5
+ By Y

()

C.

Spin-orbit coupling +
tetragonal distorsion

E"
()
E'

()

)

ol
Spin-orbit
coupling

G' 0,

'_‘W‘-,- Ligand field

Zng

—
.

-3N2






media/file10.jpg
TIK

300

200

0

100

TIK





media/file7.png
(c) (d)





media/file12.jpg
C.
Tetragonal
distortion
Oy
Ligand field
2
Tog

Cu

Spioorbitcovpling + &
wtagond dteron i orbi
. coupling
E
@ G' 0,
@, Ligand field
E

@

Zng

-3z

E"

@

@





media/file9.png
0% 20% 40% 60% 80% 100%

1 e —
.l ] 1 I ] 11
2 T e
'l 1 \\\ \\\\\ I
3 ‘ / A ~ ~
[ s 1 . 3 \
44) 1 [ O |
1

-~
-~

[IBr---Br [ |Br---H EBr---N EN---H 0 O---H BC---H [ | H---H | others





media/file14.jpg





media/file5.png
Le
1
' . 1
H3

2

1 B5
Br1
o T 1
= "’r

(a)

(c) (d)





media/file15.png
3.0

- = = e
- e

2.5

parallel

k=1

= = === perpendicular

T - - e . e e e S o e e e M e e e
- - s G e e -

2.0-

parallel

g 1 &= 005
1.5 1 ) e perpendicular
parallel
e £=U0>3
VT - -]l eaeees perpendicular
9

-1.6 -1.7 -1.8 -19 -2 -21 -22
V=A%

(b)






media/file3.png
Compound 1 Compound 2

Compound 4 _ .

Molecule A

Molecule B






media/file0.png





media/file4.jpg
@ (b)

() (d)





media/file2.jpg
Compound 1

Molecule A

Compound 2

Compound 4

Molecule B





