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Magnetization Slow Dynamics in Mononclear Co(II) Field-Induced Single-Molecule Magnet

The pentacoordinate field-assisted Co(II) single-molecule magnet was prepared and structurally characterized. The static magnetic properties were analyzed by L-S Hamiltonian and results supported by resonance spectroscopies as well as by theoretical calculations. Field-assisted slow relaxation of magnetization was investigated in detail at variable field and temperature.

Introduction

Single-molecule magnets (SMMs) are an exciting example of magnetically bistable molecular units possessing slow magnetic relaxation and have attracted considerable attention due to their potential applications in molecular switches, sensors, high-density information storage, and molecule spintronics. [START_REF] Thiele | Electrically driven nuclear spin resonance in single-molecule magnets[END_REF] [START_REF] Vincent | Electronic read-out of a single nuclear spin using a molecular spin transistor[END_REF] The development in this field is currently aimed at obtaining the large energy barriers that helps to retain either one of the two magnetic states for extending the relaxation time. [START_REF] Ding | On Approaching the Limit of Molecular Magnetic Anisotropy: A Near-Perfect Pentagonal Bipyramidal Dysprosium(III) Single-Molecule Magnet[END_REF] The energy barrier of magnetization reversal (U) depends on the spin ground state (S) and a zero-field splitting (ZFS) of that ground state (D). The height of this barrier is given by U =S [START_REF] Vincent | Electronic read-out of a single nuclear spin using a molecular spin transistor[END_REF] |D| for integer spin (non-Kramers ions) and U = (S 2 -1/4)|D| for non-integer spin (Kramers ions). [START_REF] Ding | On Approaching the Limit of Molecular Magnetic Anisotropy: A Near-Perfect Pentagonal Bipyramidal Dysprosium(III) Single-Molecule Magnet[END_REF] Contrary to lanthanide SMMs, [START_REF] Layfield | Lanthanides and Actinides in Molecular Magnetism[END_REF] although the 3d orbitals of transition metal ions are valence orbitals and the orbital angular momentum can be readily quenched by ligand fields, transition metal coordination compounds exhibiting slow magnetic relaxation phenomena are at the forefront of the research on nanomagnetic materials. [START_REF] Frost | The rise of 3-d single-ion magnets in molecular magnetism:towards materials from molecules?[END_REF] Particular attention has been paid to Co(II) complexes since high-spin Co(II) ion usually exhibits unquenched orbital angular momentum contribution, which is responsible for the significant single-ion magnetic anisotropy. ( 6)- [START_REF] Ghosh | Effect of Coordination Geometry on Magnetic Properties in a Series of Cobalt(II) Complexes and Structural Transformation in Mother Liquor[END_REF] In this respect, the majority of reports are focused on the slow relaxation of magnetization (SRM) in tetra-, penta-and hexacoordinate mononuclear Co(II) complexes. [START_REF] Juráková | Co(II) single-ion magnets: synthesis, structure, and magnetic properties[END_REF] Among them, the pentacoordinate Co(II) complexes with one rigid tridentate terpy-like N-donor ligand (terpy = 2,6-bis(2-pyridyl)pyridine) and two terminal ligand anions present an exciting family of field induced SMMs, where the correlation between the geometry of coordination polyhedra and the magnetic anisotropy might help to understand the impact of the molecular design on the SRM. [START_REF] Jurca | Single-Molecule Magnet Behavior with a Single Metal Center Enhanced through Peripheral Ligand Modifications[END_REF], [START_REF] Habib | Influence of the Ligand Field on Slow Magnetization Relaxation versus Spin Crossover in Mononuclear Cobalt Complexes[END_REF] Some of our as well as the other recent studies have been focused on the inspection of magnetic anisotropy and on the SRM in pentacoordinate Co(II) complexes with derivatives of bis(1Hbenzimidazole)pyridine tridentate ligands (Figure 1). ( 11)- [START_REF] Mondal | Probing the Effects of Ligand Field and Coordination Geometry on Magnetic Anisotropy of Pentacoordinate Cobalt(II) Single-Ion Magnets[END_REF] Those reports prove that rationalized introduction of substituents on tridentate ligands along with the variation of miscellaneous halido or pseudohalido terminal ligand anions X -affects the geometry of pentacoordinate coordination polyhedra, which can adopt either trigonal-bipyramidal or square-pyramidal arrangement. The investigation of the magnetic anisotropy in the that family of pentacoordinate Co(II) complexes is, however, not so straightforward. As a matter of fact, most of the studies almost exclusively use the ZFS spin Hamiltonian to analyze the static magnetic properties. The axial (D) and rhombic (E) ZFS parameters bear the physical meaning only if the ground state is orbitally non-degenerate and well separated from the closest excited states. [START_REF] Boča | Magnetic Functions Beyond the Spin-Hamiltonian[END_REF] Another option is the Griffith-Figgis Hamiltonian which has been originally designed for octahedral systems possessing (or approaching) orbitally tripledegenerate ground state. [START_REF] Boča | Magnetic Functions Beyond the Spin-Hamiltonian[END_REF] Ultimately, however, both approaches allow to render the magnetic anisotropy in pentacoordinate Co(II) systems, which is axial in most of the cases [START_REF] Juráková | Co(II) single-ion magnets: synthesis, structure, and magnetic properties[END_REF] and therefore allows the Orbach mechanism of the SRM to be operative. [START_REF] Juráková | Pentacoordinate cobalt(II) single ion magnets with pendant alkyl chains: shall we go for chloride or bromide?[END_REF], [START_REF] Brachňaková | Stereochemistry of coordination polyhedra vs. single ion magnetism in pentaand hexacoordinated Co(II) complexes with tridentate rigid ligands[END_REF] In this study, we continue our systematic investigation of pentacoordinate Co(II)-SMMs and report on mononuclear Co(II) complex 1 containing 2,6-bis(benzimidazole-1-yl)pyridine tridentate ligand (L) functionalized with aliphatic n-decyl substituents and two bromido terminal ligand anions (Figure 1).

The structural investigation confirmed the expected molecular structure expressed by the formula [Co(L)Br2] and the near environment of complex molecules in the crystal lattice was investigated by Hirschfeld surface analysis. The high-spin state magnetic behavior of 1 was analyzed by means of L-S Hamiltonian based on Griffith and Figgis concepts, and CASSCF-NEVPT2 theoretical calculations.

The low-temperature EPR spectra were analyzed within a simplified effective spin-1/2 model to determine effective g-tensor components of the ground Kramers doublet, which are in agreement with the predicted electronic structure. A direct experimental measurement of the separation between the ground and first excited states was obtained with FIRMS spectra, which were also simulated with the Griffith -Figgis Hamiltonian. The dynamic magnetic properties investigation revealed field-induced SRM with a single relaxation channel governed by direct, Raman, and Orbach relaxations. 

Experimental part

Materials and methods

1-bromdecane p.a., K2CO3, dimethylformamide p.a., acetonitrile p.a., dichloromethane p.a., CoBr2•6H2O, and chloroform p.a. were purchased from Sigma-Aldrich or Mikrochem and used as received without any further purification. The starting material 2,6-bis(benzimidazol-2-yl)pyridine was prepared according to the previously reported procedure. [START_REF] Addison | Synthesis of Some Imidazole-and Pyrazole-Derived Chelating Agents[END_REF] IR spectra in the interval from 4000 to 400 cm -1 of herein reported compounds were measured on Nicolet 5700 spectrometer (ATR technique).

Elemental analysis of carbon, hydrogen and nitrogen was carried out by EA CHNS(O) Flash 1112 machine The NMR spectra were recorded on Bruker DPX 500 spectrometer. The UV-VIS spectra were measured in solid state on Specord 200 spectrophotometer in the range of 800 -200 nm.

Synthesis

2,2'-(pyridine-2,6-diyl)bis(1-decyl-1H-benzimidazole) (L): 50 ml round-bottom flask was charged with 2,6-bis(benzimidazol-2-yl)pyridine (2 g, 6.42 mmol, 1eq) and dissolved in 15 ml DMF. Then, K2CO3 (2.7g, 19.3 mmol, 3 eq) was added into the solution and suspension was stirred for 2 hours at 70°C. 1-bromdecane (3.4 ml, 16.05 mmol, 2.5 eq) was added dropwise over the stirring suspension.

The reaction mixture was refluxed at 100°C overnight and cooled down to room temperature. Solvent was removed by vacuum distillation, the residue was treated with distilled water (50 ml) and extracted with CH2Cl2 (3 x 200 ml). The organic solvent was removed using a rotary evaporator and the oily residue was column chromatographed on silica gel with CHCl3/ethyl acetate (5:1) as an eluent. The main product L was isolated as first fraction (Rf = 0.61 in CHCl3:ethyl acetate = 3:4) in 42 % yield (0.6 g, 0.71mmol) as orange oily liquid. The minor side-product of this reaction -2-[6-(1H-benzimidazol-2-yl)pyridin-2-yl]-1-methyl-1H-benzimidazole (Lm) was collected as the second and more polar fraction (Rf = 0.27 in CHCl3:ethyl acetate = 3:4) in 25 % yield (0.1 g, 0.15 mmol) form as beige powder. Ligand L: IR (ATR, 𝜐 ̃ / cm Complex 1 ([Co(L)Br2]): CoBr2•6H2O (78 mg, 0.339 mmol, 1 eq) was dissolved in 5 ml of acetonitrile and added into the acetonitrile solution (30 ml) of ligand L (200 mg, 0.338 mmol, 1eq). When the solution of Co(II) salt was added, the yellow to green color change occurred immediately without the the precipitation. Reaction mixture was refluxed for 3 hours, filtered off and mother liquor was slowly crystallized at room temperature in order to grow single crystals suitable for the diffraction analysis.. The green crystals of 1 were collected by filtration after several days. Yield 34% (49 mg, 0.06 mmol).

Elemental analysis for C35H45Br2CoN5 (Mw = 810.62 g mol -1 ) found % (expected %): C 56.99 (57.79); N 8.59 (8.64); H 6.43 (6.59). FT-IR (ATR, ṽmax/cm -1 ): 3053, 3018 (m, (Car-H)); 2917, 2580 (m, (Cal-H)); 1598, 1573 (m, (Car-Car) or (CN)). UV-VIS (nujol, λ/nm): 196, 219, 244, 311, 348.

X-ray crystallography and Hirshfeld surface analysis

Data collection and cell refinement of 1 were carried out using Stoe StadiVari diffractometer using Pilatus3R 300K HPAD detector. Xenocs Genix3D Cu HF (microfocused sealed tube, λ = 1.54186 Å) has been used as an X-ray source. The multi-scan absorption corrections were applied using the program Stoe LANA software. [START_REF] Koziskova | Comparison of different absorption corrections on the model structure of tetrakis(μ 2-acetato)-diaqua-di-copper(II)[END_REF] The diffraction intensities were corrected for Lorentz and polarization factors. The structure was solved using Superflip program and refined by the full-matrix least-squares procedure with ShelXL (version 2018/3). [START_REF] Palatinus | SUPERFLIP -A computer program for the solution of crystal structures by charge flipping in arbitrary dimensions[END_REF] [START_REF] Sheldrick | Crystal structure refinement with SHELXL[END_REF] Geometrical analyses were performed with ShelXL. The structure was drawn with OLEX2 software package. [START_REF] Dolomanov | OLEX2: A complete structure solution, refinement and analysis program[END_REF] The software CrystalExplorer [START_REF] Spackman | CrystalExplorer: a program for Hirshfeld surface analysis, visualization and quantitative analysis of molecular crystals[END_REF] (version 21.5) was used to calculate Hirshfeld surface, [START_REF] Spackman | Hirhfeld surface analysis[END_REF], [START_REF] Mckinnon | Novel tools for visualizing and exploring intermolecular interactions in molecular crystals[END_REF] electrostatic potentials [START_REF] Spackman | Electrostatic potentials mapped on Hirshfeld surfaces provide direct insight into intermolecular interactions in crystals[END_REF] and associated fingerprint plots. [START_REF] Spackman | Fingerprinting intermolecular interactions in molecular crystals[END_REF],( 25), [START_REF] Mckinnon | Towards quantitative analysis of intermolecular interactions with Hirshfeld surfaces[END_REF] The Hirshfeld surfaces have been calculated including all orientations of the disordered molecules with their partial occupancies.

Magnetic measurements

Herein reported magnetic investigation have been carried out on MPMS SQUID XL-7 (Quantum design Inc., San Diego, CA, USA). The exact amount of sample was mixed with melted eicosane and filled into the gelatin capsule, which has been used as the sample holder. In the case of magnetic experiments at a static magnetic field (DC), the temperature dependency was recorded in the thermal range 1.9 -300 K at B = 0.1 T using the 1 K/min sweeping rate, and field-dependency was measured at isothermal conditions in the range B = 0 -7 T. Collected data were corrected for the diamagnetism of eicosane and gelatin capsule as well as for the molecular diamagnetic contribution, which was calculated using the Pascal constants. [START_REF] Boča | Theoretical Foundations of Molecular Magnetism[END_REF] Magnetic functions were transformed into the μeff vs T and Mmol vs B dependencies. The experimental details about the magnetic experiments at AC magnetic field are given in the S7 section (vide infra).

Computational details

The electronic structure and magnetic properties of 1 were addressed by the multireference calculations based on the state average complete active space self-consistent field (SA-CASSCF) [START_REF] Malmqvist | The CASSCF State Interaction Method[END_REF] wave function method complemented by N-electron valence second-order perturbation theory (DLPNO-NEVPT2) (29) were conducted with an ORCA 5.0 computational package. (30) The experimental molecular structure was utilized, in which the positions of hydrogen atoms were normalized with Mercury software. (31) The ZORA relativistic approximation (32) was applied together with ZORA-def2-TZVPP for Co, ZORA-def2-TZVP for N and Br atoms, and ZORA-def2-SVP for C and H atoms. (33) The SARC/J (34) and AutoAux (35) procedure was used for auxiliary basis set together with the chain-of-spheres (RIJCOSX) approximation to exact exchange [START_REF] Izsák | An Overlap Fitted Chain of Spheres Exchange Method[END_REF], [START_REF] Neese | Approximate and Parallel Hartree-Fock and Hybrid DFT Calculations. A 'Chain-of-Spheres' Algorithm for the Hartree-Fock Exchange[END_REF] to speed up the calculations. The active space was defined by seven electrons in five d-orbitals of Co II (CAS(7e,5o)), and all possible multiplets, 10 quartets and 40 doublets, were involved in the calculations. Afterward, the ab initio ligand field theory (AILFT) [START_REF] Mingos | Molecular Electronic Structures of Transition Metal Complexes II[END_REF] [START_REF] Singh | Covalency and Chemical Bonding in Transition Metal Complexes: An Ab Initio Based Ligand Field Perspective[END_REF] was applied to calculate the splitting of d-orbitals (see part S4).

EPR spectroscopy

The spectra of electron paramagnetic resonance (EPR) were studied using Bruker ELEXSYS II E500 X-band spectrometer with an operating frequency of 9.4 GHz equipped with ESR910 helium flow-type cryostat. The measurements were performed in the temperature range from 2 K up to 100 K (since above 50 K the signal is very weak, broad, and featureless, only data below 50 K are reported).

The pulverized polycrystalline sample was embedded in Apiezon® N vacuum grease and attached to the Suprasil sample holder. The frozen solution measurements were performed in Wilmad® Suprasil 727-SQ-250M EPR tube using a solution of 5 mg of 1 in 500, 2500, and 7500 mg of acetonitrile (no difference between the spectra for various concentrations was observed).

Far Infrared Magnetic Spectroscopy (FIRMS)

The magneto-optical response of the studied compound has been also explored in the THz/infrared range, using the standard Faraday configuration (i.e. in transmission mode, with the magnetic field parallel to the wave vector of the probing radiation). To ensure transparency in this spectral range, the compounds were mixed with eicosane in the indicated ratio and subsequently pressed into pellets. To measure magneto-transmission, the radiation of a globar, or alternatively, of a mercury lamp, has been analyzed by the Vertex 80v Fourier-transform spectrometer, and using light-pipe optics, delivered to the pellet placed inside a superconducting coil and kept in the helium heat-exchange gas at T = 4.2K.

After passing through the pellet, the radiation was detected using a composite bolometer placed just below.

Results and discussion

Synthesis and structural investigation

The tridentate ligand L was prepared by nucleophilic substitution of 2,6-bis(1H-benzimidazole-2yl)pyridine with n-decylbromide in 42 % yield (see Experimental part). The purification of L was impeded by the presence of monosubstituted side product Lm, which was isolated as the second more polar fraction from column chromatography in 25 % yield. Complex 1 was prepared by coordination of L with CoBr2.6H2O in acetonitrile and the single crystals were grown by controlled evaporation of mother liquor. The compound crystallizes in the triclinic P-1 space group and the asymmetric unit is formed by one solvent-free molecule [Co(L)Br2] (Figure 2a, Table S1). At 100 K, bond distances of coordination polyhedra indicate the high-spin state of the Co(II) central atom (Table S2). The shortest bond length is formed with pyridine N donor atom, while the longest bonds are with bromido terminal ligands (davg(Co-Br)=2.45 Å). The coordination polyhedron adopts the shape of a deformed tetragonal pyramid (Table S2) with a basal plane created by three nitrogen and Br1 donor atoms. The central atom is pulled inside the body of the pyramid at a distance 0.534(6) Å from the basal plane.

The crystal structure contains several non-covalent synthons formed between aromatic moieties of neighboring complex molecules, which cause the formation of 1D chain along the a-b plane (Figure S6). Hirshfeld surface analysis was used to inspect the intermolecular interactions of the crystal structure of 1. 3D Hirshfeld surfaces plotted over dnorm are shown as transparent to visualize the molecular moiety around which they were calculated (Figure 2b). The deep red spots on the dnorm The splitting of S = 3/2 ground state causing the magnetic anisotropy is predominantly treated with the spin Hamiltonian comprising the ZFS and Zeeman terms. [START_REF] Boca | Zero-field splitting in metal complexes[END_REF] However, pentacoordinate Co II complex with the coordination polyhedron close to the square-pyramidal arrangement implies an orbitally degenerate ground state and therefore the spin Hamiltonian is inappropriate as also supported by ab initio calculations (vide infra). Thus, the DC magnetic data were analyzed with the L-S Hamiltonian based on Griffith and Figgis works ( 41)- [START_REF] Mingos | Magnetic Functions Beyond the Spin-Hamiltonian[END_REF] describing the splitting of the 4 T1g term originating from the 4 F atomic term in lower symmetries than Oh as follows
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The 4 T1g splitting is quantified by ax and rh parameters,  is an orbital reduction factor,  is a spin-orbit coupling parameter and ge = 2.0023. Here, the T1-P isomorphism is employed, where the angular orbital momentum L adopts the value of 1 with the effective Lande g-factor, gL = -1. The Hamiltonian acts on |S, L, MS, ML> base functions with ML = 0, ±1 and MS = ±1/2, ±3/2. [START_REF] Boča | A Handbook of Magnetochemical Formulae[END_REF] Subsequently, the orbital reduction factor  represents two parameters,  = A, where A is the Figgis coefficient of the configuration interaction resulting from the admixture of the excited terms reflecting the ligand field strength, and  describes the lowering orbital contribution due to the covalency of the metal-ligand bond. Moreover, the spin-orbit coupling parameter  can be reduced in comparison with its free-ion value 0 = -180 cm -1 for Co II , which is attributable to the covalent character of the donoracceptor bond. With the Hamiltonian in Eq.1 explained, we can proceed with the DC magnetic data analysis. Herein, both temperature and field-dependent magnetic data were fitted together with the help of a program POLYMAGNET. [START_REF] Herchel | Program Polymagnet[END_REF] The reasonably good fit was achieved with the following parameters:  = 2.16, ax = -1503 cm -1 , rh = -270 cm -1 and  = -105 cm -1 (Figure 2, Table 1). The negative value of the parameter ax reflects the easy axis type of magnetic anisotropy as visualized in the 3D plots of molar magnetization (Figure S8a). Also, the respective energy levels in the zero magnetic field are plotted in Figure S8b. The energy separation between the ground state and the first excited Kramers doublet is 145 cm -1 . Within spin Hamiltonian formalism, this energy difference would be equal to |2D| leading to the estimation of |D| ≈ 73 cm -1 . However, a set of two other excited located at 705 and 906 cm -1 Figure S8b excludes the application of the ZFS terms in spin Hamiltonian and reflects the splitting of E-term expected for the ideal square-pyramidal geometry of Co II complexes.

The electronic structure and magnetic properties of 1 were analyzed by the ab initio calculations (see Experimental part for more details). The calculated splitting of d-orbitals for 1 resembles the pattern calculated for model compound [CoBr5] 3-of ideal square pyramid geometry with C4v symmetry (square pyramidal shape SPY-5, Tab.S2). In such ligand field, the d-orbitals are ordered as dxy, (dyz, dxz), dz2 and dx2-y2, however, in 1, the degeneracy of dxz and dyz orbitals is removed due to the symmetry lowering (Figure 3; left). Generally, 3d 7 electronic configuration of Co II ion results in 4 F atomic term, which is split in octahedral ligand field (LF) into 4 T1g, [START_REF] Layfield | Lanthanides and Actinides in Molecular Magnetism[END_REF] T2g and 4 A2g LF terms. Further reducing of the symmetry to square pyramidal C4v symmetry splits 4 T1g term to 4 E and 4 A2 terms (Figure 3; middle, SPY-5). The real LF symmetry in 1 produced splitting of 4 E term to two terms separated by only 244 cm -1 and the third term is located at 1616 cm -1 (Figure 3; middle). The spin-orbit coupling acting upon these lowest three ligand field terms formed six lowest Kramers doublets spanning energy interval 0-2048 cm -1 (Figure 3; right). Next, the energies of the six lowest Kramers doublets were used for the analysis of the parameters of the L-S Hamiltonian in Eq.1. Such procedure we already applied for the investigation of several Co II compounds. ( 46)- [START_REF] Nemec | Trigonally Distorted Hexacoordinate Co(II) Single-Ion Magnets[END_REF] The good agreement with the CASSCF/DLPNO-NEVPT2 energy levels was found for ax = -1508 cm -1 , rh = -164 cm -1 , • = -223 cm -1 (Table 1). Recently, this procedure was shifted further in order to decipher also values of α and λ separately. [START_REF] Nemec | Trigonally Distorted Hexacoordinate Co(II) Single-Ion Magnets[END_REF] Thus, temperature-and fielddependent magnetization data were calculated directly in an ORCA package resulting from CASSCF/DLPNO-NEVPT2 calculations. In the next step, these magnetic data were fitted to Eq.1, but with fixed values of α•λ, ax , rh, which enabled the determination of α = 1.86 and λ = -120 cm -1 , as listed in Table 1. The respective fit is depicted in Figure S9. These values are also in accordance with parameters found by fitting the experimental magnetic data. As already discussed, a negative value of ax designates the axial type of the magnetic anisotropy, which is also confirmed by the analysis of the lowest Kramers doublet for the effective spin ½ providing g-tensor values gx = 1.44, gy = 2.26, gz = 8.20 visualized in Figure 4a. We must also notice that the effective Hamiltonian theory (51) was also applied to CASSCF/DLPNO-NEVPT2 calculations to derive the parameters of the spin Hamiltonian for S = 3/2, which resulted in D = -76.0 cm -1 , E/D = 0.287. However, the norms of the projected states were 0.644 and 0.811, thus significantly smaller than 1 making the effective Hamiltonian irrelevant. As the single-molecule magnets are defined by the spin reversal energy barrier, the SINGLE_ANISO module [START_REF] Chibotaru | Ab Initio Calculation of Anisotropic Magnetic Properties of Complexes. I. Unique Definition of Pseudospin Hamiltonians and Their Derivation[END_REF] was employed and the ab initio magnetization blocking barrier was evaluated as depicted in Figure 4b (dashed lines refer to (temperature assisted) quantum tunnelling (blue), Orbach/Raman mechanisms (red) and direct/Raman mechanisms (green). [START_REF] Dey | Lanthanide(III)-Based Single-Ion Magnets[END_REF] The corresponding matrix element of the transversal magnetic moment between the ground states with opposite magnetization adopted the value of 0.62, thus it is larger than 0.1, which suggests a large predisposition for the quantum tunnelling of magnetization. Indeed, the AC susceptibility measurements confirmed the necessity to apply a static magnetic field to suppress this relaxation pathway. The calculated energy barrier U is 170 cm -1 for 1, but usually, the Ueff found by analysis of AC data is smaller for Co II SMMs than expected values based on analysis of DC magnetic data or ab initio calculations. [START_REF] Vallejo | Field-Induced Slow Magnetic Relaxation in a Six-Coordinate Mononuclear Cobalt(II) Complex with a Positive Anisotropy[END_REF], (55) a) b) The X-band EPR spectra of 1 were measured using a solid-state powdered sample and frozen solution in acetonitrile down to 2.2 K. The temperature evolution of the EPR spectra (Figure S10 and S11) shows a typical decrease of the signal intensity accompanied by line broadening with increasing temperature for Co(II) complexes with a large energy gap between the ground and first-excited Kramers doublet. In such case, a simplified effective spin-1/2 model describing only the ground Kramers doublet can be used for the analysis yielding highly anisotropic effective g-factors. The solidstate EPR spectra in Figure 5 show a substantial line broadening even at the lowest temperatures unable to correctly subtract g-factors. Thus, the frozen solution spectra were analyzed within the EasySpin Toolbox [START_REF] Stoll | a comprehensive software package for spectral simulation and analysis in EPR[END_REF] including hyperfine interaction and an anisotropic convolutional broadening ΔB (Figure 2). Using Griffith-Figgis formalism, for simple geometry as D4h, a very high value of one of the effective g-factors and another g < 2 would suggest the presence of the easy-axis magnetic anisotropy. A large difference between the g-factor components suggests a significant rhombic anisotropy in 1. The results of the Angular Overlap model [START_REF] Banci | Spectral-structural correlations in high-spin cobalt(II) complexes[END_REF] for lower symmetries like a vacant octahedron (C4v) and further deformation into trigonal bipyramid (D3h) yield quite complicated behavior of effective g-factor components depending on minor coordination changes. In this case, the shift of the central ion from the base of the vacant octahedron, as suggested for 1, in a model CoA5type of coordination changes the electronic ground state from orbital doublet 4 E (spin Hamiltonian not applicable, this is the ground state term predicted for 1 from CASSCF/DLPNO-NEVPT2 calculations)

to orbital singlet 4 A'2 (possible to describe using the spin Hamiltonian with D > 0). This seems to be compatible with the prediction of the LF terms scheme obtained from CASSCF/DLPNO-NEVPT2 calculations. However, experimental values of the two lower g-factor components do not reach the theoretical predictions obtained within quasi-degenerate perturbation theory similar to our previous study. [START_REF] Juráková | Pentacoordinate cobalt(II) single ion magnets with pendant alkyl chains: shall we go for chloride or bromide?[END_REF] In fact, for the average angle 103° defining the shift of the central ion from the basal plane of the vacant octahedron in 1, the effective g-factor components close to the ones observed in X-band EPR were obtained within the Angular Overlap model, including the hyperfine coupling parameters. It should be noted that the spin-Hamiltonian formalism does not allow us to estimate the value of the D parameter for large values as predicted for 1 even for high-field EPR. In addition, spin-Hamiltonian formalism is not meaningful for easy-axis anisotropy in the case of Co(II) ions, but it is often used to obtain an estimate of the anisotropy parameters. To determine experimentally the separation between the ground and first excited states, FIRMS was exploited. It enables us to observe EPR transitions of SMMs with large zero-field splitting, mainly based on transition metal complexes. In the case when the system cannot be modeled by SH, we determine the separation between the ground and first excited states directly from the spectra based on the solution of the Griffith -Figgis Hamiltonian. The FIRMS spectra were recorded for pressed powder pellets of 1 (diluted in eicosane) at T = 4.2 K, and magnetic fields up to 16 T (Figure S12). The spectra were normalized by the zero-field transmission spectra, T(0), and their corresponding reference transmission spectra, R(0). Normalized transmission spectra were then depicted in the form of a color map for better identification of the EPR transitions. In the color map, the tendency toward the yellow color means the absorption is suppressed by the magnetic field, whereas the dark blue color corresponds to the absorption induced by the magnetic field.

A color map of the normalized FIRMS transmission spectra of complex 1 (Figure 6) shows a clear field-dependence of the peak at cm -1 at zero magnetic field and attributed to the EPR transition between the ground state and the first excited Kramers doublet (transmission spectra at given magnetic fields can be found in Figure S12). FIRMS simulations, shown as dotted lines (Figure 6), were calculated by means of the EasySpin Toolbox for Matlab [START_REF] Mingos | Magnetic Functions Beyond the Spin-Hamiltonian[END_REF] based on the Griffith -Figgis

Hamiltonian and the parameters obtained from magnetization measurement and ab initio calculations as an initial guess for the fitting. The red color of the simulation represents the strongly allowed transitions; the grey color indicates forbidden/weakly allowed transitions. We obtained a reasonably good fit with the following parameters: ax = -1508 cm -1 , rh = -164 cm -1 ,  = -105 cm -1 ,  = 2.19 (Table 1) which are highly comparable with the values obtained from the analysis of the static magnetic properties or from the CASSCF/DLPNO-NEVPT2 calculations. To probe the SMM behavior in 1, the alternating-current (AC) susceptibility was measured at low temperatures (see ESI for a detailed experimental description of AC susceptibility measurements and data analysis). At 2 K, static DC field scan revealed the absence of out-of-phase signal ׳׳‪χ at B = 0 T (Figure S13, Table S4), which is a consequence of the fast relaxation of magnetization resulting from quantum tunnelling effect induced by hyperfine interactions with the nuclear spins. However, the applied static field suppressed the tunnelling, and this allowed to map the SRM at static magnetic fields in the range 0 -1 T. The frequency-dependent in-phase χ׳ and out-of-phase ׳׳‪χ components of AC susceptibility were satisfactorily fitted to the extended one-set Debye model (Figure 7a, equations S1 and S2, see ESI), by which the isothermal χT and adiabatic χS susceptibilities along with the relaxation time τ and its distribution parameter α were determined at given static magnetic fields (Table S4). In the next step, the evolution of relaxation times τ in static field τ vs B was analyzed with respect to the combination of direct and Raman relaxation mechanisms according to the equation (2) [START_REF] Shrivastava | Theory of Spin-Lattice Relaxation[END_REF] 2 2 11 1

mn eH aTH d T fH   + =+  +  (2) 
The high-accuracy analysis could be obtained by fitting the low-field part of τ vs B curve (< 0.2 T at 2 K) with the parameters of direct and Raman mechanisms a = 3624(266) T -m K -1 s -1 , m = 2.68( 5) and e = 618(80) K -2 , f = 1117(126) K -2 , 2 n d = 59.6(5) s -1 , respectively (Figure 7b, red solid line; Table S8).

Exponent m is notably lower as expected m = 4 for the Kramers systems and fixing this value led to unreliable fits, therefore m was considered as a free parameter. Analysis of τ vs B dependency in the whole range of the applied static field (0.01 T -1 T) with the fixed Raman parameters from the previous low-field fit afforded more reliable parameters of the direct process a = 11026(51) T -m K -1 s -1 and m = 3.32(3) (Figure 7b, blue solid line; Table S8). The temperature-dependent dynamic magnetic investigation was recorded at three static fields BDC = 0.05 T, 0.06 T, and 0.07 T where the SRM lasted for the longest (Figure 7b, Table S4).

Frequency-dependent in-phase χ' and out-of-phase susceptibility χ'' measured as a function of the frequency of AC field for a set of temperatures (1.9-4.9 K, Figures S14-S16 and Tables S5-S7, see ESI) suggest a single relaxation process. At all three fields, the out-of-phase components χ'' shows the maximum shift from 5.7 Hz (at 1.9 K, τ ≈ 28 ms) towards higher frequencies upon the increase of the temperature. This indicates the typical feature of SMMs -the maxima of χ'' are frequency and temperature dependent and the relaxation time τ shortens with the increase of temperature. The temperature-dependent AC susceptibility measurements were fitted using an extended one-set Debye, which enabled us to obtain the relaxation time τ at corresponding temperatures and static magnetic fields. The analysis of lnτ vs 1/T dependences at three fields 0.05 T, 0.06 T, and 0.07 T has been 

where the pre-exponential factor C of the Raman process can be expressed by equation ( 3)

2 2 1 1 eH Cd fH  + =  +  (4) 
The comprehensive analysis that involved all three relaxation mechanisms participating on SRM was performed with fixed aH m and C parameters (Table S9, Figure S17a), calculated by eq (4) using previously obtained parameters a, m, d, e, and f (vide supra, Table S8). The fitted values of Orbach effective energy barrier Ueff and Raman exponent n slightly decrease upon the increase of DC field from Ueff = 42 K and n = 5.8 at 0.05 T up to Ueff = 36 K and n = 4.5 at 0.07 T. On the other hand, the same fitting approach with all free parameters led to DC field invariant values of Ueff ≈ 25 K, τ0 ≈ 1×10 -6 s, aH m ≈ 17.4 s -1 while the Raman parameters changing in narrow ranges C = 0.3×10 -3 -3×10 -3 K -n s -1 and n = 9.4 -12, respectively (Table S10, Figure S17b).

The reliable results also afforded the combination of direct relaxation with either Orbach or Raman process (Figure 7c, Figure S18 andS19). Both combinations resulted in the field invariant parameters Ueff ≈ 32 K; τ0 ≈ 6×10 -8 s; aH m ≈ 22 s -1 (direct & Orbach, Table S11); C ≈ 32 K; n ≈ 8.7 and aH m ≈ 1522 s -1 (direct & Raman, Table S12). It is worth noting that the energy barrier of spin reversal obtained from direct & Orbach analysis is close to the one observed from the linear fit of the high-temperature region (3.3 K to 4.9 K), where the only single Orbach relaxation was considered (Figure 7c, dashed lines).

Furthermore, the Raman exponent from direct & Raman fit is very close to the theoretically expected value for Kramers ions.

The effective energy barrier Ueff for 1 obtained from the analysis of three lnτ vs 1/T temperature dependencies aiming the various combinations of relaxation mechanisms vary in the range 24 cm -1 -42 cm -1 and in each case is significantly smaller than the calculated energy gap between the ground and first doublets (vide supra). Furthermore, observed values can be compared with Ueff of similar five-coordinated Co(II)-SMMs systems with tridentate derivatives of bis(1H-benzimidazole-2yl)pyridine organic ligands and Cl -or Br -halido terminal ligands (Table S13). The overview clearly indicates, that complexes containing the unsubstituted bis(1H-benzimidazole-2-yl)pyridine [START_REF] Mondal | Probing the Effects of Ligand Field and Coordination Geometry on Magnetic Anisotropy of Pentacoordinate Cobalt(II) Single-Ion Magnets[END_REF] or ligands substituted with aromatic 3,5-di-tert-butylbenzyl substituents [START_REF] Brachňaková | Stereochemistry of coordination polyhedra vs. single ion magnetism in pentaand hexacoordinated Co(II) complexes with tridentate rigid ligands[END_REF] possess notably smaller Ueff comparing to herein reported system 1 or to the complexes containing aliphatic n-octyl or n-dodecyl substituents [START_REF] Juráková | Pentacoordinate cobalt(II) single ion magnets with pendant alkyl chains: shall we go for chloride or bromide?[END_REF] attached to the bis(1H-benzimidazole-2-yl)pyridine moiety. This lead us to the cautious conclusion that increasing σ-donor character of bis(1H-benzimidazole-2-yl)pyridine ligand, induced by strong inductive effect of the attached long aliphatic chains, may have an impact on the effective energy barrier of the spin reversal in five-coordinate Co(II)-SMMs.

Conclusion

In summary, we have prepared a novel tridentate ligand -2,6-bis(bezimidazole-1H-yl)pyridine derivative decorated by the aliphatic n-decyl substituents which has been used for the synthesis of mononuclear pentacoordinated complex 1. The structural study revealed square-pyramidal geometry of coordination polyhedron and Hirshfeld surface analysis allowed to investigate several non-covalent contacts between C-H hydrogen atoms and bromide anions or between neighboring aromatic moieties of tridentate ligands.

The ab initio calculations levels revealed an orbitally degenerate ground electronic state ( 4 E) stemming from C4v ligand field that precludes to use the spin Hamiltonian to describe the magnetic properties of the investigated system. Thus, the analysis of CASSCF/DLPNO-NEVPT2 calculations was based on L-S Hamiltonian and revealed the easy axis type of the magnetic anisotropy. Moreover, these calculations provided valuable information for other experimental techniques studying magnetic and spectroscopic properties. Indeed, the L-S Hamiltonian was successfully applied for the fitting of the static magnetic properties and far-infrared magnetic spectroscopy data, whereas X-band EPR was focusing on the properties of the ground state Kramers doublet. X-band EPR study revealed that the The experimental energy barrier obtained from various fits spans in the narrow range from 24 cm -1 up to 42 cm -1 and in each case is significantly smaller than the calculated energy gap between the ground and first doublets, which is often observed in other Co(II)-SIMs.

Figure 1

 1 Figure 1 General molecular structure of pentacoordinate Co(II) SMMs with tridentate derivatives of 2,6bis(benzimidazole-1-yl)pyridine and with halido or pseudohalido terminal ligand anions X -.

Figure 2

 2 Figure 2 a) Molecular structure of complex 1; Co1-N1= 2.107(5) Å, Co1-N3 = 2.103(5) Å, Co1-N4 = 2.124(5) Å, Co1-Br1 = 2.443(1) Å, Co1-Cl2 = 2.461(1) Å, τ5=0.04. b) View of the three-dimensional Hirshfeld surface of 1 plotted over dnorm in the range -0.4533 to 1.4113 a.u.

Figure 2 .

 2 Figure 2. The DC magnetic data for 1 showed as the temperature dependence of the effective magnetic moment and isothermal molar magnetization measured at T = 2, 5 and 10 K. The empty symbols represent the experimental data; the full lines represent the fitted data using Eq.1 with the Hamiltonian parameters listed in the text.

Figure 3

 3 Figure 3 The outcome of the CASSCF/NEVPT2 calculations for complex 1 compared to the ideal spherical square pyramid geometry (SPY-5) of [CoBr5] 3-. Plot of the d-orbitals splitting calculated by ab initio ligand field theory (AILFT) (left), low-lying ligand-field terms (LFT) (middle), and ligand-field multiplets (LFM) (right). Note: different multiplicities of LFT are shown in a different color. Red full circles in LFM plot represent fit to Eq.1 with parameters listed in the text.

Figure 4 .

 4 Figure 4. The outcome of CASSCF/DLPNO-NEVPT2 calculations: a) the molecular structure of 1 overlaid with g-tensor axis calculated for the lowest Kramers doublet with the effective spin 1/2 (red/green/blue vectors represent gx/gy/gz). b) ab initio magnetization blocking barrier. The numbers presented in the plots represent the corresponding matrix element of the transversal magnetic moment (for values larger than 0.1 an efficient relaxation mechanism is expected).

(

  full-width at half-height). Even in the solution, only one of the components of the anisotropic hyperfine coupling parameter A was clearly identified in the experimental EPR spectra, but this allows a very accurate estimation of the corresponding g-factor component. The best agreement between the simulated and experimental spectra was obtained for a set of effective g-factor components g1 = 1.975, g2 = 4.55, and g3 = 8.0, hyperfine coupling components A1 = 380 MHz, A2 = 170 MHz, and A3 = 900 MHz with ΔB1 = 12 mT, ΔB2 = 25 mT, and ΔB3 = 120 mT. Note that the inaccuracy in the estimation of g3 and A3 parameters may be relatively high due to excessive line broadening (1/g dependent as discussed in ref.(57)) in the low field region of the spectra. An average value of the effective g-factor gavg  5.35 yields a low-temperature value of the magnetization Msat  2.68 NAB within the effective spin-1/2 model, where the experimental magnetization at 2 K tends to saturate

Figure 5

 5 Figure 5The X-band EPR spectra of 1 were measured at 2.2 K using a solid-state powdered sample (black line) and frozen solution in acetonitrile (blue line). Simulation (red line) includes anisotropic effective g-factors, hyperfine coupling, and anisotropic line broadening within the effective spin-½ model as described in the text.

Figure 6 A

 6 Figure 6 A color map of normalized FIRMS transmission spectra recorded on pressed powder pellets of complex 1 measured at T = 4.2 K and magnetic field up to 16 T. The spectra were normalized by zero-field transmission spectra and corresponding reference transmission spectra. Simulations with the Griffith -Figgis Hamiltonian = -1508 cm -1 , rh = -164 cm -1 ,  = -105 -1 ,  = 2.19) are shown as dotted lines. The red color represents the strongly allowed transitions; the grey color indicates forbidden/weakly allowed transitions. The tendency toward the yellow color means the absorption is suppressed by the magnetic field, whereas the dark blue color corresponds to the absorption induced by the magnetic field.

Figure 7 a

 7 Figure 7 a) Out-of-phase χ'' component of AC susceptibility recorded at 2 K upon the continuous change of static BDC field in the range 0 -1 T; b) field dependency of the relaxation time at 2 K fitted to direct process; c) ln τ vs 1/T dependencies obtained from dynamic magnetic investigation of 1 at 0.05 T, 0.06 T and 0.07 T DC fields. The solid lines represent the fits to the combination of direct and Orbach relaxation mechanisms and dashed lines present Orbach fits in the temperature range 3.3 K-4.9 K.

  carried out with respect to relaxation equation (3) involving the terms of direct, Raman and Orbach relaxation mechanisms

  observed effective g-factors and hyperfine couplings of the ground Kramers doublet are well described by the Angular Overlap model predictions, while CASSCF-NEVPT2 calculations using quasidegenerate perturbation theory seem to overestimate their anisotropy in the case of pentacoordinated central Co(II). All employed techniques resulted in a unique match of crystal field parameters, spinorbit coupling constants, and orbital reduction factors, and all obtained values are comparable with similar pentacoordinated Co(II) SMMs. FIRMS spectra provide a direct experimental measurement of the separation between the ground and first excited states. The AC susceptibility investigation proved the presence of single-channel SRM at the applied static magnetic field. The DC field-dependent dynamic magnetic investigation at T = 2 K revealed that SRM is accomplished by the combination of direct and Raman relaxation mechanisms, while the relaxation upon the increase of temperature is governed either by a complex combination of two (direct & Orbach or direct & Raman) or all three (direct & Raman & Orbach) relaxation mechanisms.

Table 1

 1 Parameters of Griffith-Figgis Hamiltonian (Eq.1) for 1 obtained by various approaches

		Magnetic measurements	CASSCF/DLPNO-NEVPT2	FIRMS
		2.16		2.19
	ax / cm -1	-1503	-1508	-1508
	rh / cm -1	-270	-164	-164
	 / cm -1	-105	-120	-105
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