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Abstract 

Understanding magnetic anisotropy and specifically how to tailor it is crucial in the search for 

high-temperature single-ion magnets. Herein, we investigate the magnetic anisotropy in a six-
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coordinated cobalt(II) compound having a complex geometry and distinct tri-axial magnetic 

anisotropy from the perspective of the electronic structure, using electronic spectra, ab initio 

calculations, and an experimental charge density, of which the latter two provides insight into the 

d-orbital splitting. The analysis showed that the d-orbital splitting satisfactorily predicted the 

complex tri-axial magnetic anisotropy exhibited by the compound. Furthermore, a novel method 

to directly compare the ab initio results and the d-orbital populations obtained from the 

experimental charge density was developed, while a topological analysis of the density provided 

insights into the metal-ligand bonding. This work thus further establishes the validity of using d-

orbitals for predicting magnetic anisotropy in transition metal compounds while also pointing out 

the need for a more frequent usage of the term tri-axial anisotropy in the field of single-molecule 

magnetism. 

Introduction 

Distorted tetrahedral cobalt(II) complexes represent a known class of single-ion magnets 

(SIMs) that exhibit slow relaxation of the magnetization in the absence of an external field.1 For a 

transition metal complex to show SIM behavior, it must display zero-field splitting (ZFS), which, 

in the case of a molecule without first-order orbital momentum, can be quantified by two 

parameters, an axial ZFS parameter, D, and a rhombic ZFS parameter, E.2 Optimal SIM properties 

are obtained with a significantly negative axial ZFS parameter, in combination with a small 

rhombic component, as a negative axial component describes a stabilization of the most magnetic 

ground state, while a non-zero value of E quantifies the effect of mixing of states with ΔMS = ±2, 

thereby creating rhombic anisotropy (i.e. anisotropy that is neither easy-axis nor easy-plane; in this 

work we use the term tri-axial anisotropy for such systems). Kramers ions (i.e. ions with half-

integer spin) are often chosen in the search for new SIMs, as quantum tunneling of the 
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magnetization (QTM) in zero magnetic field is (when neglecting hyperfine coupling, dipole 

interactions, etc.) formally forbidden. As a consequence, all such complexes should exhibit SIM 

behavior, regardless of the sign and size of the ZFS parameters, and some complexes showing 

slow magnetic relaxation under applied field with a positive axial ZFS parameter have also been 

reported.3-5 Such cases are, however, scarce and only compounds with a negative D parameter 

have been observed to show slow relaxation at zero field, emphasizing the importance of the sign 

of D and a minute E parameter, even for Kramers type complexes. 

The first transition metal-based SIM to operate at zero field was (PPh4)2[Co(SPh)4], which 

possesses pseudo S4 or D2d symmetry with D ~  −50 cm–1 and a negligible E parameter.1, 6 The 

geometry of this molecule is most appropriately described as tetrahedral with significant 

compression of two opposite S–Co–S angles.7, 8 In subsequent studies of the family of compounds 

(PPh4)2[Co(EPh)4] (where E = O, S, Se, Te),9, 10 it was found that heavier donor atoms (i.e., softer 

ligand) lead to improved SIM properties. However, of higher importance is the spatial disposition 

of donor atoms around the central paramagnetic ion, and the tetragonal elongation of the 

coordination sphere in the solid state toward D2d symmetry, as shown by several tetrahedral cobalt 

complexes with hard ligands.11-14 Enforcing such geometrical distortion should thus improve the 

SIM properties of tetrahedral cobalt(II) complexes; an obvious approach to this is the use of 

adequately designed bidentate ligands. 

The heterocycle N-methylimidazole-2-thione (ImT) readily coordinates to transition metal 

ions to form complexes with a tetrahedral MS4 central core. Emerald-green [Co(ImT)4]2+ with 

either nitrate or perchlorate counterions15, 16 is nearly identical to the tetrathioureacobalt(II) 

complex mentioned above,17 and, similar to the latter, it is a functioning SIM.18 Unlike thiourea, 

the ImT unit is readily incorporated into a monoanionic bidentate ligand by reacting two 
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equivalents with borohydride to give the bis(2-mercapto-1-methylimidazolyl)borate anion, 

(BmMe)–.19 These S,S′ ligands, identified as soft scorpionates,20 are part of the broad family of 

multidentate ligands based on progenitor polypyrazolylborates developed by Trofimenko.21, 22 

Although possessing a MS4-core, structural studies have revealed a substantial departure from the 

expected tetrahedral geometry brought about by the formation of two 3-center/2-electron M···H–

B agostic interactions.23 An example is the [M(BmMe)2] (M = Zn, Cd, Hg) series, which exhibit 

two cis-orientated M···H interactions at distances ranging 2.47 – 3.09 Å that push the sulfur donor 

atoms into a seesaw topology.24 This phenomenon has also been observed in Co complexes with 

related sulfur-donor ligands.25-27 

The compound investigated here, [Co(BmMe)2], see Figure 1, is of interest due to its 

complex magnetic anisotropy, and understanding this may lead to novel design criteria for new 

SIMs. The magnetic anisotropy is analyzed and discussed based on the ab initio ligand field theory 

(AILFT) orbitals obtained from ab initio calculations. These observations are corroborated by an 

experimental electron density (ED) analysis, which provides d-orbital populations that are used to 

validate the obtained AILFT orbitals. A novel quantitation analysis of the d-orbital populations 

from ab initio calculations, which includes the bonding interactions, has been developed, making 

a direct comparison between the ab initio calculation and the experimental ED possible. 

Furthermore, a topological analysis of the experimental ED is performed, revealing information 

about bonding interactions. In particular, the Co···H–B agostic interactions and their impact on 

the ligand field are interesting. In contrast to d0 metal alkyl complexes,28, 29 ED studies of  M···H–

B interactions are unprecedented in the literature.  
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Figure 1. Thermal ellipsoid depiction of the structure of [Co(BmMe)2] showing atomic 

displacement parameters using 50% probability surfaces. All hydrogens except the four hydrogens 

on boron have been omitted for clarity. The longer Co···H(1B1) bond is shown as a dashed line. 

Experimental Methods 

The sodium salt of dihydrobis(2-mercapto-1-methylimidazolyl)borate anion, Na(BmMe), 

was prepared following the procedure of Alvarez et al.24 All other reagents were used as received. 

Infrared spectra were collected using either a Shimadzu IRAffinity-1S or a Shimadzu FTIR 8400S 

spectrophotometer as neat powders. Electronic spectra were recorded from a Shimadzu UVA 3600 

spectrophotometer (range 300 – 2500 nm). Solution magnetic susceptibilities were determined by 

the Evans method.30 Electrospray ionization (ESI) mass spectra were obtained on a Bruker 

microTOF-Q mass spectrometer. 

Synthesis of [Co(BmMe)2]. A stirred solution of CoCl2·6H2O (0.090 mg; 0.378 mmol) in 

H2O (15 mL) was treated dropwise with a 10 mL aqueous solution of Na(BmMe) (0.200 g; 0.763 

mmol) added over 10 min. A dark khaki brown precipitate rapidly evolved, which was collected 

by vacuum filtration. The solids were reconstituted in CH2Cl2 and layered with hexanes to produce 

a dark brown microcrystalline solid, which was filtered and dried in air. Yield: 0.134 g (66%). IR 
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(cm–1): 3163 w, 3130 w, ν(BH) 2366 m, 2329 w, ν(CN) 1556 m, 1456 s, 1420 s, 1379 s, 1323 m, 

ν(C=S) 1188 s, 1171 s, 1119 s, 1080 s, 1035 m, 958 w, 864 w, 829 w, 718 s, 698 s, 675 s, 515 s. 

Electronic spectrum (CH2Cl2; λmax / nm (ε / M–1 cm–1)): 1561 (140), 1097 (30), 807 (sh, ~40), 678 

(460), 562 (960), 542 (sh, ~900), 442 (sh, ~6600), 412 (12,600), 375 (sh, ~ 5600). ESI mass 

spectrum: m/z 536 [M]+. 

Magnetic measurements. Magnetic measurements were performed in the temperature 

range from 1.8 to 300 K with a Quantum Design MPMS-XL-5 SQUID magnetometer equipped 

with a 7 T magnet. The powdered sample was contained in a gelatin capsule and fixed in a non-

magnetic sample holder. Data were corrected for underlying diamagnetism using tabulated 

Pascal’s constants.31 

 Single-Crystal X-ray Diffraction. Diffraction-quality green single crystals of 

[Co(BmMe)2] were grown by diffusion of hexanes into a saturated dichloromethane solution of the 

complex. A single crystal was measured at BL02B1 on SPring-8 with a wavelength of 0.2480 Å 

and a temperature of 100 K. The crystal quality was found to deteriorate upon cooling to 

temperatures below 50 K, and for that reason lower temperatures were not used. The scattering 

was collected with a Dectris PILATUS3 X CdTe 1M detector, which we have recently found to 

provide extremely high quality charge density data.32 Three ω-scans were performed using 1.0 

sec/frame and a frame width of 0.5°. As ω was in the range from 0° to 180°, a total of 360 images 

was obtained for each data set. For all data sets, the 2θ-angle was fixed at 0°, while χ was set to 

0°, 20° and 40°, respectively, to ensure optimal coverage of reciprocal space. An additional 

measurement was made with 4.0 sec/frame and frame width of 0.5°, ω in the range from 0° to 

180°, 2θ = 0° and χ = 0° to obtain a data set with better statistics of high resolution data. 
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The measured images were converted to a set of integrated and scaled intensities using 

Apex3. The combination of a relatively high data collection temperature of 100 K and the weak 

scattering of the crystal led to a resolution limit of 0.50 Å. SADABS33 was used to correct for 

absorption and other random errors by comparison of equivalent reflections and fitting of frame 

scale factors. Finally, SORTAV34 was used to provide merged intensities and properly associated 

error estimates. The structure was solved using SHELXT35 and refined using SHELXL,36 both 

within the Olex2 program package.37 The ED was modeled using XD2016,38 which is based on 

the Hansen-Coppens multipole formalism, in which the atomic density for each atom is expanded 

into three terms: an unperturbed spherical core, a spherical valence term that allows refinement of 

valence population parameters and thus electron transfer between atoms, and finally an aspherical 

term that includes a set of refinable multipole population parameters that re-distribute the 

spherically organized valence electrons of a given atom using spherical harmonic angular 

functions.39 We have recently reviewed the use of the ED approach in molecular magnetism.40 The 

multipole model uses a local coordinate system defined as z: Co–S(4) and x: Co–S(2). All C–H 

distances were fixed at mean bond length values obtained from tabulated neutron diffraction data.41 

The tabulated mean bond length value for the B–H bond is insufficient for this compound, as one 

could expect the bond to be elongated due to the interaction with the central cobalt ion. Instead, 

the atomic coordinates for the boron-bonded hydrogen atoms were refined freely. Anisotropic 

thermal parameters for the hydrogen atoms were obtained from SHADE.42 Since it is not a standard 

procedure to freely refine hydrogen atom parameters in multipole modeling, and since neutron 

diffraction data are not available, we resorted to a Hirshfeld Atom Refinement (HAR)43, 44 as an 

independent second model to investigate the hydrogen atom positions in the Co vicinity. HAR is 

known to produce X-H bond distances with the same accuracy and precision from X-ray 
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diffraction data as those derived from neutron diffraction, including B-H and Fe-H bonds.45 This 

is the first example of HAR for Co and the first open-shell HAR. HAR was carried out with the 

interface lamaGOET,46 interfacing Gaussian0947 for the wavefunction calculation at UB3LYP/cc-

pVTZ level of theory and Tonto48 for the non-spherical atomic form factor calculation and 

structural refinement. All positional and ADP parameters were refined freely, except for the methyl 

hydrogen atoms that were refined isotropically. To estimate how reliable the X-H HAR-refined 

bond distances are in this case, we averaged the results for all C-H bonds and compared to averaged 

results from neutron-diffraction esperiments (1.099(9)Å for methyl groups and 1.082(13)Å for 

C=Csp2-H bonds).49 From HAR, the results are 1.085(13)Å and 1.089(7)Å with maximum outliers 

as big as 0.05Å. This means that the results are accurate, but the standard uncertainty associated 

with the B-H bonds is probably higher than the values obtained from the variance-covariance 

matrix reported in the main part. 

Theoretical calculations. All calculations described in this section were performed with 

the electronic structure program ORCA.50, 51 Geometry optimizations were carried out using the 

BP86 functional52, 53 in both the gas phase and in a dielectric continuum with acetonitrile as solvent 

to examine the stability of the molecular structure in solution.54 A segmented all-electron 

relativistic contracted basis set of triple-ζ quality (def2-TZVP)55-57 was used for all atoms with 

Grimme’s dispersion correction D3.58, 59 A scalar relativistic correction was applied using the 

zeroth-order regular approximation (ZORA) method60-62 as implemented by van Wüllen.63 An 

auxiliary basis set was used to expand the electron density in the calculations in conjunction with 

the resolution of identity approximation.64 Spin Hamiltonian parameters and absorption spectra 

were computed on crystallographic coordinates using state-averaged complete active space self-

consistent field (SA-CASSCF).65-67 The missing dynamic correlations were recovered by N-
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electron valence perturbation theory to the second order (NEVPT2).68-71 The active space was 

chosen to contain seven electrons in five orbitals. All states arising from the d7 configuration (10 

quartets and 40 doublets) were included. The spin-orbit coupling (SOC) was treated using the 

mean-field (SOMF) approximation.72 The effective Hamiltonian approach was used to compute 

SH parameters.73, 74 An ab initio ligand field theory (AILFT) calculation75, 76 was used to yield 

both a description of the d-orbitals and of the ligand field. The coordinate system was obtained 

from a visualization of the AILFT orbitals and subsequent assignment of the most appropriate 

orbitals. The coordinate system was chosen such that the z-axis was along the lobe of dz2 and x,y 

were along the lobes of dx2-y2, and a new ab initio calculation was subsequently performed with this 

coordinate system. The coordinate system corresponds to z: Co–S(4), x: Co–S(2) where x is made 

perpendicular to the z axis, and y is determined by the cross-product of z and x. Note that this is 

the exact same coordinate system that is used in the charge density model and therefore enables a 

direct comparison between the two. 

Results and Discussion 

Synthesis and Characterization. The stoichiometric addition of Na(BmMe) to a Co(II) salt 

produces [Co(BmMe)2] in high yield. The infrared (IR) spectrum exhibits the four characteristic 

bands at 1188, 1080, 718 and 515 cm–1 of the thioamide unit N–C=S of the imidazole-2-thione.77 

In addition, there are two bands at 2366 and 2329 cm–1 assigned as ν(B–H) stretches from the 

(BmMe)– ligand, as seen in related complexes with group 12 metals.24 The lower energy peak is 

ascribed to the M···H–B repeatedly encountered in solid state structures of complexes with 

dihydroborate ligands,19, 24, 25, 78, 79 however, the number and intensity of these IR features can vary. 

The electronic spectrum of [Co(BmMe)2] recorded in either MeCN or CH2Cl2 showed three low-

energy ligand field (LF) transitions at 1561, 1097, and 807 nm. Two weak ligand-to-metal charge 
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transfer (LMCT) bands are found at 607 and 562 nm, from which the compound derives its brown 

color in solution. The S = 3/2 spin ground state for a high-spin Co(II) d7 central ion was confirmed 

by a solution magnetic moment of 4.2 μB. 

Structural characterization. The solid state structure of [Co(BmMe)2] has been 

determined by single-crystal X-ray diffraction. Salient bond distances and angles are listed in 

Table 1. The complex comprises a central Co ion with four sulfur atoms from the two bidentate 

(BmMe)– ligands (Fig. 2). The first coordination sphere bond distances are 2.3499(3), 2.3265(3), 

and 2.3386(3) Å for Co–S(1), Co–S(3) and Co–S(4), respectively, with a longer bond of 2.4144(1) 

Å for Co– S(2), which matches the distances reported in other complexes with imidazole-2-thione 

ligands.15, 16, 26, 27 The CoS4 core is highly distorted from a tetrahedral geometry with the 

coordination sphere supplemented by two adjacent Co···H–B agostic interactions of varying 

magnitude. The departure from tetrahedral geometry is evidenced by the S–Co–S angles that range 

from 89.81(1)° to 139.69(1)°, where the latter is considerably larger than found in the [M(BmMe)2] 

(M = Zn, Cd, Hg) series.24 The large S(1)–Co–S(3) opening allows for a hydride from each of the 

BH2 groups to interact with the Co ion, at distances of 2.44(1) Å and 1.95(1) Å for H(1B1) and 

H(1B2), respectively. One explanation for the longer Co–S(2) bond distance is the presence of 

H(1B2) in the trans-position (the S(2)–Co–H(1B2) angle is 174.1(4)°). The two Co···H–B 

contacts are shorter than those identified in [Co(TmMe)2] (TmMe = hydrotris(2-mercapto-1-

methylimidazolyl)borate) at 2.27 and 2.34 Å,25 [Co(BttMe)2] (BttMe = dihydrobis(1-methyl-5-

thiotetrazolyl)borate) at 2.32 and 2.58 Å,80 [Co(L)2] (L = hydro[bis(3-p-tolyl-2-thioimidazol-1-

yl)-(3-phenyl-5-methylpyrazol-1yl)]borate) at 2.52 and 3.91 Å,27 and the [M(BmMe)2] (M = Zn, 

Cd, Hg) series.24 Only one other compound, [Co(BptBu,iPr)2] (BptBu,iPr = dihydrobis(3-tert-butyl-5-

isopropylpyrazol-1-yl)borate) has similarly short contacts, with its distorted octahedral 
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coordination sphere completed by trans Co···H–B interactions at 1.94 Å.81 The HAR results 

confirm the Co…H-B coordination mode with Co…H distances of 2.525(13) and 1.959(12)Å. The 

shorter B-H(1B1) distance is 1.174(13)Å, which agrees with earlier HAR-refined B-H distances 

for diborane of 1.170(7)/1.168(6) Å.45 This also means that the elongated B-H(1B2) distance of 

1.246(12) Å represents a significant activation of this B-H bond. 

Table 1. Salient bond distances (Å) and angles (°) in [Co(BmMe)2]. 

Co–S(1) 2.3499(3) Co–S(2) 2.4144(1) 

Co–S(3) 2.3265(3) Co–S(4) 2.3386(3) 

Co–H(1B1) 2.44(1) Co–H(1B2) 1.95(1) 

S(1)–Co–S(2) 102.72(1) S(1)–Co–S(3) 139.69(1) 

S(1)–Co–S(4) 108.73(1) S(2)–Co–S(3) 96.26(1) 

S(2)–Co–S(4) 89.81(1) S(3)–Co–S(4) 106.53(1) 

S(1)–Co–H(1B1) 73.0(3) S(1)–Co–H(1B2) 73.6(5) 

S(2)–Co–H(1B1) 85.4(4) S(2)–Co–H(1B2) 174.1(4) 

S(3)–Co–H(1B1) 73.5(3) S(3)–Co–H(1B2) 89.4(4) 

S(4)–Co–H(1B1) 175.2(4) S(4)–Co–H(1B2) 87.0(4) 

H(1B1)–Co–H(1B2) 97.8(6)   

 

Continuous shape measurement (CShM)82 analysis emphasizes the strongly distorted 

molecular geometry of [Co(BmMe)2]. Assuming a five-coordinated complex, where the longer 

Co···H interaction is ignored, the geometry with the lowest CShM value is trigonal bipyramidal 

(2.5), while if both Co···H–B interactions are ignored, the lowest value (1.8) is obtained for an 

axially vacant trigonal bipyramid geometry (Table 2). To put these values into perspective, the 

CoS4 moiety alone gives a CShM value of 2.4 for tetrahedral geometry. These variations in CShM 

values show that there is no clearcut best choice for the molecular coordination geometry. 
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Table 2. Continuous shape measures for selected geometries. 

Geometry CNa CShM 

Tetrahedral 4 2.4 

Seesaw 4 3.9 

Axial vacant trigonal bipyramid 4 1.8 

Trigonal bipyramid 5 2.5 

Square pyramidal 5 4.1 

Octahedral 6 4.0 

Trigonal prism 6 10.3 
a CN = coordination number. 

Theoretical calculations.  

DFT calculations. To examine the integrity of the molecular structure in solution, a 

geometry optimization starting from crystal structure coordinates was undertaken using DFT 

calculations employing the BP86 functional with and without a solvent continuum. In both cases, 

the optimized structure preserved the Co···H interactions at 1.96 and 3.01 Å (Fig. S2). The average 

Co–S bond distance and S–Co–S angle of 2.321 Å and 108.3°, respectively, match the solid state 

crystal structure (Table S5). In contrast, starting from a tetrahedral CoS4 geometry, and in the 

absence of a solvent continuum, the optimization resulted in a more tetrahedral geometry than 

observed experimentally, with a shorter average Co–S distance at 2.298 Å, a more obtuse average 

S–Co–S bond angle of 112°  and the nearest hydrogen atom being 2.79 Å from the Co ion (Fig. 

S3). Given the relatively minor change between crystallographic and geometry optimized 

structures, the electronic structure and properties of [Co(BmMe)2] were calculated using the 

geometry obtained from the crystal structure (see next section). This assessment is supported by 

electronic spectroscopy recorded on separate dichloromethane and acetonitrile solutions of the 
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complex at ambient temperature. The spectra are superimposable despite the variation in solvent 

polarity, although there is a distinct brown color compared to the dark green color of the single 

crystals (vide supra). The color variation is attributed to the removal of lattice packing effects that 

modify the energy of ligand-to-metal charge transfer (LMCT) bands from the soft sulfur donor 

atoms. In contrast, polycrystalline salts of [Co(ImT)4]2+ are blue-green in the solid state but 

produce a lavender-colored solution in dichloromethane and pale pink in acetonitrile. This 

demonstrates a change in the first coordination sphere in solution that sees the addition of trace 

moisture and/or ligating solvent like MeCN producing an octahedral Co(II) complex.83 The 

Co···H–B agostic interactions in [Co(BmMe)2] persist in solution and prevent solvent coordination. 

Ab initio calculations. The electronic structure of [Co(BmMe)2] was calculated using the 

state-averaged complete active space self-consistent field (SA-CASSCF) method with N-electron 

valence second-order perturbation theory (NEVPT2). The CAS(7,5) calculation describes the 

seven valence electrons in the five d-orbitals of the Co(II) ion, and the 10 quartet and 40 doublet 

states were computed. The isolated d7 ion possesses a 4F ground term and a 4P excited term 

destabilized by 15B, where B is the Racah parameter that represents interelectronic repulsion. The 

lowest doublet term, 2G, resides B above 4P. In an octahedral ligand field, which is one possible 

interpretation of the molecular structure of [Co(BmMe)2], the 4F ground term is split into 4T1g, 4T2g, 

and 4A2g while the 4P is associated with a 4T1g only. Lowering of the symmetry to C4v, and 

therefore describing the ligand field of [Co(BmMe)2] as six-coordinate with approximately 

tetragonal elongation along H(1B2)–Co–S(2), results in the further splitting of the triply 

degenerate states: 4T1g into 4E and 4A2, and 4T2g into 4E and 4B2.84 A 4B2 state emerges from 

symmetry reduction of the 4A2g term from parent octahedral symmetry (Figure S5).  
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The computed d-orbital splitting for the Co(II) ion shows a pseudo-tetragonal ligand field 

with the dxz and dxy orbitals nearly degenerate and stabilized relative to dyz, dz2 and dx2-y2 orbitals 

(Fig. 2). These orbitals are assigned as E, B2, B1, and A1 in pseudo C4v point symmetry. The 

electronic absorption spectrum of [Co(BmMe)2] is characterized by three LF bands at 6400, 9000, 

and 13 200 cm–1, as evidenced by the small extinction coefficients (Fig. 3). These spin-allowed 

transitions take place from the 4A2 ground state to each of the four excited states derived from the 

4T1g, 4T2g and 4A2g parent terms in Oh symmetry. 

 

Figure 2. Energy of d-orbitals for [Co(BmMe)2] obtained from AILFT analysis of the SA-

CASSCF(7,5) calculation.  Coupling only occurs between doubly occupied orbitals and singly 

occupied orbitals, and the operator responsible for the coupling of two orbitals is shown, green 

line: Lz, blue line: Ly. 
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Figure 3.  Comparison of the experimental (blue) and calculated (black) electronic absorption 

spectrum for [Co(BmMe)2]. The theoretical spectrum is produced from SOC-

CASSCF(7,5)/NEVPT2 calculation with a Gaussian line broadening of 1000 cm–1. Vertical lines 

represent individual transitions with the four lowest energy bands assigned. 

 

The lowest energy 4A2 → 4E is calculated at 3984 and 4183 cm–1 and resides outside the 

detection window of the spectrometer (Table S6). The 4A2 → 4E(T2) matches well to the lowest 

energy band in the experimental spectrum. The calculated peak is broadened by the lower 

symmetry in [Co(BmMe)2] compared with an idealized pseudo-tetragonal structure. The remaining 

two LF transitions are calculated at 9860 cm–1 for 4A2 → 4B2(T2) and 13 290 cm–1 for 4A2 → 

4B1(A2), and are an excellent match to the experimental energies of 9000 and 13 200 cm–1, 

respectively. The excitations to the quartet states derived from the 4P excited term, as well as 

possible spin-forbidden transitions to doublets states that derive from the 2G term, which gain 

intensity from the lowering of symmetry, are all buried beneath the suite of LMCT bands starting 

at 15 000 cm–1. Overall, the calculated LF transitions are in excellent agreement with the 

experimental data and confirms the solid state structure to be largely unchanged in solution. 
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The ab initio magnetic anisotropy parameters calculated from the effective spin-

Hamiltonian 𝐻𝐻� = 𝑺𝑺� ∙ 𝐷𝐷� ∙ 𝑺𝑺� for [Co(BmMe)2] are D = 19.1 cm–1 and E/D = 0.29, indicating a very 

rhombic − nearly perfectly tri-axial − magnetic anisotropy, which is only rarely observed and 

commented on in the literature.85, 86 These values are in good agreement with the experimental 

values of D = 16.4 cm–1 and E/D = 0.19, as obtained from fits to magnetic susceptibility and 

magnetization curves (Figures S6 and S7). Tri-axial anisotropy implies a gx < gy < gz relationship, 

in contrast to easy-plane and easy-axis anisotropy, which is characterized by gz < gx = gy and gx = 

gy < gz, respectively. Up to now, the overwhelming majority of research on molecular magnets has 

focused exclusively on the sign of D to determine whether a compound exhibits easy-plane or 

easy-axis anisotropy, while the magnitude of E is often reported, but rarely commented on. We 

thus use this opportunity to discuss the importance of the rhombic ZFS parameter, E.87,88,89  

A value of E/D = 1/3 describes a situation with perfect tri-axial magnetic anisotropy, and 

in that particular situation, tiny distortions to the molecular geometry can transform the D-value 

from very positive to very negative, rendering the concept of easy-axis and easy-plane anisotropy 

moot. We have illustrated this effect in Fig. 4, which has been constructed with one fixed 

eigenvalue of the D-tensor (20 cm–1), while the second eigenvalue varies from -10 cm-1 to +20 cm-

1 along the abscissa (the third eigenvalue is then inherently fixed from the traceless property of the 

tensor, see ESI for further details). Fig. 4 shows an abrupt and discontinuous shift from positive to 

negative D at exactly the point where E/D = 1/3. This sudden change in D is accompanied by a 

change of axes, as seen here in the [Co(BmMe)2] complex, where D is associated with the molecular 

x-axis if it is positive and with the molecular y-axis if it is negative. This is a direct result of the 

requirement that |D| ≥ 3E ≥ 0. In Fig. 4, we have separated the easy-plane | tri-axial | easy-axis 

regimes by dashed vertical lines, although there is no strict physical justification for this. It serves 
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mostly to emphasize that the characterization of magnetic anisotropy is not a simple choice of one 

or the other type. 

 

Figure 4. Calculated D and E in the case of one fixed eigenvalue of the D-tensor (20 cm–1) and 

varied second eigenvalue (x-axis of the graph). Susceptibility ellipsoids, which represent the type 

of anisotropy, are visualized in the respective regimes (left: easy-plane, middle: tri-axial, right: 

easy-axis). 

We now turn to the rationalization of the magnetic anisotropy from the calculated d-orbital 

splitting (Fig. 2). The coordinate system defining these orbitals was chosen such that the AILFT 

orbitals represent the purest d-orbital description (see the experimental section). This coordinate 

system thus gave pure dz2 and dx2-y2 orbitals, while the three remaining orbitals display a slight 

mixing (see ESI for further details). One of the main advantages of using the d-orbitals and their 

energies for predicting the sign and size of the magnetic anisotropy is the chemically intuitive 

toolbox it provides. Although the approach might not be accurate or even physically unassailable, 

it has proven effective in predicting the magnetic anisotropy in several complexes.90, 91 However, 

the method has hitherto primarily been confined to the extremes of easy-axis or easy-plane 
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magnetic anisotropy, while it has rarely been applied to a description of such severe tri-axiality as 

exhibited by [Co(BmMe)2].92 Now, to proceed, we use the assumption that the d-orbitals are pure, 

which forces the D-tensor to be diagonal (for details, see the ESI). To quantify the anisotropy, we 

are therefore left with the task of evaluating the possible couplings between the doubly occupied 

and singly occupied d-orbitals through the different Lu (u = x, y, z) operators. If two d-orbitals are 

coupled via a given operator Lu, this contributes to making the direction “u” easy to magnetize 

(i.e., contributes negatively to Duu), and the interaction strength scales with the inverse of the 

energy difference between the two coupled orbitals.2 Thus, if one Lu operator dominates, easy-axis 

anisotropy is observed; if two Lu operators dominate, easy-plane anisotropy is observed, while if 

all three Lu operators contribute equally, the magnetism is isotropic. 

 In [Co(BmMe)2], the dxy orbital is coupled with the dyz and dx2-y2 orbitals through the Ly and 

Lz operators, respectively, while the dxz orbital is coupled with dyz, dz2, and dx2-y2 through Lz, Ly, 

and Ly, respectively (Fig. 4). Combining this knowledge with the calculated d-orbital energies, we 

conclude that the most easy axis is along the y-direction, since Ly is responsible for three couplings, 

and (most importantly) is the operator associated with the smallest energy difference (coupling of 

dxy and dyz). Similarly, there will be an intermediate axis along the z-direction, smaller in 

magnitude than along the y-direction. Lastly, the x-axis must be a hard axis, since no orbitals are 

coupled through the Lx operator. Thus, the analysis predicts that the anisotropy increases in the 

following way: x < z < y (see ESI for further details). 

The calculated eigenvalues and eigenvectors for the D- and g-tensors using the effective 

spin-Hamiltonian formalism are listed in Table 3. Since gx < gy < gz by definition, the above 

analysis predicts gx to be along the x-direction in the molecule, gy to be along the z-direction, and 

gz to be along the y-direction, which is completely in accordance with the calculated eigenvectors 
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given in Table 3. Furthermore, since D (= 3/2 Dzz) is positive, Dzz must be along the hardest axis 

(x-axis), and as Dyy must be smaller than Dxx (given E = (Dxx–Dyy)/2 ≥ 0), Dyy is therefore along 

the y-axis, and Dxx along the z-axis, which is also consistent with Table 3. The simple approach of 

predicting the anisotropy using the d-orbitals and an analysis of the operators responsible for the 

coupling has thus proven to be valid even for highly distorted complexes as [Co(BmMe)2]. 

Furthermore, the fact that the eigenvectors of the D- and g-matrices are almost collinear with the 

axes of the chosen coordinate system for the orbitals (Table 3) justifies the assumption of pure d-

orbitals (and diagonal D- and g-matrices). 

 

Table 3. Calculated eigenvalues and eigenvectors for the effective spin-Hamiltonian parameters 

using a pseudo-spin S=3/2. Eigenvectors are given with the Cartesian axes chosen from the AILFT 

orbitals. 

 Eigenvaluea x y z 

Dxx -0.79 -0.05 -0.04 1.00 

Dyy -11.94 0.02 1.00 0.04 

Dzz 12.73 1.00 -0.03 0.05 

gx 2.11 0.99 -0.03 0.16 

gy 2.23 -0.16 -0.02 0.99 

gz 2.35 0.02 1.00 0.02 

 

Experimental electron density. As mentioned in the experimental section, the local 

coordinate system for cobalt used in the experimental electron density modeling of [Co(BmMe)2] 

has the z-axis defined along the Co–S(4) bond, the x-axis parallel to the Co–S(2) bond, with the y-

axis being the normal vector to this xz-plane. This coordinate system is consistent with the 
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coordinate system chosen from the AILFT orbitals. Static model deformation density maps in the 

three planes (xy, xz, yz) formed by cobalt and atoms from the first coordination sphere are presented 

in Fig. 5. These deformation density maps represent the difference between the modeled 

experimental density and a fictitious spherical density (also known as the IAM density). The 

deformation density maps support the d-orbital splitting, dxz < dxy < dyz, which is obtained from 

AILFT, as the maps clearly have the most positive contours in the xz-plane, slightly less in the xy-

plane, and almost none in the yz-plane.  

 

Figure 5. The three planes from the defined local coordinate system of the ED refinement (top) 

and the deformation density maps confirm the found energy ordering of the orbitals found from 

the ab initio calculation (bottom). The deformation density maps only show the atoms in-plane, 

which is why some figures seem to be missing atoms. Blue contours show positive values, red 

contours negative value, and the dotted black line shows the zero contour. Contour interval is 0.1 

e Å–3. 

Experimental estimates of the d-orbital populations from the refined multipole model are 

obtained using the procedure developed by Holladay et al.,93 and the results are summarized in 
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Table 4. It is clear that the two lower-lying orbitals are dxz and dxy, as they are nearly full (i.e., 

close to a population of 2 electrons), while the three other orbitals, dyz, dz2, and dx2-y2, are much 

closer to a population of 1 electron. If we assume that a large d-orbital population indicates a 

stabilization of that particular orbital, the obtained populations predict the relative d-orbital 

energies dxz < dxy < dyz < dz2 < dx2-y2 which is consistent with the calculated d-orbital energy diagram 

seen in Fig. 2. In the most simple interpretation, we anticipate a distribution of the seven d-

electrons on Co(II) as 2:2:1:1:1 in absolute numbers, or 28.8% and 14.4% in the doubly and singly 

occupied orbitals, respectively, as illustrated by the electron configuration in Fig. 2. However, such 

an approach ignores any bonding contributions involving the d-orbitals and the effect of spin-orbit 

coupling. We have therefore improved this estimate by exploiting the access to the CI-

wavefunction from the ab initio calculation, together with the spin-orbit coupled wave functions. 

From these, we estimate the population of atom-centered d-orbitals from the CI + SOC calculation 

(Table 4), which already constitutes a significant improvement to the simple integral number 

population of the orbitals (for this procedure, see ESI). However, the inactive space should also be 

incorporated in the estimation of the d-orbital populations from an ab initio calculation, as some 

bonding molecular orbitals will contribute. This was done in the following way: if an inactive 

orbital had 0.5% contribution from, say dxz, the contribution from that molecular orbital would be 

0.005 × 2 electrons to the dxz orbital. Summing up all contributions from the inactive orbitals, the 

d-orbital populations from the experimental ED and the ab initio calculation become closely 

matched (Table 4). Very recently some of us published results using the same approach to compare 

the experimentally determined d-orbital populations and the estimate from the CI + SOC ab initio 

wave function,94 however, to the best of our knowledge, this is the first time experimental d-orbital 
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populations have been compared against ab initio calculations where the bonding interaction is 

included (see ESI for further details).  

 

Table 4. Experimental and calculated d-orbital occupancy. In parentheses are given the percentage 

occupancy relative to the total occupancy of the d-orbitals. 

 Experimental Estimate from CI + SOC Estimate including bonding contribution 

dx2-y2 1.15 (15.4) 1.00 (14.8) 1.30 (16.8) 

dz2 1.26 (16.8) 1.00 (14.8) 1.26 (16.2) 

dyz 1.31 (17.5) 1.28 (18.9) 1.50 (19.3) 

dxy 1.70 (22.7) 1.65 (24.4) 1.79 (23.1) 

dxz 2.07 (27.6) 1.83 (27.1) 1.90 (24.5) 

Total 7.48 6.76 7.76 

 

Topological analysis. The chemical bonding in [Co(BmMe)2] can be quantified by a 

topological analysis of the experimental ED (see Table 5). Based on the quantum theory of atoms 

in molecules (QTAIM),95 this approach locates critical points (CPs) in the ED where the local 

gradient is zero, i.e., minima, maxima, and saddle points in the continuous ED. Of the four possible 

types of CPs, those with one negative and two positive negative curvatures are denoted the bond 

critical points, BCPs. Evaluation of the topological properties at the BCPs has traditionally been 

used to characterize the nature of the interaction using the Laplacian of the ED (∇2ρbcp), which is 

the sum of the eigenvalues of the Hessian matrix, i.e. the symmetrical 3x3 matrix consisting of the 

derivative of the ED with respect to the x,y,z directions. The eigenvalues of this matrix are the 

curvatures along the eigen-directions and are denoted λ1-3, and the ellipticity (ε) is the difference 

from unity of the ratio of the two negative curvatures. This approach is very useful to distinguish 
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between covalent and ionic bonding, particularly between light atoms,96 while it is less clear-cut 

for metal-ligand bonds. We find that the total energy density, H, at the BCPs is negative for all 

Co–S bonds, suggesting that there are substantial covalent contributions to these bonds. The 

analysis also clearly finds BCPs in the Co-H bonds, with significant values of ED at the BCP, thus 

confirming that cobalt is six-coordinate.  

Table 5. Topological properties at selected BCP. The value of ρBCP is given in eÅ−3, the Laplacian 

(∇2ρBCP) in eÅ−5, distances in Å, while the kinetic, potential, and total energy densities G, V and 

H, respectively, are given in Hartree au−3. 

Bond (1-2) ρBCP ∇2ρBCP d d1-BCP d2-BCP  ε G H V 

Co–S(1) 0.448 3.618 2.3500 1.0860 1.2640 0.05 0.38 -0.51 -0.13 

Co–S(2) 0.408 3.370 2.4145 1.1097 1.3048 0.05 0.34 -0.44 -0.10 

Co–S(3) 0.468 3.913 2.3265 1.0795 1.2470 0.06 0.41 -0.55 -0.14 

Co–S(4) 0.461 3.997 2.3386 1.0891 1.2496 0.06 0.41 -0.54 -0.13 

Co–H(1B2) 0.255 2.156 1.9611 1.2429 0.7182 0.19 0.18 -0.22 -0.03 

Co–H(1B1) 0.127 0.829 2.4570 1.4962 0.9608 0.11 0.06 -0.07 -0.01 

 

Conclusions 

The robust Co···H-B agostic interactions that appear in [Co(BmMe)2] and intrude into the 

coordination space and displace the sulfur donor atoms result in a molecular complex that exhibits 

both a complicated geometry, and a similarly complicated magnetic anisotropy. The comparison 

of the estimated anisotropy from the calculated AILFT scheme with the calculated effective spin-

Hamiltonian parameters showed that such an analysis is fruitful even for geometrically and 

magnetically very complex systems. 
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Easy-axis magnetic anisotropy is frequently declared to arise from coupling of orbitals 

through the Lz operator (i.e., coupling of orbitals sharing the same ±ml value).17, 90, 97-99 While this 

is often true, it is not a strict requirement, as easy-axis anisotropy will arise from coupling through 

any Lu operator, as long as this one single operator is dominant, compared to the others. Based on 

an in-depth analysis of the magnetic anisotropy, we emphasize here the importance of E in the 

description of the anisotropy, and propose the term tri-axial anisotropy, as relying on the terms 

“easy-axis anisotropy” and “easy-plane anisotropy” determined entirely from the sign of D is often 

insufficient in describing the true anisotropy. Furthermore, low temperature synchrotron X-ray 

single-crystal diffraction data allowed the multipole modeling of the ED, from which d-orbital 

populations were extracted, very well aligned with the predicted occupancies from the obtained 

AILFT orbitals. Based on this description, we developed a model that enables a direct comparison 

between the multireference ab initio calculation and the experimentally derived d-orbital 

population and thereby reached a quantitative agreement. 
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Synopsis. 

Herein, we use ab initio calculations, electronic spectroscopy and experimental 

charge density studies to study the electronic structure and magnetic properties of a 

six-coordinate Co(II) complex. We illustrate the importance of the often-neglected 

value of transverse anisotropy, E, and advocate an adjustment to the over-

simplified dichotomous easy-axis/easy-plane nomenclature often found in the 

literature. Finally, we derive experimental d-orbital populations that match 

quantitatively theoretical values, if bonding contributions from a MO analysis are 

taken into account. 
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