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Abstract

In this work we present a computational analysis of a new family of magnetic Co(II)
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single-ion complexes with large magnetic anisotropy based on icosahedral and octahe-

dral carborane ligands. In particular, we extend our previous computational work

[Alcoba et al. Inorg. Chem. 57, 7763 (2018)] on mononuclear Co(II) complexes with

1,2-(HS)2-1,2-C2B10H10 and 9,12-(HS)2-1,2-C2B10H10 icosahedral o-carborane ligands

to a larger set of complexes where the Co(II) ion is doubly chelated by those ligands

and by other two positional isomers belonging to the 1,2-dicarba-closo-dodecaborane

family. We also describe Co(II) complexes with octahedral ligands derived from 1,2-

dicarba-closo-hexaborane and study the effects of replacing a thiol group by a hydroxy

one in both polyhedral geometries, as well as the influence of the position of the car-

bon atoms. Analyzing the results for a total of 20 complexes, our results show that

carborane-based Co(II) single-ion compounds present a distorted tetrahedral geometry,

high spin ground states, and high values for the magnetic anisotropy parameters. We

point out which of these would be suitable candidates to be synthesized and used as

molecular magnets.

Keywords: Carboranes · Co(II) complexes · Single-molecule magnets · Magnetic anisotropy

· Spin relaxation

Introduction

The magnetic properties of molecular complexes, crystals, and aggregates have received a

lot of attention and motivated significant research in this area in the past decades,1–4 with

potential applications in quantum computing, spintronics, energy storage, and other appli-

cations.5–8 The characteristics of the magnetic properties depend ultimately on the internal

electronic structure of the systems under consideration. Transition metal (TM) complexes

play a significant role among complexes with potentially useful magnetic properties for prac-

tical applications.9,10 These molecules consist of TM ions with high-spin ground states sta-

bilized by inorganic or organic ligands, and their magnetic properties depend largely on the

electronic structure of the metal-ligand assembly. Some TM complexes present magnetic
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hysteresis at low temperatures and, consequently, they can be regarded as single molecule

magnets (SMM).11 One of the characteristics of SMMs is that they show slow magnetic re-

laxation, that is, the persistence of a net magnetic moment for a long time below a blocking

temperature.12 In most cases, this originates in the presence of a strong spin-orbit coupling,

which can be characterized in model spin-Hamiltonians by two magnetic anisotropy param-

eters: the axial (D) and the rhombic (E).13,14 The action of an external magnetic field

(Zeeman effect) splits the otherwise degenerate spin-orbit substates, and thus imbalances

their populations. Removing the external magnetic field leads to a relaxation of the spin

system to restore equilibrium. If the energy barrier between the two degenerate states is

large, the relaxation is slow and magnetic hysteresis is observed. In order to harness the

potential properties of molecular complexes as SMMs, it is therefore reasonable to pursue

the experimental synthesis of complexes with combinations of TM ions and ligands that

lead to large magnetic anisotropy barriers and hence high blocking temperatures. In this as-

pect, electronic structure calculations provide valuable information by pointing to potential

candidates that can be later synthesized in the laboratory.

Carborane-derived complexes have proven to possess peculiar properties related to pho-

tochemistry, catalysis and molecular magnetism.15–17 In particular, closo-dodecaborane and

closo-hexaborane complexes are icosahedral and octahedral structures, respectively, com-

posed of boron hydrides and carbon atoms forming triangulated polyhedra. These com-

plexes consist typically of one or several units connected by bridge molecules.18–21 Carbo-

rane complexes have been employed in a large number of applications, but to the best of

our knowledge, there have been few attempts to introduce carboranes as SMMs. One of

these recent works reports a mononuclear Co(II) complex with o-carborane dithiolate lig-

ands that displays SMM properties and has been synthesized from CoCl2·6H2O and 1,2-

dithiol-o-carborane.22 Experimental studies on the structure of this complex show that

two o-carborane-1,2-dithiolate ligands chelate the Co(II) central ion, arranged as a dis-

torted tetrahedral coordination geometry. Ref. 22 also reports a large magnetic anisotropy,
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with slow zero field magnetic relaxation and magnetic hysteresis at 1.8 K. Very recently

we have performed a computational characterization of this complex23 that was in good

agreement with experimental observations and served as a validation of the computational

methodology employed. Two other isomers, derived from the ligands 1,2-(HS)2-1,2-C2B10H10

and 9,12-(HS)2-1,2-C2B10H10 were also considered in that work. Our calculations revealed

that these complexes show different axial and rhombic magnetic anisotropy parameters as

well as different components of the Zeeman anisotropy tensor g.8 The axial anisotropy

obtained for one of these three isomers was twice as large as that observed experimen-

tally in Ref. 22, suggesting that polyhedral carborane ligands can be used to control the

magnetic anisotropy in these complexes. The purpose of this work is to characterize and

gain insight into the magnetic properties of a larger family of mononuclear Co(II) com-

plexes with polyhedral carborane ligands from first principles electronic structure calcu-

lations. To this end, we consider two sets of structures, where different ligands chelate

the Co(II) center to form a distorted tetrahedral coordination geometry. The first set of

structures is composed of 1,2-dithiol-o-dodecaborane24,25 and 9,12-dithiol-o-dodecaborane26

ligands (which have been recently explored by us in Ref. 23), and from building-block units

such as 1,2-dihydroxy-o-dodecaborane27 and 9,12-dihydroxy-o-dodecaborane. The other set

is constructed from building-block units such as 1,2-dithiol-o-hexaborane,28 4,6-dithiol-o-

hexaborane, 1,2-dihydroxy-o-hexaborane28 and 4,6-dihydroxy-o-hexaborane. All these struc-

tures are shown in Figure 1.

Theoretical and Computational Aspects

In this work we characterize the magnetic properties of the aforementioned Co(II) complexes

by means of an effective spin Hamiltonian Ĥeff , which in an appropriate coordinate system

can be formulated as8,29,30
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Ĥeff = D[Ŝ2
z −

S(S + 1)

3
] + E(Ŝ2

x − Ŝ2
y) + µBB·g·Ŝ , (1)

where D and E are the axial and rhombic magnetic anisotropy parameters and Ŝx, Ŝy, and

Ŝz are the Cartesian components of the effective spin operator Ŝ. The third term in the

r.h.s. of Eq. 1 represents the interaction with an external magnetic field B, where µB is

the Bohr magneton and g is the Zeeman anisotropy tensor. The spin states are represented

by |S,MSi, where S and MS are the standard main and magnetic spin quantum numbers,

respectively.

For a better understanding of the relation between calculated magnetic properties and

the structures of these complexes, we analyze deformations of the polyhedral structure with

the ligands using a simple yet general method known as the minimum bounding ellipsoid

(MBE) scheme, as recently described in Ref. 31. The vertices of high symmetry polyhedra

lie on a spherical surface. According to the MBE method, distortions of the polyhedra

transform that sphere into an ellipsoid which is quantitatively described by the MBE. This

scheme allows one to analyze structural data of a TM ion and its environment using only a

few parameters that are sensitive to both distance changes and angle distortions. Within this

method, the principal axes of the ellipsoid (R1 ≥ R2 ≥ R3) and their mean value < R > are

related to the polyhedron size, while the off-center displacement of the central atom (d) and

the standard deviation σ(R) account for its distortion. The quantity S = R3/R2 −R2/R1 is

a measure of the ellipsoid shape: S < 0 corresponds to oblate (axially compressed), S > 0 to

prolate (axially stretched), and S = 0 to perfect sphericity.

The geometrical structures of the first set of complexes were built from 1,2-dithiol-

o-dodecaborane and 9,12-dithiol-o-dodecaborane ligands as well as from 1,2-dihydroxy-o-

dodecaborane and 9,12-dihydroxy-o-dodecaborane ones (Figure 2). The second set was con-

structed from 1,2-dithiol-o-hexaborane and 4,6-dithiol-o-hexaborane ligands and from 1,2-
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dihydroxy-o-hexaborane and 4,6-dihydroxy-o-hexaborane (Figure 3). All calculations were

carried out using the computational framework recently described in Ref. 23. The gas-phase

structures of all complexes were fully relaxed using density functional theory (DFT) within

the BP86 approximation and the def2-TZVP basis sets with the resolution of the identity

(RI) approximation and the corresponding auxiliary basis functions.32–36 All anisotropy pa-

rameters were calculated using the complete active space self-consistent field (CASSCF)

method, with an active space of seven electrons distributed over five 3d orbitals, giving rise

to ten S = 3/2 and forty S = 1/2 configurations. N -electron valence perturbation the-

ory (NEVPT2)37–39 calculations have been performed to account for dynamic correlation on

top of CASSCF-converged wave functions. We used quasi-degenerated perturbation theory

(QDPT) in combination with the Breit-Pauli approximation for the spin-coupling operator to

calculate zero-field splitting (ZFS) parameters.40 The molar magnetic susceptibility and the

magnetization were evaluated by differentiation of the QDPT Hamiltonian. All calculations

were carried out using the ORCA package.41

Results and Discussion

In the following two subsections we present the results derived from 1,2-dicarba-closo-dodecaborane

and 1,2-dicarba-closo-hexaborane as reference structures. In all Tables and Figures the la-

bels A, B and C refer to the relative orientation of the carbon atoms of one ligand, while

the subscript 0, 2, and 4, is the number of sulfur atoms which have been replaced by oxygen

atoms in the corresponding structure.

1,2-dicarba-closo-dodecaborane Structures

The structures of complexes constructed from 1,2-dicarba-closo-dodecaborane are shown in

Figure 2 and their main geometrical features are given in the Supporting Information. Bond

lengths and bond angles between two atoms of the carborane cage with the Co(II) center,
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dX1CoX2 and dX3CoX4, are smaller when sulfur atoms are replaced by oxygens. The differ-

ent combinations of o-carborane-1,2-dithiolate, o-carborane-9,12-dithiolate, o-carborane-1,2-

hydroxylated and o-carborane-9,12-hydroxylated ligands chelate the Co(II) center to form a

slightly distorted tetrahedron. Consequently, the Co(II) environment differs from the ideal

free-ion tetrahedral (Td) symmetry and produces the splitting of the 4F Co(II) term, which

originates the different D values found for tetrahedral Co(II) complexes. Calculated D and

E/D at the CASSCF/NEVPT2 level of theory are reported in Table 1. The values found

for the D parameter increase for complexes of type A when sulfur is substituted by oxygen,

while these values decrease for complexes of type B and C. Rhombicity in the D-tensor and

g-tensor for the Ground-state Kramers Doublet (gGKD) is observed in B
0
2, C2, and B4 with

E/D larger than 0.01, indicating the presence of non-uniaxial anisotropy in the Kramers

doublet (KD). On the other hand, for the rest of the complexes, the very small E/D values

confirm a high axial anisotropy.

In order to gain additional insight into the electronic structure and magnetic properties

of the complexes considered in this work, we have analyzed the influence of both static

and dynamic electronic correlation in our calculations. The computed excitation energies

are collected in Table 2. Before including the spin-orbit interaction, we have found S =

3/2 ground states in all cases. In these conditions, our results indicate the presence of

low-lying spin-orbit-free excited states with very close energies (δ) above the ground state

for compounds B0 and A2, showing an inverse correlation between such energy difference

and the calculated D value. The low-lying spin-orbit-free excited states of the remaining

complexes are at least 600.0 cm−1 above the ground state. With the inclusion of spin-orbit

in the calculations, a set of KDs is obtained, with one low-lying KD of energy ∆ about

87.1-294.4 cm−1 above the ground state for complexes without sulfur substitutions, 81.4-

285.3 cm−1 with two sulfur substitutions, and 77.5-176.4 cm−1 with four sulfur substitutions,

possibly explaining the spin relaxation processes. The small (large) negative D values in all

complexes imply small (large) energy gaps (∆). The second KD appears at higher energies,
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635.5-1661.2 cm−1 for complexes without sulfur substitutions, 659.2-1758.0 cm−1 with two

sulfur substitutions, and 992.8-1798.5 cm−1 with four sulfur substitutions, and, consequently,

they do not contribute to the spin-relaxation mechanism. The δ energy for complexes B0

and A2 is 68.5 and 167.6 cm−1, respectively, and could lead to an overestimation of the

calculated D. In order to provide a direct comparison with future experiments, in the

Supporting Information section we provide a list of excitation energies for all complexes that

allows one to compare data of the temperature dependence of the magnetic susceptibility

and the field dependence of the molar magnetization.8,23

To correlate the influence of the structural changes between isomers with and without

different sulfur substitutions on the D parameter, we performed an ellipsoidal analysis of

the X1X2CoX3X4 polyhedra (see Figure 2) using the MBE method based on the Khachiyan

procedure.42 This method serves to quantify the deviation from the perfect tetrahedral sym-

metry of these complexes (Table 3). From this analysis, we find a correlation between the

standard deviation σ(R) and the calculated D parameters whenever the σ(R) difference

between two isomers (with identical chemical environment for the central Co(II) atom) is

greater than approximately 0.03 Å. When the difference in the σ(R) of two isomers is less

than 0.03 Å, the highest displacement d of the central atom Co(II) relative to the ellipsoid

center corresponds to the complex with the highest D (in absolute value). These simple em-

pirical rules can be used then to sort isomers according to their D parameter and eventually

to be able to identify isomers of high magnetic anisotropy.

Calculations in the basis of the ten S = 3/2 and forty S = 1/2 multiplets at the

CASSCF/NEVPT2 level, including spin-orbit contribution, allow us to compute χT (χ is

the molar magnetic susceptibility and T the absolute temperature) and the molar magne-

tization, M , (M = χB). Table 4 shows calculated χT at 3.0 and 300.0 K at 1000 Oe,

and M at 2.0 K and 7 T. Additional data are presented in the Supporting Information.

χT presents a linear behavior at low T and saturates at higher T , according to Curie law.

χT at 300.0 K is in the value range of 2.875-3.571 cm3mol−1K for complexes without sul-
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fur substitutions, 2.850-3.570 cm3mol−1K for complexes with two sulfur substitutions, and

2.861-3.304 cm3mol−1K for complexes with four sulfur substitutions. These values turn out

to be higher than the expected 1.875 cm3mol−1K for one isolated Co(II) ion (S = 3/2) center

with g = 2, although they lie in the interval 2.1 - 3.4 cm3mol−1K, which is typical for a sin-

gle high spin d7 Co(II) ion configuration with high orbital angular momentum contribution

(except in B0 and A2). χT is roughly constant at high temperatures (300.0 - 100.0 K), but

it reduces to 2.087-3.024 mol−1K without sulfur substitutions, 2.030-3.012 mol−1K with two

sulfur substitutions and 2.042-2.626 mol−1K with four sulfur substitutions at 3.0 K, what

is due to the splitting undergone by the Co(II) ion at zero field. In all cases, the decrease

of the χT product is most likely a consequence of the magnetic anisotropy and/or thermal

depopulation of the excited states. The magnetization of these complexes shows a qualita-

tively similar magnetic behavior. In all cases, the magnetization curves reveal a rapid and

steady increase of the magnetization at 2.0 K without clear saturation at 7 T. Calculated

magnetizations range from 2.181 to 2.494 µB without sulfur substitutions, 2.204 to 2.492 µB

with two sulfur substitutions, and 2.181 to 2.356 µB with four sulfur substitutions. These

values are considerably lower than the expected saturation value for S = 3/2 ion at 7 T and

2.0 K (Msat=3.88 µB), showing the presence of a large zero-field splitting.43

1,2-dicarba-closo-hexaborane structures

Structural data of the fully optimized structures constructed from 1,2-dicarba-closo-hexaborane

are shown in the Supporting Information. Bond lengths and bond angles of these complexes

are longer than their 1,2-dicarba-closo-dodecaborane counterparts. Similarly to complexes

built from 1,2-dicarba-closo-dodecaborane, the different combinations of ligands chelate the

Co(II) center to form a slightly distorted tetrahedron. The D and E/D values calculated

at CASSCF/NEVPT2 level are reported in Table 5. Most of the complexes show D- and

gGKD-tensors with rhombohedral symmetry, except A0 where E/D is almost zero with high

axial anisotropy. The calculated D parameter increases in absolute value for complexes of
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type C when sulfur atoms are substituted by oxygen, in contrast to complexes of type A

and B, where the absolute value of D decreases. For C2, the D parameter is positive, in-

dicating that the mS = ±1/2 KD is below in energy than the reference unperturbed state.

Table 6 shows the calculated structural parameters using the MBE method. As in the case of

complexes constructed from 1,2-dicarba-closo-dodecaborane, we found an identical empirical

relation between the geometrical parameters σ(R) and d and the D parameter that can be

used to sort isomers according to their magnetic anisotropy.

The electronic structure, as described in the previous subsection, is slightly affected when

hexaborane ligands replace dodecaborane ones (see ∆ energies in Table 7). In all cases, a

S = 3/2 ground state was found before including spin-orbit effects. Only the complex A0

shows a first excited energy (δ = 146.2 cm−1) close to the ground state, which could lead to an

overestimation of the calculated D. More details can be found in the Supporting Information.

The remaining complexes have higher excitation energies of at least 880.0 cm−1 above the

ground state, higher than those corresponding to complexes built from 1,2-dicarba-closo-

dodecaborane.

Similarly to the complexes with 1,2-dicarba-closo-dodecaborane shown in the previous

subsection, χT has a linear behavior at low T , while it saturates at higher T . In these

complexes, the χT value at 300.0 K and 1000 Oe is in the range of 2.771-3.560 cm3mol−1K

for complexes without sulfur substitutions, 2.770-3.182 cm3mol−1K for complexes with two

sulfur substitutions, and 2.760-3.085 cm3mol−1K for complexes with four sulfur substitu-

tions (see Table 8 and Supporting Information). These values are higher than the expected

1.875 cm3mol−1K for an isolated Co(II) ion (S = 3/2) with g = 2, but lie (in most cases

except for A0) in the interval 2.1 - 3.4 cm3mol−1K, which is characteristic of a single non-

interacting high spin Co(II) ion in a d7 configuration and high orbital angular momentum

contribution. χT is roughly constant in the high temperature interval (300.0 - 100.0 K), then

decreases to 1.861-3.016 mol−1K without sulfur substitutions, 1.792-2.495 mol−1K with two

sulfur substitutions, and 1.856-2.350 mol−1K with four sulfur substitutions at 3.0 K, which
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is due to the splitting of the Co(II) ion at zero field. The magnetization at 7 T and 2.0 K

is 2.203-2.495 µB without sulfur substitutions, 2.206-2.435 µB with two sulfur substitutions,

and 2.235-2.328 µB with four sulfur substitutions, which are far below the expected satura-

tion value for S = 3/2 ion at 7 T and 2.0 K (Msat=3.88 µB) and again is evidence of a large

zero-field splitting.43

Concluding Remarks

The new proposed single-ion Co(II) complexes built from 1,2-dicarba-closo-dodecaborane

and 1,2-dicarba-closo-hexaborane present similar distorted tetrahedral structure, but their

magnetic properties turn out to be strikingly different. In all cases it has been verified

through CASSCF calculations that their ground states are high-spin (S = 3/2) quartets.

Including spin-orbit coupling through NEVPT2 calculations predict axial anisotropies of

some of these complexes that are as large as |D| ∼140 cm−1, twice the D measure in a closely

related parent complex.22 For mononuclear Co(II) complexes derived from 1,2-dicarba-closo-

dodecaborane, substituting sulfur by oxygen favors an increase in the D parameters, only

when the carbon atoms are close to the Co ion, while for complexes derived from 1,2-

dicarba-closo-hexaborane, substituting sulfur by oxygen increases the parameter D only

when the octahedral ligands contain carbon atoms in the periphery. We found that for

isomers with the same local Co(II) environment, there is an empirical relation that allows

one to sort the complexes by their magnetic anisotropy using the structural parameters σ(R)

and d from the MBE analysis. This relation could be used to identify mononuclear Co(II)

complexes with large magnetic anisotropy. Our results provide evidence that o-carborane-

incorporated Co(II) complexes are worthwhile candidates for experimental exploration as

single-ion molecular magnets.
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Supporting Information Available

Summary of the main geometrical features, optimized structures, g-tensor components, ex-

citation energies, temperature-dependent magnetic susceptibility, and field-dependent molar

magnetization for all complexes in this work.
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Table 1: Parameters of the effective spin Hamiltonian Ĥeff (D in cm−1) and main g-tensor
values of the Ground-State Kramers Doublet (gGKD) from CASSCF/NEVPT2 calculations
on complexes with 1,2-dicarba-closo-dodecaborane ligands at the DFT (BP86) optimized
geometries

complex Ĥeff parameters gGKD

g1 g2 g3 D E/D g1 g2 g3

A0 2.07 2.07 2.91 -72.85 0.0016 0.0091 0.0105 8.6519

B0 1.47 1.49 3.52 -147.22 0.0009 0.0036 0.0037 9.8242

C0 2.19 2.20 2.71 -43.53 0.0094 0.0594 0.0642 8.0869

A2 1.67 1.69 3.49 -142.62 0.0035 0.0162 0.0163 9.8040

B2 2.07 2.08 3.18 -99.50 0.0024 0.0141 0.0157 9.3221

B0
2 2.08 2.21 2.87 -63.46 0.0866 0.5115 0.5939 8.4717

C2 2.15 2.25 2.67 -39.97 0.1105 0.6603 0.7755 7.8991

A4 2.10 2.12 3.10 -88.19 0.0080 0.0499 0.0515 9.1348

B4 2.13 2.26 2.80 -52.34 0.0982 0.5882 0.6900 8.2757

C4 2.21 2.21 2.67 -38.73 0.0011 0.0037 0.0106 7.9857
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Table 2: δ and ∆ (in cm−1) are the computed first excitation energies for complexes with 1,2-
dicarba-closo-dodecaborane ligands arising from the CASSCF/NEVPT2 method before and
after including the spin-orbit effects, respectively. The ∆ value corresponds to the energy
difference between the ground and the first excited Kramers doublets

complex CASSCF/NEVPT2
δ ∆

A0 1049.0 145.7 / 1243.0
B0 68.5 294.4 / 635.5
C0 1548.0 87.1 / 1661.2
A2 167.6 285.3 / 659.2
B2 606.3 199.0 / 887.3
B0

2 1115.0 128.3 / 1287.0
C2 1657.8 81.4 / 1758.0
A4 747.5 176.4 / 992.8
B4 1305.4 106.2 / 1445.5
C4 1699.2 77.5 / 1798.5
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Table 3: Ellipsoidal analysis of coordination polyhedra for the complexes with 1,2-dicarba-
closo-dodecaborane ligands from DFT (BP86) geometry optimization

No. S atoms A B C
substituted

R1 2.6513 2.6475 2.5502
R2 2.0612 2.1680 2.2682
R3 2.0323 2.0600 2.2229

0 hRi 2.2483 2.2918 2.3471
σ(R) 0.2852 0.2553 0.1448

S 0.2085 0.1313 0.0906
d 0.0185 0.0303 0.0059
R1 2.5705 2.5617 2.4711 2.4350
R2 2.0573 2.1779 2.1273 2.2452
R3 1.7002 1.7159 1.8039 1.8318

2 hRi 2.1093 2.1518 2.1341 2.1707
σ(R) 0.3572 0.3458 0.2724 0.2518

S 0.0261 -0.0623 -0.0129 -0.1062
d 0.0304 0.0161 0.1145 0.0667
R1 2.4343 2.3837 2.3324
R2 1.7733 1.8327 1.8432
R3 1.7112 1.7468 1.8397

4 hRi 1.9729 1.9877 2.0051
σ(R) 0.3272 0.2822 0.2314

S 0.2366 0.1843 0.2079
d 0.0150 0.0758 0.0051
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Table 4: Magnetization, M , at 2.0 K and 7 T and values of χT at 3.0 K and 300.0 K and
1000 Oe of 1,2-dicarba-closo-dodecaboranes

complex χT M
3.0 K 300.0 K 7 T

A0 2.361 2.972 2.246
B0 3.024 3.571 2.494
C0 2.087 2.875 2.181
A2 3.012 3.570 2.492
B2 2.731 3.386 2.394
B0

2 2.290 3.012 2.254
C2 2.030 2.850 2.204
A4 2.626 3.304 2.356
B4 2.202 3.001 2.245
C4 2.042 2.861 2.181
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Table 5: Parameters of the effective spin Hamiltonian Ĥeff (D in cm−1) and main g-tensor
values of the Ground-State Kramers Doublet (gGKD) from CASSCF/NEVPT2 calculations
on complexes with 1,2-dicarba-closo-hexaborane ligands at the DFT (BP86) optimized ge-
ometries

complex Ĥeff parameters gGKD

g1 g2 g3 D E/D g1 g2 g3

A0 1.64 1.65 3.50 -144.57 0.0006 0.0027 0.0028 9.8119

B0 2.18 2.25 2.67 -37.47 0.0788 0.4881 0.5505 7.9234

C0 2.29 2.30 2.46 -13.20 0.0209 0.1371 0.1508 7.3775

A2 2.08 2.17 3.01 -78.20 0.0380 0.2329 0.2526 8.8909

B2 2.23 2.26 2.64 -33.31 0.0409 0.2622 0.2868 7.8969

B0
2 2.15 2.29 2.60 -31.48 0.2081 1.1338 1.4845 7.4669

C2 2.23 2.35 2.47 15.94 0.2710 1.7994 2.7590 6.5143

A4 2.15 2.18 2.90 -63.95 0.0183 0.1180 0.1184 8.6195

B4 2.20 2.29 2.60 -29.83 0.1386 0.8235 0.9920 7.6383

C4 2.28 2.28 2.48 -16.17 0.0132 0.0832 0.0973 7.4357
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Table 6: Ellipsoidal analysis of coordination polyhedra for the complexes with 1,2-dicarba-
closo-hexaborane ligands from DFT (BP86) geometry optimization.

No. S atoms A B C
substituted

R1 2.7302 2.5640 2.4457
R2 2.1131 2.4057 2.4124
R3 2.0635 2.1467 2.3940

0 hRi 2.3023 2.3721 2.4173
σ(R) 0.3033 0.1720 0.0214

S 0.2025 -0.0459 0.0060
d 0.0026 0.0823 0.0027
R1 2.5713 2.4371 2.4477 2.4080
R2 2.1681 2.4081 2.1575 2.3247
R3 1.7578 1.7773 1.9981 2.0047

2 hRi 2.1658 2.2075 2.2011 2.2458
σ(R) 0.3321 0.3044 0.1861 0.1739

S -0.0324 -0.2501 0.0446 -0.1030
d 0.0623 0.0259 0.1487 0.0673
R1 2.4658 2.3303 2.2080
R2 1.8296 2.0170 2.0206
R3 1.7188 1.7762 2.0075

4 hRi 2.0047 2.0412 2.0787
σ(R) 0.3291 0.2269 0.0916

S 0.1975 0.0150 0.0783
d 0.0008 0.0951 0.0050
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Table 7: δ and ∆ (in cm−1) are the computed first excitation energies for complexes with
1,2-dicarba-closo-hexaborane ligands arising from the CASSCF/NEVPT2 method before and
after including the spin-orbit effects, respectively. The ∆ value corresponds to the energy
difference between the ground and the first excited Kramers doublets

complex CASSCF/NEVPT2
δ ∆

A0 146.2 289.1 / 655.0
B0 1648.5 75.6 / 1733.3
C0 2550.9 26.4 / 2543.6
A2 881.2 156.7 / 1096.4
B2 1759.4 66.8 / 1822.8
B0

2 1887.5 66.9 / 1966.7
C2 2540.6 35.2 / 2539.1
A4 1110.1 128.0 / 1282.5
B4 1923.6 61.4 / 1990.4
C4 2498.2 32.3 / 2509.7
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Table 8: Magnetization, M , at 2.0 K and 7 T and values of χT at 3.0 K and 300.0 K and at
1000 Oe of 1,2-dicarba-closo-hexaboranes

complex χT M
3.0 K 300.0 K 7 T

A0 3.016 3.560 2.495
B0 2.030 2.865 2.203
C0 1.861 2.771 2.423
A2 2.495 3.182 2.315
B2 2.013 2.881 2.206
B0

2 1.913 2.796 2.242
C2 1.792 2.770 2.435
A4 2.350 3.085 2.266
B4 1.941 2.827 2.235
C4 1.856 2.760 2.328
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Figure 1: Scheme of thiolated and hydroxylated positional isomers 1,2-dicarba-closo-
dodecaborane and 1,2-dicarba-closo-hexaborane: 1,2-(HX)2-1,2-C2B10H10 and 9,12-(HX)2-
1,2-C2B10H10, 1,2-(HX)2-1,2-C2B4H4 and 4,6-(HX)2-1,2-C2B4H4 (X: S, O) and formation of
complexes.
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B

B’

Figure 2: Molecular structure of Co(II) 1,2-dicarba-closo-dodecaborane complexes including
bridging atom labeling X1, X2, X3, and X4. Hydrogen atoms were omitted for clarity. Oxygen
atoms are in red color, sulfur in yellow, boron in pink, carbon in gray, and cobalt in blue.
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B

B’

Figure 3: Molecular structure of Co(II) 1,2-dicarba-closo-hexaborane complexes including
bridging atom labeling X1, X2, X3, and X4. Hydrogen atoms were omitted for clarity. Oxygen
atoms are in red color, sulfur in yellow, boron in pink, carbon in gray, and cobalt in blue.
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