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Aufbau vs. Non-Aufbau Ground States in Two-Coordinate d7 
Single-Molecule Magnets  

Dylan Errulat,†[a] Katie L. M. Harriman,†[a] Diogo A. Gálico,[a] Jeffrey S. Ovens,[a] Akseli 
Mansikkamäki,*[b] and Muralee Murugesu*[a] 

Single-molecule magnets (SMMs) with d7 electronic configurations often require designer ligands to satisfy the metal's 

electronic conditions to achieve large angular momentum. Herein, the slow relaxation of the magnetization in two d7 

complexes in near identical ligand fields is achieved from divergent origins. The two complexes, [CoII{N(SiMePh2)2}2] and 

[K(2,2,2-crypt)][FeI{N(SiMePh2)2}2], display unusual electronic configurations giving rise to SMM behavior originating either 

from 3d-4s orbital mixing or a non-Aufbau ground state. The characteristics contributing to the rare non-Aufbau ground 

state configurations are illuminated by the use of a highly donating amido-ligand, which would be expected to significantly 

split the respective orbitals. Magnetic circular dichroism provides experimental support for ab initio determined electronic 

structures. Moreover, computational models reveal that the relative electronic configurations are largely retained 

independently of coordination geometry, provided that some degree of pseudo-linearity is retained. Thus, providing 

generalized design principles in the pursuit of linear d7 SMMs.

Introduction 

Unusual electronic structures and increasing orbital angular 

momentum numbers, akin to those found in 4f chemistry, have 

reignited the interest in transition metal single-molecule 

magnets (SMMs),1 whose predecessors relied on large spin 

clusters to facilitate slow relaxation of the magnetization. It has 

become evident through careful design considerations that 

orbital angular momenta as large as L = 3 may be achieved with 

transition metals (TMs).2 Such staggering values are rare in TMs 

as the ligand field typically removes any orbital degeneracy, 

leading to quenching of the orbital angular momentum (L = 0). 

Non-zero orbital angular momentum is possible to achieve 

when the ligand field is highly symmetric, preserving the 

degeneracy among two or more partially filled orbitals; or when 

the ligand field is sufficiently weak-enough that non-degenerate 

states remain close enough in energy to elicit angular 

momentum via excited state interactions. Although, in most 

cases the ligand field is sufficiently strong such that anisotropy 

is usually a weak effect that is generated by mixing of the 

ground state with excited states that is induced by spin-orbit 

coupling. The magnitude of the anisotropy is therefore 

governed by the extent of spin-orbit coupling combined with 

the energy difference between these states. This energy 

difference is directly correlated with the anisotropy, where a 

smaller energy difference may elicit greater mixing, and 

subsequently greater anisotropy. 

 Thus, the most promising way to preserve the large L value 

of the free TM ion and induce magnetic anisotropy is to employ 

low coordinate molecular geometries. Such environments (i.e., 

two-coordinate) are well suited for SMMs as they are mostly 

unaffected by Jahn-Teller distortions, which may yield non-zero 

orbital angular momentum (L ≠ 0).3 Despite this, linear 

geometries may be subject to Renner-Teller effects (i.e., 

bending) which lifts the orbital degeneracy, quenching the 

orbital moment.4 This effect has been demonstrated both 

experimentally and theoretically for linear FeII complexes 

containing N, C, and O donors,5,6 and thus careful consideration 

of the ligand design must be taken into account to mitigate 

these effects. Two-coordinate complexes are of particular 

interest for their magnetic properties as the low-coordinate 

environment results in a narrow distribution of the d-orbital 

energies, creating a ratio between the ligand field strength and 

the spin-orbit coupling that more closely resembles that of 

lanthanides.7 As such, many linear complexes of the d1-d9 series 

have been characterized electronically and/or magnetically.8 

Moreover, linear complexes of the d7 family are of particular 

interest for their magnetic properties as the odd number of 

electrons in the d-manifold may afford the largest orbital 

angular momentum (L = 3).9 However, achieving such staggering 

values with d7 complexes is not trivial, as the first-order orbital 

angular momentum becomes partially quenched when even 

slight deviations to the idealized D∞h symmetry occur.8  
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Despite research on these low-coordinate systems having 

begun more than 50 years prior, the first report of a two 

coordinate, linear FeI SMM was only in 2013.10,11 Thus, 

demonstrating the impact of structural nuances, such as 

bending, on the observed orbital moment of these two-

coordinate species. Since then, a number of two-coordinate d7 

TM-based SMMs have been reported utilizing ligands such as N-

heterocyclic carbenes,12,13 cyclic alkyl(amino) carbenes,14 

terphenyl phenols,15 and amidos16 to stabilize the d7 metal ion. 

Yet in 2018, a linear CoII was reported with the bulky alkyl ligand, 
-C(SiMe2ONaph)3 (Naph = naphthalene),17 that showcased how 

significant anisotropy may be generated in linear complexes 

with sufficiently weak ligand fields, eliciting slow relaxation of 

the magnetization via a non-traditional ground state 

configuration. However, the true tolerance of the orbital 

moment with respect to the observed linearity of the ligand 

field is yet to be fully understood. Indeed, a difficulty in this 

undertaking is due in part to isolating air-sensitive, 

coordinatively unsaturated molecules. 

To this end, we sought to explore alternative scaffolds from 

which to build low-coordinate complexes bearing unusual 

electronic configurations that may support large orbital 

moments beyond alkyl-based ligands, while simultaneously 

utilizing more versatile amido-based ligands to impose a strong 

magnetic axis. The differences in the magnetic and electronic 

properties of two commonly studied transition metal ions, with 

seemingly isoelectronic configurations, FeI and CoII ions in a 

pseudolinear environment supported by the same bulky amido-

based ligand were investigated. Herein, we describe the 

synthesis and magneto-optical characterization of 

[M{N(SiMePh2)2}2] (MII = Co; 1 and Fe; 2) and [K(2,2,2-

crypt)][Fe{N(SiMePh2)2}2] (3) allowing a direct comparison of 

the ground state and spin-orbit coupling parameters that arise 

from structural nuances in the N-M-N angles, which ultimately 

govern the magnetic and electronic properties of d7 complexes. 

By employing the same supporting ligand, magnetic anisotropy 

is generated in two differing ways from d7 complexes of CoII and 

FeI; (1) via 3d-4s orbital mixing in FeI; and (2) via a non-Aufbau 

ground state in CoII supported for the first time by an amido-

based ligand.  

Results and Discussion 

Synthesis and Structure 

Compounds 1 and 2 were prepared following a slightly 

modified literature procedure (See Supporting Information and 

Fig. 1). Under these conditions, crystallization of 1 consistently 

yielded a different structure than that reported by Powers and 

co-workers.18 Notably, the rotation of the -SiMePh2 groups 

differs between the crystal structures, ultimately templating the 

lattice in different fashions (Table S1). Phase purity of 1 was 

confirmed via powder X-ray diffraction performed at room 

temperature (Fig. S1), which confirmed the match to the new 

simulated powder pattern of 1, suggesting that the differences 

in the crystal lattice cannot simply be ascribed to different 

experimental temperatures at which the crystal structure 

 

Fig. 1 Preparation of 1-3 and single crystal X-ray structure determinations of 1 and 

3. (a) Reaction scheme for the synthesis of of [M{N(SiMePh2)2}2] (1, M = CoII; 2, M 

= FeII) and [K(2,2,2-crypt)][Fe{N(SiMePh2)2}2] (3, M = FeI). Solid-state molecular 

structures of 1 (b) and 3 (c) H atoms and [K(2,2,2-cryptand)]+ were omitted for 

clarity. 

was collected, but that the structure is likely controlled by the 

comparatively cooler crystallization temperature used in this 

study. In spite of this, the structural parameters of the complex 

remain largely unaffected by the crystal lattice, leading only to 

a slightly more obtuse N-CoII-N angle of 148.6° vs. 146.97°. 

Reduction of 2 with KC8 in toluene in the presence 2,2,2-

cryptand yielded 3 as deep red crystals, packing in a monoclinic 

C2/c space group as an anionic FeI complex supported by a 

[K(2,2,2-cryptand)] cation. The Fe-N bond length of 1.1914 Å is 

marginally shorter than 1.9219(17) Å for the previously 

reported [K(2,2,2-crypt)][Fe{N(SiMe3)2}2].19 The metal centre of 

complex 3 sits on a two-fold proper rotation axis, leading to a 

near linear N-Fe-N angle of 178.1°, marginally smaller than the 

idealized geometry as the metal ion does not sit on an inversion 

centre.19,20 Yet, this N-M-N angle is significantly larger than both 

neutral complexes herein, 1 (148.6°) and 2 (169.0°). Such stark 

differences between the divalent and monovalent species are 

due in part to the greater degree of metal-(aryl-π) and π-π 

interactions of the parent complexes which promote the bent 

structure. Conversely, in the case of 3, the interactions are 

dominated by short contacts between the aryl groups and 2,2,2-

cryptand. Such a high degree of plasticity in the apparent bond 

angles has been observed in other TM linear complexes as a 

result of the complex interplay between the steric and 

dispersion forces within a crystal lattice.15,21 

 

Ab initio Calculations and Ligand Field Analysis 

Given the propensity for such linearly coordinated TMs to 

exhibit interesting magnetic properties and sometimes unusual 

electronic structures, both d7 complexes, 1 and 3, were studied 

via ab initio methods. The effective ligand field orbitals and their 
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energies are shown in Fig. 2. In all cases, the δ-symmetric 

orbitals (dx
2

-y
2, dxy) remain nearly degenerate (ΔE(1) > ΔE(3)), 

whereas the degeneracy of the π-symmetric orbitals (dxz, dyz) is 

partially removed due to the π-symmetric lone pair on the N-

donor atoms of the ligands (Table S2). This metal-ligand 

interaction raises the energy of the π-symmetric orbital which 

is perpendicular to the coordination plane for both 1 and 3. The 

ordering of the orbitals in 1 is what would be expected based 

on conventional crystal-field arguments; the δ-symmetric 

orbitals with the least amount of electrostatic interactions with 

the ligands lie lowest in energy, and the σ-symmetric orbital 

(dz
2) with the strongest interactions resides the highest. In the 

case of 3, the δ-symmetric orbitals are still more stable than the 

π-symmetric orbitals, while the σ orbital is the most stable. This 

drastic change compared to the energy of the σ orbital of 1, 

results from the mixing of the σ-symmetric 3dz
2 orbital and the 

unoccupied 4s orbital of FeI resulting in a stabilizing effect (Table 

S3). This phenomenon is a defining feature in the electronic 

structures of terminal iron nitride complexes leading to 

significant stabilization of the dz
2 orbital owing to its interaction 

with the nitrogen p-orbitals.22 In the case of 1, all five orbitals 

have more than 92% 3d character, while in 3, all the orbitals 

exceed 93%, with the exception of the σ-symmetric orbital 

which is only 80% 3d character. 

 

Fig. 2 Effective ligand field orbitals calculated for 1 and 3 using the AILFT framework. The 

dashed lines indicated the approximate σ, π, and δ symmetric orbitals. 

The largest contribution to the σ-symmetric orbital of 3 after 

the 3d orbitals comes from the 4s orbital comprising 11 %. 

Comparatively, the 3d-4s mixing in the alkyl analogue, 

[Fe{C(SiMe3)3}2]- is approximated at 8%,23 and 14% for 

[Fe{N(SiMe3)2}2]-.20 The lack of strong 3d-4s mixing in 1 as 

opposed to 3 can be explained by the energy difference 

between the 3d and 4s orbitals in the respective free ions. The 

3d-4s splitting in 1 and 3 are 18.4 eV and 6.1 eV respectively. 

The splitting in 1 is more than double that of its counterpart, 

explaining the lack of orbital mixing and the resulting energy of 

the σ-symmetric orbital.  

Given the relative orbital energies, the resulting ground 

Aufbau configuration for 3 is σ2δ3π2, which has a degeneracy in 

the δ orbitals giving rise to a degenerate 4Δ term. According to 

the calculations, the first excited state lies at 267 cm-1 and the 

next state at 7720 cm-1, which is consistent with a degenerate 

ground state (Tables S4 and S5). Comparatively, the ground 

Aufbau configuration of 1 should be δ4π2σ1, giving rise to a non-

degenerate 4Σ term. However, the calculations for 1 show that 

the first excited state lies at 383 cm-1, and the next resides at 

3546 cm-1. This may arise due to the low-lying π-orbital with 

respect to the δ-orbital,24 or may indicate that the ground term 

is a doubly degenerate 4Π, 4Δ or 4Φ term. In a recent work, Long 

and co-workers showed that in the related quasi-linear 

complex, the CoII ion adopts a non-Aufbau δ3π3σ1 configuration 

with a 4Φ term.17 Comparatively, the strong splitting of the π-

orbitals in 1 means that the angular momentum contribution is 

largely quenched, and the ground term is dominated by angular 

momentum arising from the nearly degenerate δ orbitals, this 

gives rise to an approximate 4Δ ground term (vide infra). This 

term is doubly degenerate in accordance with the calculated 

spin-orbit coupling constants of 507 cm-1 for 1 and 342 cm-1 for 

3. This is sufficient to induce significant mixing with the two 

nearly degenerate states arising from the 4Δ ground term. 

Thus, the calculations show that 1 and 3 will likely display 

significant magnetic anisotropy. In both cases, the doubly 

degenerate ground spin quartets are split into four Kramers 

doublets, MJ = ±7/2, ±5/2, ±3/2, and ±1/2. The splitting is 

sufficiently strong that the low-temperature magnetic 

properties are best described in terms of S = ½ pseudospin 

Hamiltonian acting on the ground doublet. In the case of 1, the 

principal components of the g-tensor calculated for the ground 

doublet are gx = 0.0732, gy = 0.0758, and gz = 10.9433. The g-

tensor is sufficiently axial to support blocking of the ground-

state QTM, giving an expected effective barrier of 369 cm-1 / 590 

K. Similarly, the calculated principal components of the g-tensor 

for the ground doublet of 3 are gx = 0.0257, gy = 0.0261 and gz 

= 9.7282, which is again also sufficiently axial to block QTM and 

to allow relaxation via the first excited state doublet with an 

expected barrier of 190 cm-1 / 273 K. Thus, both complexes, 1 

and 3 are expected to exhibit SMM properties as a result of 

these highly axial ground doublets, despite the inherent 

differences in the electronic structures of 1 and 3. In the case of 

1, the properties arise as a result of a non-Aufbau ground 

configuration in an attempt to reduce interelectronic 

repulsions, whereas in 3 they are a result of a non-conventional 

orbital ordering due to 3d-4s mixing. 
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Static and Dynamic Magnetic Susceptibility 

In order to evaluate the magnetic anisotropy of 1 and 3 as 

predicted via our computational study, both direct current (dc) 

and alternating current (ac) magnetic susceptibilities were 

evaluated. Variable temperature dc magnetic susceptibility 

measurements display room temperature χMT products of 3.72 

cm3 K mol-1 and 2.84 cm3 K mol-1 for 1 and 3, respectively (Fig. 

S3). Both compounds display susceptibilities larger than what is 

expected for the spin-only value (S = 3/2, χMT = 1.88 cm3 K mol-

1). However, given that the principal component of the g-tensor 

is gz = 10.9433 and 9.7282 for 1 and 3, respectively; the 

expected room temperature χMT-value is ca. 3.12 cm3 K mol-1 

(assuming Lz = ± 2). The larger experimental value measured for 

1 indicates orbital contribution from the π-symmetric orbitals, 

regardless of the orbital moment being partially quenched by 

the ligand. Nevertheless, this partial contribution is significant 

enough to observe the increase in susceptibility. Conversely, the 

smaller value obtained for 3 likely results from deviations from 

an ideal D∞h symmetry. The same trend is similarly observed in 

the variable-field magnetization and reduced magnetization of 

1 and 3 (Fig. S3c-d, and S4). 

The magnetic relaxation dynamics in these two closely 

related compounds were investigated in the absence of an 

external field (Hdc = 0 Oe), it is worth noting that any attempts 

to observe slow relaxation of the magnetization for compound 

2 was not possible within the studied frequency range. Previous 

work on d6, two coordinate iron complexes provide both 

experimental and theoretical evidence of splitting being δ3σ1π2. 

However, an (aryl-π)-Fe interaction that promotes the bent 

structure, assumed to be an extreme Renner-Teller distortion, 

effectively quenches the orbital angular momentum.4 Only in 

the presence of an applied magnetic field has slow relaxation 

been observed in other two-coordinate high-spin FeII 

complexes.23 However, in the case of 1 and 3, the in-phase 

(χM’(v); Fig. S6 and S8) and out-of-phase (χM”(v); (Fig. 3a and 3c) 

susceptibilities display distinct frequency dependent behaviour 

within the studied temperature ranges. The temperature 

dependent relaxation times (τ) were extracted by fitting the 

individual components of the χM’(v) and χM”(v) susceptibilities 

to the generalized Debye model (Tables S6-S9 and Fig. S7 and 

S9).25 Due to the bimodal nature of the χM”(v) susceptibilities for 

1 and 3 at zero-field, the magnetic relaxation of both 

compounds had to be fit using the sum of two Debye equations, 

which yielded two unique τ-values corresponding to a low 

frequency (LF) and high frequency (HF) region (Fig. S16 and S17) 

By plotting the τ-1 vs. T obtained from the χM”(v), the 

temperature dependence of the magnetic susceptibility in the 

absence of an applied static field can be reproduced by 

considering the sum of the Orbach, Raman, Direct, and QTM 

relaxation pathways (Eqn. S1). In both cases, the relaxation 

dynamics are dominated by through barrier mechanisms, 

where 1 and 3 could be effectively fit considering a combination 

of Raman, Orbach and QTM. Although, it should be noted that 

1 and 3 are accompanied by small Ueff-values at zero-field, 

which for 1, was necessary to include for the other parameters 

to remain physically reasonable (Table S16). Fitting attempts 

with Raman relaxation as the sole contributor to the thermally 

activated region were unsuccessful and yielded unreasonable fit 

parameters. 

 

Fig. 3 Dynamic magnetic data for 1 and 3. (a-b) Variable-temperature, variable-frequency 

out-of-phase (χ”) components of the ac susceptibility data collected for 1 in the indicated 

temperature range in the absence of an applied static field (Hdc = 0 Oe; a) and in the 

presence of an applied field (Hdc = 1400 Oe; b). Solid lines represent fits to the generalized 

Debye model which are summarized in the Supplementary Information. (c-d) The 

corresponding data are shown for 3 in the absence of an applied static field (Hdc = 0 Oe; 

c) and in the presence of an applied field (Hdc = 200 Oe; d). (e) Temperature dependence 

of the relaxation times (τ) in the presence of an applied static field for 1 (red) and 3 (blue). 

The solid line represents the sum of the Orbach and Raman relaxation mechanisms. 

Parameters and zero-field fits are summarized in Table S16 and Figs. S16 and S17. 
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Given the limited frequency dependence of the relaxation 

times at low-temperatures, the investigation into the field 

dependence of the relaxation times was undertaken. The τ-

values were extracted from the field-dependent χM”(v) using a 

two-term generalized Debye model, from which we see a 

significant increase in τ upon increasing magnetic field strength 

and suppression of the second peak which has been shown to 

readily arise even in single-ion magnets.26,27 In the case of 3, a 

well-defined peak shift towards lower frequencies (ca. 10 Hz) is 

observed upon application of a small external field 

accompanied by the rapid disappearance of the original process 

up to a field of 140 Oe (Fig. S10), after which only a single Debye 

term is required to reproduce the data effectively (Table S11). 

The relaxation times quickly reach saturation above 200 Oe (Fig. 

S11) after which no appreciable increase in τ is observed. 

Similarly, the behaviour of 1 required the sum of two 

generalized Debye terms to accurately reproduce the data up to 

fields of 1200 Oe (Table S10), at which point the τ tended 

towards zero, indicating complete suppression of the HF 

process while saturation is simultaneously reached in the LF 

region. Thus, optimal static fields of 1400 Oe and 200 Oe are 

obtained for 1 and 3, respectively. 

Under these optimized conditions, QTM is effectively 

minimized, and the temperature dependent relaxation times 

for both 1 and 3 are longer and span the full frequency range 

(Fig. 3b 3d, S12-S15, and Tables S12-S15). The relaxation 

dynamics of 3 may be best described as a combination of Raman 

and Orbach mechanisms, eliciting best fit parameters of C = 2.67 

x 10-5 s-1K-n, n = 4.97, τ0 = 1.03 x 10-10 s, and Ueff = 334 K/ 232 cm-

1 (Fig. 3e, S17, and Table S16). The obtained energy barrier is in 

excellent agreement with the theoretical model, conferring 

relaxation through the first excited state Kramers doublet (190 

cm-1) for 3. However, even at the optimal field of 1400 Oe, 1 

does not show appreciable Orbach relaxation within the studied 

frequency and temperature range. Instead, the relaxation is 

effectively described as predominately Raman, meaning that if 

an Orbach mechanism were a possible pathway, the timescale 

to flip a spin over the anisotropy barrier would be much larger 

than what is experimentally attainable. Thus, the best-fit was 

obtained by considering only the Raman portion of Eqn. S2, 

yielding C = 1.31 x 10-3 s-1K-n and n = 5.29 (Fig. S16 and Table 

S16). 

 

Structural Dependence on the Electronic Structure and Anisotropy 

Despite the stark difference in N-M-N angles of 1 and 3 

(148.6o vs. 178.1o), both compounds exhibited slow relaxation 

of the magnetization under zero-field, indicative of ground 

states with non-zero orbital moments. This observation led us 

to examine the dependence of the local coordination geometry 

around the metal ion (i.e., the degree of bending) on the 

electronic configuration of linear FeI and CoII complexes to gain 

a more thorough understanding of the tolerance of the pseudo-

linearity towards enhancing anisotropy. To this end, a series of 

calculations were carried out on the two simplified model 

systems, [Fe{N(SiMe3)2}2]+ (Fig. 4) and Co{N(SiMe3)2}2 (Fig. 5), in 

which the aryl substituents have been replaced with -CH3. The 

geometries were optimized using density functional theory 

while fixing the values of the N–M–N angle and the Si–N–N–Si 

dihedral angle. This was undertaken to prevent the aryl 

substituents from strongly distorting the immediate 

coordination sphere and invariably leading to inconsequential 

results between models, nevertheless, the model systems 

remain in good agreement with the experimental results. It is 

immediately clear that within the range of angles considered 

there is no strong qualitative change in the magnetic 

susceptibility in either of the studied model systems. In an 

idealized (180o) [Fe{N(SiMe3)2}2]+, the ground state is described 

by a 4Δ term arising from a σ2δ3π2 configuration stabilized by 

significant 3d-4s orbital mixing. The first excited term is 4Π, 

which lies considerably higher in energy due to the strong 

stabilization of the σ-symmetric orbital. For all geometries 

considered, the 4s-contribution to the σ-symmetric orbital 

varies between 12% and 20% based on the reduced Löwdin 

populations and the splitting between the terms remains large. 

With respect to Co{N(SiMe3)2}2, in an ideal linear ligand field, 

the ground state is described by a 4Φ term arising from a non-

Aufbau δ3π3σ1 configuration with the excited 4Δ term, arising 

from a non-Aufbau δ3π2σ2 configuration lying very close in 

energy. Significant mixing between the Φ and Δ manifolds takes 

place around the D2h symmetry. The 3d-4s mixing is weaker in 

Co{N(SiMe3)2}2 and varies between 4% and 10%. The pseudo-

linearity of the electronic structure is retained upon decreasing 

the N-M-N angle to ca. 120° for Co{N(SiMe3)2}2, and ca.140° for 

[Fe{N(SiMe3)2}2]+. Beyond these angles, the principal 

quantization axis of the AILFT orbitals no longer coincides with 

the N–M–N pseudoaxis, and the orbital order associated with 

the linear ligand field is lost. Thus, Co{N(SiMe3)2}2 is somewhat 

more resistant to deviations from an ideal linear ligand field, 

which is reasonable considering the stronger spin-orbit 

coupling. Overall, within the range of geometries where the 

electronic structure retains resemblance of a linear system, the 

qualitative order of the electronic structure (Aufbau vs non-

Aufbau) remains the same. The ground state of 

[Fe{N(SiMe3)2}2]+ is described by a 4Δ term due to the 

stabilization of the σ-symmetric orbital by 3d-4s orbital mixing, 

and the ground state of Co{N(SiMe3)2}2 is described by a 4Φ term 

due to the non-Aufbau configuration. Around the D2h symmetry, 

significant mixing between the 4Φ and 4Δ terms of 

Co{N(SiMe3)2}2 occurs; however, both terms possess 

unquenched orbital contributions to the angular momentum, 

with both arising from non-Aufbau configurations. 

 

Magnetic Circular Dichroism and Magnetic Hysteresis 

In order to corroborate the calculated energies and the 

inherent differences in the electronic structures of the 

experimentally obtained complexes 1 and 3, magnetic circular 

dichroism (MCD) experiments were conducted on mulls of the 

title compounds in Parabar 10312 oil. The obtained MCD 

spectra for 1 and 3 confirm that the expected allowed 

transitions are in good agreement with the computed quartets 

that lie in the visible region (Fig. 6 and S19). These bands are 

consistent with the expected doubly degenerate ground spin  
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Fig 4. Ab initio ligand field orbital energies (a); energies of low-lying terms (b); the 4s-orbital contribution to the σ-symmetric orbital based on the reduced Löwdin 

population (c); and magnetic susceptibility at 298 K (d) as calculated for the structural model Co{N(SiMe3)2}2. The term energies are calculated at NEVPT2//SA-

CASSCF(7,5) level before the inclusion of spin-orbit coupling and are labelled according to states in an idealized linear ligand field based on orbital occupations. The 

orbital symmetries have been determined by visual inspection. Full temperature-dependence of magnetic susceptibilities calculated for the various structures used in 

the bond angle scans is provided in Fig. S2.

quartets where only transitions with ΔS = 0 are formally allowed 

via selection rules. Resolution of the lower energy quartets are 

hindered by scattering effects at higher wavelengths, therefore 

the transitions located below ca. 15 000 cm-1 could not be 

effectively determined under these conditions. Nonetheless, 

these results confirm that the computational model is suitable 

to explain the electronic structures of these compounds and 

consequently the predicted orbital occupancies are accurate. In 

addition to the obtained spectra, magnetization curves were 

collected for 1 and 3 by recording the MCD intensity at 613 nm. 

(1) and 465 nm (3) as a function of the applied field (Fig. S20), 

this allows for a direct comparison with the analogous data 
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Fig 5. Ab initio ligand field orbital energies (a); energies of low-lying terms (b); the 4s-orbital contribution to the σ-symmetric orbital based on the reduced Löwdin 

population (c); and magnetic susceptibility at 298 K (d) as calculated for the structural model [Fe{N(SiMe3)2}2]+, . The term energies are calculated at NEVPT2//SA-

CASSCF(7,5) level before the inclusion of spin-orbit coupling and are labeled according to states in an idealized linear ligand field based on orbital  occupations. The 

orbital symmetries have been determined by visual inspection. Full temperature-dependence of magnetic susceptibilities calculated for the various structures used in 

the bond angle scans is provided in Fig. S2.

obtained via SQUID magnetometry. M(H) curves with similar 

behaviour were obtained, indicating that the magneto-optical 

properties of the complexes are largely dictated by the ground 

state, as are the magnetic properties. Interestingly, for 3, at a 

sweep rate of 19 Oe s-1 open hysteresis is observed between 

1.55 and 3 K, with a coercive field of ca. 360 Oe for the transition 

centred at 465 nm (Fig. S21). Comparatively, waist-restricted 

hysteresis is observed for 3 in the solid state via SQUID 

magnetometry up to a temperature of 4 K (Fig. S5). At 1.8 K, the 

M(H) loop is open when H ≠ 0 Oe, the significant ground state 

QTM results in substantial reduction in the magnetization as the 

field approaches 0 Oe, while above 4 K, retention of the 

magnetization in the M(H) was not observable. The difference 

in the elicited magnetization response may be attributed to the 

polarization of the electronic transition,28 consequently, only 

molecules with a specific orientation to both magnetic field and 

light propagation direction are excited. For 1, we observed an 

open hysteresis only 1.55 K (Fig. S22), which is sufficiently low 

that a coercive field of approximately 300 Oe, indicating that 

intermolecular interactions likely play a large role in the 

relaxation dynamics in solid-state. 
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Fig. 6 (a) The MCD spectra of 1 obtained at 1.55 K with an applied field of +7 and -7 T 

(see Fig. S18). The calculated doublet and quartet electronic state are represented by 

black and red lines, respectively. (b) The corresponding data are shown for 3.  

Conclusions 

Despite their seemingly isoelectronic configurations, 

compounds 1 and 3 exihibt slow relaxation of the magnetization 

of independent origin via either a rare example of non-Aufbau 

ground state configuration in the case of 1 or 3d-4s orbital 

mixing in 3. Even with unique electronic structures, the minimal 

energy difference between the δ orbitals of both molecules 

results in a doubly degenerate ground state for which our 

computational models were corroborated spectroscopically by 

MCD. By examining the dependence of the local coordination 

geometry around the metal ions, we find that the ligand field 

and the resulting order of electronic states are highly robust, 

remaining preserved even when the linearity of the N-M-N 

moiety is significantly altered (i.e., when the N-M-N angle is 

significantly bent). Thus, in spite of nearly a 30o difference in the 

N-M-N angle of 1 and 3, the tolerance of the orbitals elicits 

ground states with non-zero orbital moments of differing 

origins. These findings expand the design and analytical 

criterion for highly sought-after d7 linear complexes, thus 

expanding our understanding of the ligand field and its formal 

limitation on the performance of transition metal SMMs. The 

ability to stabilize/destabilize the effective ligand field orbitals 

within the same ligand environment has great implications for 

magnetic anisotropy and its origin. 
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