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ABSTRACT: The rational design of 3d-metal based single-molecule magnets (SMM) requires a fundamental understanding of in-

trinsic electronic and structural properties and how they translate into experimentally observable features. Here, we determined the 

magnetic properties of the linear iron(I) silylamides K{crypt}[FeL2] and [KFeL2] (L = –N(Dipp)SiMe3; crypt = 4,7,13,16,21,24-

Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosan). For the former, slow-relaxation of the magnetisation with a spin reversal barrier of Ueff 

= 152 cm–1 as well as a closed waist magnetic hysteresis and magnetic blocking below 2.5 K are observed. For the more linear 

[KFeL2], in which the potassium cation is encapsulated by the aryl substituents of the amide ligands, the relaxation barrier and the 

blocking temperature increase to Ueff = 184 cm–1 and TB = 4.5 K, respectively. The increase is rationalized by a more pronounced 

axial anisotropy in [KFeL2] determined by dc-SQUID magnetometry. The effective relaxation barrier of [KFeL2] is in agreement 

with the energy spacing between the ground and first excited magnetic state, as obtained by field-dependent IR-spectroscopy (178 

cm–1), magnetic measurements (208 cm−1) as well as theoretical analysis (212 cm–1). In comparison with literature, the results show 

that magnetic coercivity in linear iron(I) silylamides is driven by the degree of linearity in conjunction with steric encumbrance, 

whereas the ligand symmetry is a marginal factor.  

Introduction 

Single-molecule magnets (SMMs) have attained considera-

ble interest as they pose potential for future applications in 

high-density information storage,1 quantum computing,2–5 

and magnetic refrigeration.6,7 SMMs are open-shell com-

plexes displaying slow relaxation of the magnetisation that 

originates from the intrinsic properties of the molecular sys-

tem.8 When the complexes contain only one metal ion, they 

are also denoted as single-ion magnets (SIMs). The key fea-

ture is the presence of large magnetic anisotropy arising 

from partially filled, energetically degenerate orbitals. This 

can be prominently observed for trivalent lanthanide com-

plexes, since 4f valence orbitals of Ln3+ are only little af-

fected by the ligands, which allows for the coupling of non-

zero orbital angular momentum with the total spin S. It gives 

rise to a total angular momentum J, and a potentially large 

magnetic anisotropy and has been exploited for a number of 

recent examples of lanthanide complexes that display large 

effective barriers for magnetisation reversal (Ueff) and high 

magnetic blocking temperatures (TB).9–11  In contrast, 3d-

transition metal based SIMs face several disadvantages with 

regards to their lanthanide counterparts. They possess 

smaller magnetic moments and spin-orbit coupling con-

stants. More importantly, strong interactions of the d-orbit-

als with the ligand field lead to quenching of first-order or-

bital contributions to the magnetic moment.8 Recently, it has 

been shown that these disadvantages can in principal be 

overcome for 3d-metals in a linear ligand arrangement.12–17 

Here, the two-coordinated metal ion is capable to exhibit vir-

tually unquenched orbital angular momentum due to the en-

ergetic indifference to Jahn-Teller distortions, the inherent 

weak ligand field and orbitally degenerated states.18 In this 

regard, the seminal example constitutes the S = 3/2 system 

[Fe(C(SiMe3)3)2]− with an effective relaxation barrier of Ueff 

= 226 cm−1 at zero field and the first-time observation of 

magnetic blocking for a mononuclear 3d-transition metal 

system (Figure 1, left).12,19,20  

Figure 1. Linear iron(I) complexes with observable slow relax-

ation of the magnetization at low temperatures, with given re-

laxation barriers Ueff and calculated energy spacing between 

the magnetic ground state and the first excited state.12–14 

 



 

The value of the observable relaxation barrier is connected 

to the transition from MJ = ±7/2 ground state to the first ex-

cited MJ = ±5/2 state with a calculated energy separation of 

210 cm–1. More recently, this was amongst other expanded 

to the linear cobalt(II) complex (S = 3/2) [Co(CMe2OR)2] 

with a non-Aufbau L = 3 ground state and Ueff = 

450 cm−1.13,14,21 The presence of an S = 3/2 ion in a 

(quasi)linear environment is thereby not a sufficient criterion 

for the observation of magnetic blocking behaviour.15,22,23 

For example, K{crypt}[Fe(N(SiMe3)2)2] (Figure 1, middle, 

crypt = 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]-

hexacosan) exhibited a barrier of magnetisation reversal in 

the absence of an applied dc-field of only Ueff = 64 cm−1,15 

although ab-initio ligand-field theory (AILFT) indicated 

similar properties as the for the seminal C3v-symmetric 

[Fe(C(SiMe3)3)2]−.24 This was originally attributed to the 

lower symmetry (C2V) of the −N(SiMe3)2 ligand as well as 

its lower steric demand. Recently, however, it was shown by 

Murugesu and co-workers, that the bulky iron(I) silylamide 

K{crypt}[Fe(N(SiMePh2)2)2] (Figure 1, right) exhibits a 

large spin reversal barrier of Ueff = 232 cm–1 and magnetic 

coercivity with closed-waist hysteresis up to 4 K.21 It thus 

showed that the -interactions of the nitrogen donor of the 

amide ligands as well as the local C2v symmetry of the bis(si-

lyl)amide ligands are no necessary detriments to substantial 

slow magnetic relaxation behaviour. In addition, computa-

tional analysis indicated that the orbital situation and orbital 

contributions to the magnetic moment are fairly robust to-

wards moderate bending of the principal ligand axis (up to 

40° for linear iron(I)).21 Given the general synthetic flexibil-

ity of silyl amides and even more so of less symmetric ar-

ylsilylamides and derived linear metal complexes,24–30 it was 

thus of interest to elucidate the magnetic properties of the 

seminal homoleptic iron(I) arylsilylamides [FeL2]– (L = –

N(Dipp)SiMe3), Dipp = 2,6-diisopropylphenyl.  

Herein, we present magnetic studies on iron(I) arylsilyla-

mides, either as a salt, viz. a separated ion pair 

(K{crypt}[FeL2]; L = –N(Dipp)SiMe3), or with intramolec-

ular potassium cation complexation ([KFeL2]), revealing the 

impact of linearity of the ligand axis onto the magnetic re-

laxation. The behaviour of [KFeL2] was subsequently un-

derstood by ab-initio ligand field analysis. 

Results and Discussion 

Synthesis and Structural Characterization 

The prototypical example of a homoleptic iron(I) aryl/silyl-

amide, [FeL2]–, is known for a few counter cations. Thereby, 

the anion can adopt different degrees of linearity (165° to 

180°) as well as dihedral angles Si–N–N–Si (5° to 

150°),25,27,31,32 which depends on secondary interactions with 

the respective cation in solid state. Of these, only the K{18-

crown-6} derivative K{18-crown-6}[FeL2] was examined 

for its solid state magnetic properties,27 however, with no 

mentioning or deliberate attempts for detection of single 

molecule magnetic behaviour. As such we contemplated us-

ing K{crypt}[FeL2],31 that exhibits the most pronounced de-

viation from linearity (165.34(7)°). Here, the absence of vol-

atile solvent molecules (either free in the crystal lattice or 

coordinated to the potassium cation) maintains the integrity 

of the crystalline solid upon isolation, and with it the crys-

tallographically determined complex geometry. Secondly, 

[K(dmap)2FeL2] (dmap = N,N-dimethylaminopyridine) 

was a further prospective candidate, with a (crystallograph-

ically generated) perfect linear principal complex axis.25,28 

However, the presence of superparamagnetic impurities 

posed potential problems for unambiguous determination of 

its magnetic properties that, unfortunately, exacerbated upon 

multiple recrystallization processes. Thus, we fathomed the 

adduct free [KFeL2], which is known for the analogous 

nickel compound [KNiL2].28 [KFeL2] was already obtained 

from KC8 and [FeL2], but only as a polymeric compound in 

solid state with the potassium ions linking neighbouring 

iron(I) amides via the aryl rings.25 However, when the crys-

tallization was now carried out from a saturated toluene so-

lution at −40 °C (opposed to a n-pentane layered toluene so-

lution in case of polymeric [KFeL2]∞), consistently mono-

meric [KFeL2] was obtained as dark red crystals (yield 88%, 

Scheme 1).  

Scheme 1. Isolation of monomeric [KFe(N(Dipp)SiMe3)2] 

([KFeL2]).  

 

In solid state, [KFeL2] shows a monomeric structure with 

the potassium ion encapsulated within the ligand sphere by 

the opposing aryl rings (Figure 2), akin to related iron, co-

balt and nickel examples.25,28 The Fe–N bond length is 

1.914(3) Å, which is slightly longer than for 

K{crypt}[FeL2].31 The Dipp-moieties are perfectly aligned 

with a dihedral angle of 0.3(3)°. The secondary potassium 

coordination further enforces a near linear N−Fe−N angle 

(177.79(18)°). Disregarding small deviations, the compound 

is overall C2v-symmetric. In a toluene-d8 solution the proton 

NMR spectrum of [KFeL2] matches that of the previously 

reported polymeric [KFeL2]∞.25 This implicates an identical 

speciation of both complexes in solution - namely in form of 

the monomeric [KFeL2] - despite their difference concern-

ing solid state structures with intra- and intermolecular po-

tassium cation complexation.25 

Figure 2. Solid state structure of [KFeL2]. All hydrogen atoms 

are omitted for clarity. Selected bond lengths and angles: Fe−N 

1.914(3) Å, K−Fe 3.5308(16) Å, K−Aryl 2.9290(5) Å, N−Fe−N’ 

177.79(18)°, Si–N–N’–Si’ dihedral angle: 0.3(3)°.  

 



 

Figure 3. Zero-field 57Fe Mössbauer spectrum of [KFeL2] at 

7 K. For parameters see Table 1. 

 

Table 1. Zero-field 57Fe Mössbauer spectroscopic properties of 

mentioned linear iron(I) complexes. 

Compound 


(mm/s) 

EQ 

(mm/s) 

Hint 

(T) 

K{crypt}[FeL2] 0.34  −2.23  54.3 

[K(dmap)2FeL2] 0.32 −2.30 60.1 

[KFeL2] 0.34  −2.31  58.0  

K{crypt}[Fe(N(SiMe3)2)2]15 0.365 −2.37 55.85 

K{crypt}[Fe(C(SiMe3)3)2]12 0.278 –2.52 63.97 

 

Mössbauer spectroscopic and magnetic signatures 

To gain insights into the electronic situation of [KFeL2], 

[K(dmap)2FeL2] and K{crypt}[FeL2], their 57Fe Möss-

bauer spectroscopic features were probed. At 80 K, no signal 

was observed in the 57Fe Mössbauer spectrum for any com-

pound. This phenomenon was already observed for the re-

lated iron(I) silylamide [Fe(N(SiMe3)2)2]− and can be at-

tributed to magnetic relaxation processes.15 At 7 K, the spec-

tra showed a sharp sextuplet for each compound with very 

similar isomer shifts, quadrupole splittings and internal mag-

netic fields. K{crypt}[FeL2], for example, gave an isomer 

shift of  = 0.34 mm/s, a quadrupole splitting of EQ = 

−2.23 mm/s and an internal field of Hint = 54.31 T. This 

aligns with the few other linear iron(I) complexes12,15,18,33 

and is indicative of single molecule magnetic behaviour. 

Most notably, the isomer shifts and quadrupol splittungs 

EQ of all [FeL2]– complexes are slightly larger respectively 

smaller in comparison to that of the seminal 

[Fe(C(SiMe3)3)2]–, which reflects on the -donating capabil-

ities of the amide ligands. 

Magnetic measurements of solid [KFeL2] and 

K{crypt}[FeL2] were performed between 2 and 210 K using 

a SQUID magnetometer ( 

Figure 4). Higher temperatures were not measured to pre-

vent melting of the perfluorinated oil used for fixing the 

crystals and preventing their orientation in the magnetic 

field. At 200 K, theT value of [KFeL2] is 

3.63 cm3Kmol−1 ( 

Figure 4A). Upon lowering the temperature, a slight in-

crease to 3.65 cm3Kmol−1 at 150 K was observed, which 

speaks to a degenerate ground state. The curve then steadily 

decreases to 3.13 cm3Kmol−1 at 10 K, which is typical for 

transition metal complexes with contributions from first or-

der angular momentum. A further sharp drop to 

2.73 cm3Kmol−1 at 2 K is detected. Together with variable 

temperature − variable field (VTVH) magnetisation meas-

urements, the curves could be satisfactory modelled as a 

two-level system for an axial iron(I) with S = 3/2 (E/D = 0) 

using the spin Hamiltonian with Zeeman and zero field split-

ting 𝐻̂ = 𝜇𝐵𝐵⃗ 𝒈𝑆 + 𝐷[𝑆̂𝑧
2 −

1

3
𝑆(𝑆 + 1) + 𝐸

𝐷⁄ (𝑆̂𝑥
2 − 𝑆̂𝑦

2)]: 

This gave gx = gy = 2.27, gz = 3.31 and D = −104 cm−1. Alt-

hough this ZFS formalism is formally forbidden for near-

linear complexes with degenerate ground states34 these val-

ues are in good congruence with those obtained from other 

methods (vide infra). For K{crypt}[FeL2] theT vs T be-

haviour is similar with T = 3.95 cm3Kmol−1 at 200 K (see 

ESI). Upon lowering the temperature, the value increases 

slightly to 3.97 cm3Kmol−1 at 150 K, then steadily decreases 

to 3.48 cm3Kmol−1 at 10 K with a further sharp drop to 

3.05 cm3Kmol−1 at 2 K. Together with VTVH magnetisation 

measurements ( 

Figure 4B) the curves could be satisfactory modelled using 

the abovementioned spin Hamiltonian to give gx = 1.95, gy = 

2.61, gz = 3.54, D = −92 cm−1 and E/D = 0.15. The values 

for K{crypt}[FeL2] indicate a pronounced deviation from 

axial anisotropy in comparison to [KFeL2] and point to the 

detrimental impact of the more bent geometry of the anion 

in K{crypt}[FeL2] (165.34(7)°) compared to essentially lin-

ear [KFeL2] (177.79(18)°), [Fe(N(SiMe3)2)2]– (180°)15 and 

[Fe(N(SiMePh2)2)2]– (178.1°)21. As such, we were curious 

how this would translate to the dynamic magnetic relaxation 

behaviour of [KFeL2] and K{crypt}[FeL2]. Frequency de-

pendent ac magnetic susceptibility measurements at various 

temperatures were performed to determine the relaxation 

barrier Ueff, for which an external magnetic field of 1000 Oe 

was used. The Arrhenius plot of the temperature dependence 

clearly deviated from the linear Arrhenius law, so additional 

relaxation processes were considered (direct, Raman, Or-

bach processes and quantum tunnelling of the magnetization 

(QTM)). For both complexes, the entire temperature range 

could be well fitted assuming Raman and Orbach relaxation 

pathways, using τ−1 = BTn + τ0
−1 exp(−Ueff/kBT). This gave a 

Ueff = 184 cm–1 for [KFeL2] with B = 3.8∙10−4 s−1K−5, n = 5, 

and τ = 1.3∙10−9 s ( 

Figure 4C/D). K{crypt}[KFeL2] showed a reduced relaxa-

tion barrier of Ueff = 152 cm–1 with B = 6.3∙10−3 s−1K−5, n = 

4.4, and τ = 2.2∙10−9 s (see ESI). In comparison with the 

former it thus indicated that deviations from linearity are 

lowering the relaxation barriers due to a larger rhombicity of 

the magnetic anisotropy and pronounced QTM. To put these 

results into perspective, the relaxation barriers found for 

[KFeL2] and K{crypt}[FeL2] are in-between the values re-

ported for K{crypt}[Fe(N(SiMe3)2)2] (Ueff = 64 cm–1),15 as 

well as K{crypt}[Fe(N(SiMePh2)2)2] (Ueff = 232 cm–1)21 and 

K{crypt}[Fe(C(SiMe3)3)2] (Ueff = 224 cm–1)12.  

 



 

 

Figure 4. ac/dc-Magnetic properties of [KFeL2]. Solid lines depict fit according to the spin Hamiltonian using gx = 2.27, gy = 2.27, 

gz = 3.31 and D = –104 cm–1 (E/D = 0). A) Temperature dependence of T at 5000 Oe between 2 and 210 K; B) VTVH magnetization 

measurements at 1, 4 and 7 T; C) Frequency dependence of ’’ at various temperatures (ΔT = 1 K) with an applied dc field of Hdc = 

1000 Oe; D) Arrhenius-Plot of the temperature dependence of τ at Hdc = 1000 Oe; E) Magnetic hysteresis loop for various field sweep 

rates at 2.0 K; F) Zero-field-cooled/field-cooled (ZFC/FC) magnetization measurements. 

  

Especially the comparison with K{crypt}[Fe(N(SiMe3)2)2] 

is informative as it underscores that strict linearity of a two-

coordinate iron(I) anion is not a sufficient criterion for sub-

stantial slow magnetic relaxation behaviour – despite com-

putational analyses indicated otherwise.15 As such, steric 

congestion is of further importance as it likely mitigates vi-

brational distortions of the principal N–Fe–N axis as well as 

vibronic coupling. The difference with regards to 

K{crypt}[Fe(N(SiMe3)2)2] is even more obvious in terms of 

magnetic coercivity as both, [KFeL2] ( 

Figure 4E/F) and K{crypt}[FeL2] (see ESI), show magnetic 

blocking and a closed-waist magnetic hysteresis. As indi-

cated by the discontinuous steep decrease in MT of 

K{crypt}[FeL2] and [KFeL2] at low-temperatures, a spin-

reversal barrier becomes apparent upon cooling the samples 

with or without applied dc-field. For K{crypt}[FeL2], devi-

ations of the field-cooled (FC) and zero-field cooled (ZFC) 

measurements became apparent at 2 K but were not well-re-

solved (see ESI). Variable-field magnetisation data between 

2.0 and 5.0 K showed hysteresis below 2.8 K for H ≠ 0 Oe. 

The hysteresis is waist-restricted, which is attributed to rapid 

relaxation processes via quantum tunnelling in the absence 

of any external field. For [KFeL2], the hysteresis is observed 

up to 4.5 K, in agreement with the blocking temperature 

(TB = 4.5 K) obtained by ZFC/FC measurements ( 

Figure 4E/F). These observations align with those for 

K{crypt}[Fe(N(SiMePh2)2)2]21 as well as 

K{crypt}[Fe(C(SiMe3)3)2],12 which suggests that the local 

symmetry of these anionic N/C-donor ligands as well as -

interactions are of no measurable significance for single 

molecule magnetic behaviour of a linear iron(I) complex.  

 

Quantum chemical calculations 

I. Ab Initio Ligand Field MO and Angular Overlap 

Model Analysis35,36 of The Iron-Amido Bond in [KFeL2]. 

For a better understanding of the electronic situation in 

[KFeL2], we turned to ab-initio ligand field analysis37 

(NEVPT2/CASSCF level), which has proven as a powerful 

tool for delineation of single-molecule magnetic features. 

Two-fold coordinated linear Fe(I) complexes with -donor 

ligands possess a simple ligand-field MO diagram with one 

-antibonding dz2 and two -antibonding dxz,yz and a non-

bonding dxy,dx2-y2 orbital pair. The sp2-hybridized nitrogen 

donor in linear silyl amides functions as -donor toward iron 

with one Fe–N–C out-of-plane y-orbital; the other in-plane 

orbital lobe x is already engaged in two strong bonds to the 

silicon and carbon neighbours. Owing to the low-oxidation 

state of iron(I), its 4s orbital is low in energy and hybridizes 

with the 3dz2 orbital. This so-called 3dz2-4s mixing counter-

acts the  antibonding effect and renders the nominally dz2-

orbital lowest in energy. Ab-initio ligand field theory allows 

to get the ligand field matrix, herein taken in a standard order 

of orbitals dxy, dyz, dz2, dxz and dx2-y2, as given in Eq.1 

(CASSCF/NEVPT2 results, in cm–1). Diagonalization of this 

matrix leads to orbital energy eigenvalues (in cm–1): 0, 3165, 

A B C 

D E F 



 

3270, 3372, 6771, which are plotted in Figure 5 along with 

contour plots including corresponding ligand orbital tails. 

68 0 0 43 0

0 3454 14 0 62

0 14 2989 0 997

43 0 0 128 0

0 62 997 0 268

AILFTV

  
 
 
  
 
  
      (Eq.1) 

The topmost dyz-MO reflects the out-of-plane -antibonding 

effect due to the N-amido bond; the dxz is expected to be al-

most non-bonding (vide supra). The dxy and dx2-y2 orbitals 

have no ligand counterparts and are non-bonding. This is 

supported by the pseudo degeneracy of the second, third and 

fourth AILFT orbitals (3165, 3270, 3372 cm–1, respectively). 

This bonding situation can be translated into a chemical lan-

guage using the angular overlap model. For strictly linear ar-

rangement (N–Fe–N bond angle 180°) this model yields the 

following expressions of the energy of the 3d-orbitals: 

2 3 4( ) 2( ) 2 eff

dz d se d e e e   
 

( ) 2dyz se d e                                               (Eqs. 2) 

2 2( ) ( ) ( ) 0dxz xy x ye d e d e d   
 

The parameter es quantifies the interaction between iron (I) 

dyz  and the out-of-plane  orbital of the amido donor ligand, 

the factor “2” accounts for the presence of two such donors. 

The parameter 
effe is an effective one. Its value is governed 

by the N- antibonding energy, which would destabilize the 

dz2 orbital minus the energy connected with the 3dz2-4s mix-

ing, which tends to stabilize this orbital. The computed en-

ergies in Eqs. 2 allow to estimate effe and 
se  to –1650 cm–1 

and 1750 cm–1, respectively. Thus, 3d-4s mixing dominates 

and renders the dz2 orbital lowest in energy (Figure 5).  

Figure 5. d-Orbital splitting of [KFeL2] from ab-initio ligand 

field analysis. 

 

With seven d-electrons on the 3d-shell of iron(I) this results 

in a (𝑑𝑧2𝑑𝑥𝑧𝑑𝑥2𝑦2𝑑𝑥𝑦)
6𝑑𝑦𝑧

1  ground state configuration. This 

ground state is expected to be a superposition of several dif-

ferent electron distributions. Calculations showed (see next 

section) that configurations 𝑑𝑧2
1 𝑑𝑥𝑧

2 𝑑𝑧2−𝑦2
1 𝑑𝑥𝑦

2 𝑑𝑦𝑧
1  and 

𝑑𝑧2
1 𝑑𝑥𝑧

1 𝑑𝑧2−𝑦2
2 𝑑𝑥𝑦

2 𝑑𝑦𝑧
1  dominate (up to 97%) the pseudo-two 

fold degenerate ground state wave function. Here, the low-

est-lying dz2 orbital is only singly occupied. It reflects on the 

weak ligand field, which is insufficient to overcome the elec-

tron-electron repulsions. The degeneracy is of great im-

portance for the magnetic anisotropy and magnetic response 

which allow to qualify [KFeL2] as a single molecule mag-

net. 

II. Electronic structure and magnetic anisotropy of 

[KFeL2] from CASSCF and CASSCF/NEVPT2 from ab-

initio calculations. Twofold coordinate linear complexes of 

d7 transition metal ions span two kind of spin-states – 10 

S=3/2 and 40 S=1/2 spin-multiplets, from which the first 

give rise to two non-degenerate 4– and four doubly degen-

erate 4(1), 4(2), 4 and 4 many-particle states. Because 

of the -anisotropy of the nitrogen donors of the two amido 

ligands, the doubly degenerate states split. In Table 2 we list 

their CASSCF energies, the compositions of the CASSCF 

wave functions and their NEVPT2 corrected energies. For 

the sake of transparency, only occupations of two  spin 

electrons in addition to the five singly occupied  spin 3d-

MOs of the half-field shell are listed; dz2, (dxz,dyz) and (dx2-

y2,dxy) orbitals are designated by notations for the irreducible 

representations of the C∞v point group. The ground state is 

of 4 symmetry and shows only tiny splitting due to the ac-

tual C1 complex symmetry. This state is two-fold degener-

ate. Spin-orbit coupling induces orbital moments of ML = ±2 

which add to the MS = ±3/2 spin-moments to a total angular 

momentum of MJ = ±7/2. It is remarkable that dynamical 

correlation (accounted for using NEVPT2) increases the gap 

between the ground 4 and the excited 4(1) and 4 states 

spanning orbital moments of ML = ±1 and ML = ±2, respec-

tively, by a factor of more than two. It is the small splitting 

of the well-defined, well separated 4 ground state which 

renders all these kind of complexes not sensitive to the na-

ture of the linear donor (nitrogen or carbon) and less, but still 

sensitive to deviations from the linear geometry (as the com-

parison between [KFeL2] and K{crypt}[FeL2] clearly 

shows).  

Table 2. Energies of the S = 3/2 spin state manifold from 

CASSCF and NEVPT2 scalar relativistic calculations along 

with compositions (in %) of the CASSCF wave functions.a 

State 
CASSCF NEVPT2 

Energy (cm–1) Composition Energy (cm–1) 

x 
0 100   156 

14 100  0 

4
3288 50 + 47  7827 

3491 31  + 67  9368 

4 
4688 83 +17  11238 

5047 84 +19  11901 

4– 6385 60 + 37  13797 

4(2) 
15688 67 + 33  18307 

18912 50 + 49  21468 

4– 19246 39 + 61  22862 



 

a Listed are occupations of  spin-orbitals on top of the  spin half-filled 
shell of iron(I).  

 

Table 3. Spin-orbit splitting of the 4 ground state of [KFeL2] and g-factors for the ground and the three excited Kramer’s 

doublets (KD1-4) computed using CASSCF wave functions and diagonal corrections to the energy from NEVPT2. 

 CASSCF NEVPT2 

 E / cm–1 g1 g2 g3 E / cm–1 g1 g2 g3 

KD1 0 0.002 0.002 9.961 0 0.018 0.018 9.876 

KD2 210 0.276 0.279 5.963 212 2.271 2.272 5.321 

KD3 447 0.056 0.472 1.967 497 1.318 2.153 2.386 

KD4 707 0.142 0.154 2.032 733 0.085 0.086 2.135 

Under the effect of spin-orbit coupling, the 4 ground state 

splits into four Kramer’s doublets whose CASSCF and 

NEVPT2 energies and effective g-factors are listed in Table 

3. The aforementioned MJ = ±7/2 character of the ground 

state renders the ground state Kramer’s doublet purely ani-

sotropic with negligibly small hard axes g-factor values 

(0.002) and large easy axis value (9.961, close to the atomic 

limit of g = 10). In contrast, g-factors for the first excited 

state are less anisotropic (CASSCF: 0.276, 0.279 and 5.963; 

NEVPT2: 2.271, 2.272, 5.321). As discussed in the text, this 

is of importance for the magnetic anisotropy. It is finally in-

structive to compare [KFeL2] with the cobalt(II) dialkyl 

complex [Co(C(SiMe2ONaph)3)2] with Co in the same d7 

configuration but in a higher oxidation state.13 The oxidation 

state increase by one leads to a weakening of the 3dz2-4s 

mixing rendering, now dz2 topmost in energy. The relatively 

weaker (compared to [KFeL2]) destabilization of the dxz, dyz 

orbital pair (due to engagement of the carbon 2px,2py orbitals 

in bonds to silicon) leads to narrowing of this orbital pair to 

the non-bonding dx2-y2,dxy orbitals; a non-Hund (dx2-

y2,dxy)3(dyz,dxz)3dz2
1 ground state with orbital contributions of 

ML = ±3 to the MS = ±3/2 electron spin results. The MJ = ±7/2 

ground state sets a top limit of magnetic anisotropy achiev-

able in transition metal complexes. Looking at the orbital 

splitting (Figure 5), it gives an orbital ordering of dz²+4s, 

nearly degenerate dxy, dxz and dx²-y² orbitals and a highest ly-

ing dyz. This is similar to the one of the more symmetric 

[Fe(N(SiMe3)2)2]–,15 showing a marginal impact of the 

herein used aryl/silylamide. The 4E ground state splits into 

four doublets, which are best characterised by the magnetic 

quantum number MJ (J = total angular momentum). The four 

doublets would then correspond to MJ = ±7/2, ±5/2, ±3/2 and 

±1/2, with an energy spacing between the lowest doublets 

(MJ = ±7/2, ±5/2) of 212 cm−1. The energy spacing is in ex-

cellent agreement with the value obtained from the temper-

ature dependent susceptibility data (2D = 208 cm−1). The 

MJ = ±7/2 ground state is highly anisotropic (gx = gy = 0.018, 

gz = 9.876). The less axial, anisotropic first excited magnetic 

state MJ = ±5/2 (gx = gy = 2.271, gz = 5.321) indicates that 

the magnetic relaxation in [KFeL2] likely occurs via ther-

mally assisted through-barrier tunnelling of the excited 

state.  

Direct determination of the energy spacing between 

ground and first excited magnetic state. 

For confirmation of the experimentally and computationally 

determined energy spacing between the ground and first ex-

cited MJ state, we turned to field-dependent IR spectroscopy 

of the far-red region. This is of special importance as the 

common determination of D via the magnetisation data is 

subject to the limits of the fitting procedure for quasilinear 

complexes and further provides only an indirect measure for 

the excitation from the ground to the excited state. Magneto-

transmission spectra on [KFeL2] were recorded in the spec-

tral range 100 – 400 cm−1, at 4.2 K and in an applied field B 

ranging from 0 to 16 T (in steps of 1 T). A field dependent 

absorption band was detected at 178 cm−1.  

Figure 6. Stacked far-IR magneto-transmission (TB) spectra 

of complex [KFeL2] at 4.2 K in an applied magnetic field (B 

= 1-16 T), normalized to the zero-field transmission T0. The 

observed response indicates a single absorption mode which 

shifts towards higher energies with the applied magnetic 

field (total shift of 14 cm–1 at 16 T). 

   

The obtained value is in the range of the computed 

(212 cm−1) and experimentally determined (2D = 208 cm−1) 

energy spacing between the ground and the first excited 

magnetic state. Increasing the field to 16 T leads to a blue 

shift of 14 cm−1 that perfectly matches the expected value of 

15 cm−1, which arises from different field dependencies of 

the energies of the involved states. 

CONCLUSION 

Overall, we present a comprehensive analysis of the single-

molecule magnetic behaviour of two-coordinate iron(I) 

complexes K{crypt}[FeL2] and [KFeL2] (L = –



 

N(Dipp)SiMe3). The quasilinear [KFeL2], for which linear-

ity is enforced by intramolecular potassium complexation, 

shows a closed-waist hysteresis and magnetic blocking up to 

4.5 K as well as a barrier for slow relaxation of magnetisa-

tion of Ueff = 184 cm−1. Using ab-initio ligand field analysis 

as well as magneto-IR-spectroscopy, the relaxation behav-

iour could be rationalized as an excitation from the magnetic 

ground state (MJ = ±7/2) to the first excited state (MJ = 

±5/2). Due to the computed pronounced rhombicity of the 

excited state this is likely followed by through-barrier tun-

nelling. The less linear separated ion pair complex 

K{crypt}[FeL2] shows a reduced magnetic coercivity, 

which can be attributed to a non-negligible magnetic rhom-

bicity of the ground state. In light of literature precedence, it 

can be concluded that pronounced single-ion magnetic fea-

tures in case of two-coordinate iron(I) relies primarily on a 

(near-)linear principal axis in conjunction with sterically en-

cumbered ligands, to possibly reduce vibrational motions. 

The local symmetry of the used anionic donor ligand and the 

presence of -interactions is apparently a less relevant fac-

tor. This study thus conceptionally expands the synthetic 

possibilities for mononuclear transition metal complexes 

that show magnetic blocking, and it might be applicable to 

other quasilinear ligand architectures.  

 

EXPERIMENTAL SECTION 

All manipulations were carried out in a glovebox under a dry argon 

atmosphere, unless indicated otherwise. Used solvents were dried 

by continuous distillation over sodium metal for several days. Deu-

terated solvents were used as received, degassed via three freeze-

pump cycles and stored over molecular sieves (4 Å). The 1H NMR 

spectra were recorded on a Bruker AV 500, a Bruker HD 500 or a 

Bruker HD 300 NMR spectrometer (Bruker Corporation, Billerica, 

USA). Chemical shifts are reported in ppm relative to the residual 

proton signals of the solvent (for 1H). w1/2 is the line width of a 

signal at half its maximum intensity. Integrals of the broad signals 

ligand set were obtained directly or by peak fitting (in case of over-

lapping signals) using the MestreNova software package (Mestre-

lab, Santiago de Compostela, Spain). Elemental analysis were per-

formed by the “in-house” service of the Chemistry Department of 

the Philipps University Marburg, Germany using a CHN(S) ana-

lyzer vario MICRO Cube (Elementar Analysensysteme GmbH, 

Langenselbold, Germany). K{crypt}[Fe(N(Dipp)SiMe3)2]31 and 

[Fe(N(Dipp)SiMe3)2]38 were prepared according to literature pro-

cedures. 

[KFe(N(Dipp)SiMe3)2] ([KFeL2]): One equivalent of 

[Fe(N(Dipp)SiMe3)2] (200 mg, 0.36 mmol) was dissolved in 5 mL 

toluene. After adding KC8 (0.40 mmol, 1.1 equiv.) the reaction 

mixture was stirred for several minutes at room temperature, while 

a change in color to red was observed. The graphite was filtered off 

and all volatiles were evaporated off. Crystals, suitable for x-ray 

diffraction analysis, were obtained from a saturated solution of 

[KFeL2] in toluene at −40 °C. 25 Yield: 187 mg (0.32 mmol, 88%). 
1H NMR spectroscopic data in toluene-d8 and combustion analysis 

matches that of polymeric form [KFeL2]∞25. IR (ATR, cm−1): 

ṽ = 3051 (w), 2948 (m), 2885 (w), 2864 (m), 1576 (w), 1458 (m), 

1417 (s), 1378 (m), 1357 (m), 1316 (m), 1238 (s), 1197 (m), 1155 

(w), 1141 (w), 1101 (m), 1052 (m), 1040 (m), 936 (m), 915 (s), 878 

(m), 827 (vs), 787 (s), 746 (m), 671 (m), 627 (m), 579 (w), 535 (m), 

422 (m). 

X-Ray Diffraction Analysis  

Data for compound [KFe(N(Dipp)SiMe3)2] ([KFeL2]) (CCDC 

2113327) were collected on a STOE IPDS2 diffractometer (STOE 

& Cie GmbH, Darmstadt, Germany) using a graphite-monochro-

mated Mo-Kα radiation (λ = 0.71073 Å), equipped with an Oxford 

Instrument Cooler Device (Oxford Instruments, Abingdon, UK). 

The structure has been solved using either OLEX SHELXT 

V2014/139 and refined by means of least-squares procedures on an 

F2 with the aid of the program SHELXL-2016/640 included in the 

software package WinGX version 1.6341 or using CRYSTALS42. 

The atomic scattering factors were taken from International Tables 

for X-ray Crystallography.43 All non-hydrogen atoms were refined 

anisotropically. All hydrogen atoms were refined by using a riding 

model. Disorders were found in the trimethylsilyl moiety and were 

modelled accordingly. The absorption correction was introduced 

by using the MULTISCAN and X-Red programs.44,45 The drawing 

of the molecule is performed with the program DIAMOND (Crys-

tal Impact, Bonn, Germany) with 50% probability displacement el-

lipsoids for non-H atoms.  

57Fe Mössbauer spectroscopy 

The Mössbauer spectrum was recorded with a 57Co source in a Rh 

matrix using an alternating constant acceleration Wissel Mössbauer 

spectrometer operated in the transmission mode and equipped with 

a Janis closed-cycle helium cryostat. Isomer shifts are given rela-

tive to iron metal at ambient temperature. Simulation of the exper-

imental data was performed with the MF program using Lorentzian 

line sextets: E. Bill, Max-Planck Institute for Chemical Energy 

Conversion, Mülheim/Ruhr, Germany. 

Magnetic Measurements 

Temperature-dependent magnetic susceptibility measurements 

were carried out with a Quantum-Design MPMS3 SQUID magne-

tometer equipped with a 7 Tesla magnet in the range from 2 to 210 

K in a magnetic field of 0.5 T. The polycrystalline sample was con-

tained in a polycarbonate capsule, covered with a few drops of low 

viscosity perfluoropolyether based inert oil Fomblin Y45 to fix the 

crystals, and fixed in a non-magnetic sample holder. The maximum 

measuring temperature of 210 K was chosen because of the pour 

point of the oil, in order to keep the oil in the frozen state and to 

avoid therefore the orientation of the crystals parallel to the mag-

netic field. Each raw data file for the measured magnetic moment 

was corrected for the diamagnetic contribution of the capsule and 

of the inert oil according to Mdia = gmH, with experimentally ob-

tained gram susceptibility of the capsule (g = −5.60∙10−7 

emu/(g∙Oe) and of the oil (g = −3.82∙10−7 emu/(g∙Oe)). The molar 

susceptibility data were corrected for the diamagnetic contribution 

according to M
dia(sample) = −0.5∙M 10−6 cm3 mol−1.46 Experi-

mental MT vs. T data were modelled using a fitting procedure to 

the following spin Hamiltonian for one iron(I) ion (S = 3/2) with 

Zeeman splitting and zero-field splitting: 

𝐻̂ = 𝜇𝐵𝐵⃗ 𝒈𝑆 + 𝐷[𝑆̂𝑧
2 −

1

3
𝑆(𝑆 + 1) + 𝐸

𝐷⁄ (𝑆̂𝑥
2 − 𝑆̂𝑦

2)]. 

Full-matrix diagonalization of the spin Hamiltonian was performed 

with the julX_2s program (E. Bill, Max-Planck Institute for Chem-

ical Energy Conversion, Mülheim/Ruhr, Germany, 2014). Matrix 

diagonalization is done with the routine ZHEEV from the 

LAPACK numerical package. Parameter optimization is performed 

with the simplex routine AMOEBA from NUMERICAL 

RECIPES. 

MAGNETO INFRARED SPECTROSCOPY 

To enable infrared experiments in the transmission configuration, 

the studied compounds were first mixed with eicosane in the ap-

proximate ratio of 1:20 and a pressed pellet was prepared. The sam-

ple was placed in a superconducting and kept at T= 4.2 K in the 



 

exchange helium. Then, the THz/infrared radiation from a globar 

was analyzed by a Vertex 80v FTIR spectrometer, delivered using 

light-pipe optics to the pellet and detected using a composite bo-

lometer placed just below the pellet. The measured transmission 

spectra are presented in a form of relative magneto-transmission, 

TB/T0, to emphasize the field-induced spectral features. 

QUANTUM CHEMICAL CALCULATIONS 

Electronic energies and wave functions of electronic multiplets of 

[KFeL2] were computed using the Complete Active Space Self-

Consistent Field (CASSCF) method47 along with a minimal active 

space of seven electrons in the five metal d-based molecular orbit-

als. The CASSCF method leads in general to superposition of con-

figurations. Herein, spin-eigenfunctions (Configuration State 

Functions, CSF) are taken as a many particle basis. This method 

accounts for static (left-right) electron correlation. The CASSCF 

wave functions provide model-space (zeroth-order function) for a 

more rigorous treatment, in which dynamic electron correlation is 

taken into account. The way this is usually done is using second 

order perturbation theory. In this work we employed the N-Electron 

Valence Perturbation Theory to second order method 

(NEVPT2).48–50 Spin-orbit coupling (SOC) leads to splitting of the 

scalar relativistic (spin-free) states into Kramer’s doublets (known 

as zero-field splitting, ZFS) and application of a magnetic field 

leads to further splitting of each Kramers doublet into spin-

sublevels due to the Zeeman effect. SOC and the Zeeman effect 

lead to violation of the spin-symmetry. In our calculations SOC and 

magnetic field effects are taken into account using quasi-deregen-

erate perturbation theory (QDPT) in the basis of the CASSCF ei-

genfunctions.51,52 
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