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Abstract 

The electronic structures and spectroscopic behavior of three high-spin FeII complexes of 

fluorinated alkoxides were studied: square-planar {K(DME)2}2[Fe(pinF)2] (S) and quasi square-

planar {K(C222)}2[Fe(pinF)2] (S) and trigonal-planar {K(18C6)}[Fe(OC4F9)3] (T) where pinF = 

perfluoropinacolate and OC4F9 = tris-perfluoro-t-butoxide. The zero-field splitting (ZFS) and 

hyperfine structure parameters of the S = 2 ground states were determined using field-dependent 

57Fe Mössbauer and high-field and -frequency Electron Paramagnetic Resonance (HFEPR) 

spectroscopies. The spin Hamiltonian parameters were analyzed with crystal-field theory and 

corroborated by Density Functional Theory (DFT) and ab initio Complete Active Space Self 

Consistent Field (CASSCF) calculations. Whereas the ZFS tensor of S has a small rhombicity, 

E/D = 0.082, and a positive D = 15.17 cm-1, T exhibits a negative D = -9.16 cm-1 and a large 

rhombicity, E/D = 0.246. Computational investigation of the structural factors suggests that the 

ground state electronic configuration and geometry of T’s Fe site are determined by the interaction 

of [Fe(OC4F9)3]
- with {K(18C6)}+. In contrast, two distinct countercations of S/S have a 

negligible influence on their [Fe(pinF)2]
2- moieties. Instead, the distortions in S are likely induced 

by the chelate ring conformation change from δλ, observed for S, to the δδ conformation, 

determined for S.  
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1. Introduction 

Oxidation reactions are central to our biology and to technologically important processes including 

the partial oxidation of methane and water remediation.1,2,3 Therefore, oxidation catalysis effected 

by environmentally benign, high-valent, 3d transition metal-oxo species constitutes a perennial 

target of bioinorganic research efforts.4 Metalloenzymes have long been known to perform C-H 

bond oxidations of various substrates.5 In particular, Fe-containing enzymes with an all N-donor 

environments have been extensively studied and revealed to use O2 to form terminal {Fe=O} high-

spin intermediates.6,7,8 Most importantly, industrial catalysts based on Fe-doped zeolites which 

enable alkane oxidation with high selectivity and efficiency are also known.9 Unlike for most 

enzymes, the active sites of these synthetic species are supported by an all-O-donor environment.  

Snyder et al. have used low temperature MCD10 and other spectroscopic methods to identify not 

only the resting state of the Fe-doped zeolites but also their reactive intermediate, the oxidized Fe 

species which reacts with hydrocarbons. These species incorporate an unusual [FeO4] site with a 

square-planar geometry labeled α-Fe(II). When treated with N2O(g), the α-Fe(II) site of mordenite 

is converted to an S = 2 {Fe(IV)=O} reactive intermediate which selectively oxidizes methane to 

methanol. Although there are numerous structural and functional models of enzymatic systems 

reported to date, there are very few compounds which emulate the active site of Fe-doped 

zeolites.11,12 

 

Figure 1. SCXRD-determined structures of T, {K(18C6)}[Fe(OC4F9)3] (left), S, 

{K(DME)2}2[Fe(pinF)2] (middle), and site 1 of S, {K(C222)}2[Fe(pinF)2] without cations. 

Hydrogen atoms were omitted, fluorine atoms shown in teal, and carbon atoms in gray. The S, S 

and T labels highlight the square (S/S) and trigonal (T) geometries of the corresponding iron sites. 
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In this manuscript, we describe the electronic structures of three Fe(II) complexes: the four-

coordinate square-planar {K(DME)2}2[Fe(pinF)2] (S)13,14 and quasi square-planar 

{K(C222)}2[Fe(pinF)2] (S) as well as the trigonal-planar {K(18C6)}[Fe(OC4F9)3] (T) 15 where: 

pinF = perfluoropinacolate and OC4F9 = tris-perfluoro-t-butoxide.  The crystal structures of S and 

T as well as of one of the two distinct iron sites per unit cell of S are presented in Figure 1. The 

first two incorporate an unusual square-planar [FeO4] structural motif similar to that proposed for 

the zeolite α-Fe(II) site. Our investigation revealed that S/S and α-Fe(II) share many spectroscopic 

features and have a similar electronic structure. Therefore, this work suggests that S/S have the 

potential to function as good precursors to functional homogeneous catalysis models of Fe-doped 

zeolites. The electronic structure of the trigonal {K(18C6)}[Fe(OC4F9)] (T) has also been studied. 

Similar to α-Fe(II), low-coordinate Fe(II) analogues of T supported by alkoxo ligands also have 

the potential to function as precursors for oxidation catalysts. For example, Chambers et al 

described an Fe complex with a trigonal tris(alkoxide) ligand environment,11 

[Fe(OC(tBu)2(CH3))3]
1-, shown in Scheme 1, which reacts with common O-donors Me3NO and 

PhIO in THF to yield a proposed reactive intermediate, [Fe(OC(tBu)2(CH3))3(O)]1-. This species 

was supported by DFT calculations and is a rare example of a high valent {Fe-O} oxidative moiety 

in an all O-donor environment, capable of abstracting an H atom from MeCN as well as to oxidize 

PPh3 to OPPh3. Upon C-H bond cleavage, the intermediate forms an {Fe(III)-OH}-containing 

species, which was isolated and characterized by X-ray crystallography. 11 
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Scheme 1.  High-spin Fe(II) complexes which incorporate iron sites with an approximately square 

planar (top row) and trigonal planar (bottom row) geometry.  

 

An important structural feature of S, S and T is their C-F bonds which render them much more 

robust to oxidation than their non-fluorinated analogues, impede intramolecular oxidative 

degradation and promote intermolecular substrate C-H bond oxidation. Moreover, the use of O-

donors as ligands results in high-spin complexes,13,14,15 increasing the likelihood of high-spin 

intermediates formed upon reaction with O-atom donors, akin to those found in zeolite active sites. 

The electronic structures of such reactive compounds are largely unexplored. Despite several 

recent reports of high-spin square planar Fe(II) complexes, compounds such as S and S are still 

extremely rare.16,17,18,19,20  The few relevant examples of approximately square-planar complexes 

are shown in the top row of Scheme 1, and include a silicate framework20,12,21,22 and a tridentate, 

trianionic ONO pincer ligand.18,19,23 In most cases, the steric and electronic factors responsible for 

stabilizing these unusual species are yet to be determined. In this respect, this study fills an 

important gap in our knowledge and has allowed us to gain new insight into these uncommon sites. 

While there are only a handful of trigonal, high-spin Fe(II) complexes, such as 
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Ph4P[Fe(SR)3]·2MeCN·C7H8 where R = C6H2-2,4,6-tBu3,
24 such compounds have played an 

important role in advancing our understanding of the quasi-trigonal Fe sites of the cofactor of the 

MoFe protein of nitrogenase enzymes.25 Moreover, the low coordination number of these species 

makes them highly reactive and, just as described above, enables them to participate in the 

activation of small molecules.26  

 

2. Methods and Materials 

2.1. Synthetic Methods All experimental procedures were carried out on a Schlenk line or in 

a drybox under an atmosphere of purified N2 at room temperature. The anhydrous solvents 

dimethoxyethane (DME), hexanes, toluene and tetrahydrofuran (THF), were dried in an alumina-

based solvent purification system (SPS) under Ar, piped directly into an MBraun drybox and stored 

over molecular sieves. Celite was heated to 125°C under vacuum overnight. KOC4F9 was prepared 

according to a previously published procedure15. H2pinF was purchased from Oakwood Chemicals 

and dried over sieves and distilled before use. The ligand salt KHpinF synthesis was modified from 

a previous one, by mixing KOtBu and perfluoropinacol (H2pinF) in a 1:1 ratio. All other reagents 

were obtained commercially and used without any further purification. The compounds 

{K(DME)2}2[Fe(pinF)2] (S) was prepared according to a previously published procedure,13 as was 

{K(18C6)}[Fe(OC4F9)] (T).15 

 

2.2. X-ray Crystallography and Structure Determination Single-crystal X-ray diffraction of 

S was collected using a Bruker X8 Proteum-R diffractometer by using CuKa radiation in an N2 gas 

stream at 100(2) K with phi and omega scans. Data were refined using SHELXL 2018/3 and Olex2 

1.5 was used for molecular graphics and preparation of materials for publication.  

 

2.3  Synthesis of S. In a drybox, FeCl2 (154.7 mg, 1.221 mmol) was stirred in THF (5 mL) for 

15 minutes to give a cloudy off-white suspension. Two equivalents of KN’’ where N” = 

bis(trimethylsilyl amide) (487.7 mg, 2.441 mmol) were added in THF (3mL) and left to stir at RT 

overnight to yield a dark brown cloudy solution. KHpinF (908.5 mg, 2.441 mmol) was added in 

THF (3 mL) and left to stir at RT for two hours to give a dark purple cloudy solution. The solution 

was filtered through Celite® to remove insoluble salts. The purple filtrate was dried en vacuo and 
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triturated three times with hexanes. The pale purple powder was extracted into Et2O and (2,2,2-

cryptand) was added (919.0 mg, 2.441 mmol), forming an insoluble blue solid. The Et2O was 

concentrated en vacuo, and the solid dissolved in THF with drops of DMSO added to increase 

solubility. The solution was filtered through a pipette and the best blue crystals were grown by 

layering the THF/DMSO mixture and toluene at -30 ºC in 78% yield (1.47 g). Alternatively, 

crystals can be grown from a CH3CN layered with Et2O, which gave good analytical data, but a 

lower yield.  UV-vis(THF) (max, nm (, M-1.cm-1)) 571 (28), 260 (1550). Elemental analysis 

calculated (%) for K2FeC48H72O16F24N4 • MeCN: C 37.17, H 4.68, F 29.40, N 3.61; found: C 

37.01, H 4.88, F 29.35, N 3.62. Evans’ method: (CD2Cl2) eff = 5.20 μB.27 

 

2.3. 57Fe Mössbauer spectroscopy Field and temperature dependent spectra were recorded 

using a spectrometer operated in a constant acceleration mode. This instrument was equipped with 

a Janis Varitemp 8DT liquid helium cooled cryostat fitted with an American Magnetics 8 T 

superconducting coil. Using this spectrometer data could be acquired at temperatures ranging from 

1.7 to 250 K and applied fields of up to 8 T. The applied magnetic field was aligned with the 

propagation direction of the 14.4 keV γ -ray. The data analysis was performed using the WMOSS 

(See Co. formerly, Web Research Co, Edina, MN) spectral analysis software as well as C-based 

Igor Pro codes developed in-house. Isomer shifts are reported against the center of a zero-field 

spectrum recorded at room temperature for a α-iron metal foil. The Mӧssbauer absorbers were 

prepared by dispersing ground neat powders in either a mineral oil such as Nujol® or in eicosane. 

Samples were either shipped under an inert atmosphere in sealed Schlenk flasks or while stored at 

77 K using a dry shipping dewar. Upon receipt the samples were moved to a long-term storage 

dewar and stored under liquid nitrogen (LN2). Prior to measurements the samples were 

manipulated under LN2 and loaded in the spectrometer while cold.  

2.4. High-Frequency EPR The HFEPR spectra were acquired using a transmission type 

instrument equipped with a 17 T Oxford Instruments superconducting magnet.28 Desired 

microwave frequencies were obtained using a 12-14 GHz Virginia Diodes phased-locked source 

in combination with several frequency multipliers used to produce higher frequency harmonics. 

Spectral analysis was performed using the SPIN program and C-based Igor Pro codes developed 

in house.29 All samples were shipped while kept at 77 K using a LN2 dry shipper. Moreover, the 

samples were stored under liquid nitrogen transferred to the spectrometers or a glove box for 
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further grinding and dispersing in Nujol® while cold. The HFEPR samples were contained in 

polyethylene cups fitted with Teflon® stoppers and were investigated by zero field Mössbauer 

spectroscopy to assess the purity and viability of each sample. 

2.4. Computational Methods. Density Functional Theory (DFT) and Complete Active Space 

Self-Consistent Field (CASSCF) calculations were performed using the ORCA 5.0 quantum 

mechanical computation package.30,31 Benchmark Couple-Perturbed (CP) and single-point DFT 

calculations were performed using the hybrid B3LYP,32 GGA BP86,33 and meta-GGA TPSSh34 

functionals in combination with the Pople 6-311G35 and Ahlrichs triple-ζ def2-TZVPP36 basis sets. 

CASSCF calculations were additionally performed using the def2-TZVPP basis set. In order to 

ease computational burden, the RI-J approximation was used for all calculations – RI-JK was used 

when employing the BP86 functional, and the RI-JCOSX ‘chain of spheres’ approximation was 

used with the B3LYP and TPSSh functionals.37,38 The auxiliary basis sets Aux-C, Aux-J, and Aux-

JK were included as necessary with the autoaux command.39 In all cases, calculations were 

converged slowly to tight convergence criteria by employing the slowconv and tightscf commands 

respectively. In all CP and single point calculations, convergence to the ground state was verified 

with subsequent time dependent (TD) DFT calculations, in which all transitions occurred at 

positive energies. Geometry optimizations were performed using the full or simplified 

experimental structures of T, S, and S′ as initial inputs in combination with the opt ORCA script 

keyword. Structural models of [Zn(pinF)2]
2- were obtained by replacing the iron(II) ions of the 

corresponding [Fe(pinF)2]
2- models with zinc(II) and reoptimizing the resulting structures. 

CASSCF(5,6) calculations were performed considering six electrons distributed over five orbitals 

that comprise the canonical 3d-orbitals of the Fe(II) ion. Corrections to the obtained CASSCF 

correlation energies were provided by NEVPT2 methods.40 The triplet states’ contribution to the 

ZFS were estimated from the difference between the ZFS parameters derived from calculations 

which only considered the quintet states and those obtained when both the quintet and the triplet 

were included in the calculations. Theoretical isomer shifts were calculated at the B3LYP, BP86, 

TPSSh/TZVP and B3LYP/6-311G level of theory using the linear expression 𝛿 =  𝛼(𝜌(0) − 𝐶) +

 𝛽, where α, C, β are functional- and basis set-dependent parameters and ρ(0) is the calculated 

electron density at the Fe center.41,42,43 The ligands’ contribution to the EFG tensor was estimated 

by performing calculations on models for which the Fe(II) ions were replaced with zinc(II) ions.44 

The relaxed scans along the angle θ formed by the two planes defined by the OMO atoms, where 
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O refers to the two oxygen atoms of a pinF ligand and M to the 3d metal ion, were obtained by 

varying the dihedral angle between the two chelation rings, and measuring θ for each individual 

geometry optimized structure. Specifically, θ was obtained from the OXXO dihedral angle with a 

value ≤ 90° where X are dummy atoms inserted at the center of the O-O distance of a selected pinF 

ligand and the two O atoms of OXXO belong to two different pinF ligands, see Scheme 3.  

 

4. Results and discussion. 

4.1. Synthesis and SCXRD 

The [FeII(pinF)2]
2- complexes shown in Figure 1 were synthesized according to a slightly modified 

version of a previously optimized route24, by generating {FeN’’2} in situ ( N” = bis(trimethylsilyl 

amide)), and adding 2 equivalents of KHpinF.  Previously reported magenta 

{K(DME)2}2[Fe(pinF)2], S, was recrystallized from DME/hex solvent diffusion at -30 ºC. 

{K(C222)}2[Fe(pinF)2], S, was formed by adding 2 equivalents of 2,2,2-cryptand and blue crystals 

were grown out of layering a mixture of THF and DMSO with Et2O. SCXRD structural 

determination parameters for S are summarized in Table S1 - S2. S is completely planar, with a 

4 = 0 (0 = square planar, 1 = tetrahedral).23 The K+ cations bridge the two pinF ligands via two O 

atoms. In contrast to S, the anionic [Fe(pinF)2]
2- moiety in S is fully isolated from the K+ cation 

which is encapsulated by 2,2,2-cryptand. Whereas S has ideal square-planar geometry at Fe, S 

contains two independent Fe centers in the asymmetric unit, each with half occupancy with 4 

values of 0.37 and 0.27. Each Fe center sits on a two-fold axis and the Fe-O distances average 

1.98(9) and 1.98(4) Å, consistent with S, in which he Fe-OpinF distances average bond lengths of 

1.96(9) Å.  Despite the different 4 values of S and S, their average Fe-OpinF distances are 

surprisingly similar. Just as inferred from our computational study, this observation, suggests the 

K+ coordination on the alkoxide oxygen atoms does not play an important role in stabilizing a 

more planar {FeO4} site, vide infra. 

 

4.2. High-frequency EPR  

Overview. HFEPR spectra of S and T were recorded at 5 and 20 K for frequencies ranging from 

100 to 630 GHz. Selected spectra obtained for a neat powder of S are presented in Figures 2 and 

S2. The changes induced by regrinding and dispersing the powder of S in mineral oil are illustrated 
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by the corresponding 5 K, 203 GHz spectra presented in Figure S3. Similarly, Figure S4 presents 

spectra recorded at 5 K for a neat powder sample of T as well as some obtained at 20 K after 

regrinding and dispersing the powder in mineral oil. Figure S5 illustrates the temperature 

dependence of the experimental and theoretical 220.8 and 295.2 GHz spectra obtained for the neat 

powder sample of T. Finally, to illustrate the spectral contribution of a small ferric contaminant 

Figure S6 presents a closeup of the g~2 of the 20K, 220.8 GHz spectrum. 

We have analyzed these spectra using the standard S = 2 spin-Hamiltonian of Equation 1 in which 

the first term accounts for the ZFS of the quintet ground spin state and the second for the electronic 

Zeeman interaction. All symbols in this equation have their conventional meaning.45 

𝐇̂e = 𝐷 [(𝑆̂𝑧
2 − 2) +

𝐸

𝐷
(𝑆̂𝑥

2 − 𝑆̂𝑦
2)] + 𝛽e𝐒⃗̂ ⋅ 𝐠̃ ⋅ 𝐁⃗⃗⃗  (1) 

Our analysis, summarized in Figure 2 for S and Figure 4 for T, used a two-pronged approach: first, 

we used the values of the resonant fields of all major signals to compile two-dimensional field vs 

frequency maps of energy gaps, informally known as “Florida plots” (shown at the right in Figures 

2 and 4) and, second, we have performed extensive simulations of the individual spectra included 

in our analysis.46 The evaluation of the field vs frequency plots provided us with the best estimates 

of the experimental ZFS and g tensors, and the spectral simulations (one example each at the left 

of Figures 2 and 4) allowed us to rationalize the origin of the observed resonances. In this analysis 

we used as initial parameters those first derived from the field dependent Mössbauer spectra which, 

although quite robust, due to technical limitations are not as accurate as those provided by HFEPR. 

Inspection of the right sides of Figures 2 and 4 shows that, upon some refinement, these parameters 

have allowed us to account for most of the observed resonances. 

HFEPR spectra of S. To determine the ZFS and g tensors of S we have recorded a series of HFEPR 

spectra for a neat, ground powder sample at frequencies ranging from 108 to 643 GHz, at 5 and 20 

K, Figure S2. Interestingly, these spectra showed a large number of features, some of which were 

attributed to randomly oriented single crystals which generate narrow but intense resonances in 

imperfectly ground and/or magnetically torqued powder samples. This could be seen as a "grass 

pattern" in some of the high frequency spectra such as those obtained at ~400 GHz (Figure S2). 

To eliminate these unwanted spectral artifacts, we reground the sample and dispersed them in a 

chemically inert mineral oil, Nujol®. However, inspection of Figure S3 shows that this treatment 

was only partially successful. Nevertheless, despite these shortcomings, we were able to 
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successfully rationalize most of the genuine powder-type resonances observed for these spectra, 

vide infra. 

 

Figure 2. Left: Experimental (blue) HFEPR spectrum recorded for S at 20 K using a microwave 

frequency of 609.6 GHz and theoretical curve (red) obtained using the parameters listed in Table 

1. The black arrow highlights a resonance not accounted for in our analysis and the feature marked 

by the asterisk is an instrumental artifact. Right: A field vs frequency plot in which black dots 

indicate the resonant fields and frequencies of the experimental resonances used to derive the spin 

Hamiltonian parameters of S. The red circles indicate the resonances not included in our analysis. 

The solid curves account for the theoretical dependencies of the ground state resonances and the 

dashed curves of the excited state resonances. The red, blue, and green colors account for the z, y, 

and x molecular directions, respectively.  

 

The field vs frequency plot obtained for S, Figure 2 right, reveals that the spectra obtained for 

frequencies below 162 GHz did not provide any useful information. Moreover, most of the spectra 

recorded at ~200 GHz are dominated by a single low-field, relatively intense resonance. A notable 

feature of this absorption is that it moves to lower resonant fields when the microwave frequency 

is increased. Thus, in this case, increasing the strength of the applied field leads to a decrease in 

the energy splitting of the levels between which the resonance takes place and therefore to a lower 

resonant frequency. Inspection of the energy level diagrams presented in Figure 3 shows that this 

resonance may be traced to a transition occurring at the y orientation, between the levels of the 

|1, ±⟩ excited quasi-doublet. Therefore, we observe a |1, ±⟩ ↔ |1, ∓⟩ transition which in zero-

field has an energy gap of 6E. Consequently, the zero-field crossing observed at ~224 GHz 

suggests that S has a rhombic ZFS parameter E = 1.25 cm-1. Interestingly, the frequency vs field 

dependence inferred for this resonance “bounces” of the field axis at 6.2 T meaning that these 
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levels intersect at this field value such that a transition between same levels at the y orientation is 

also observed for fields > 6.2 T and frequencies up to 420 GHz. There is another zero-field crossing 

at ~575 GHz which may be assigned to the |0⟩ ↔ |1, +⟩ resonance. This transition has a ZFS of 

D+3E allowing us to estimate the D parameter 575 GHz-112 GHz = 463 GHz or 15.4 cm-1. Further 

parameter refinement was achieved by fitting the experimental resonances in Figure 2. Finally, the 

ground state character of these resonances and therefore the sign of D was further confirmed by 

simulations of individual spectra such as that presented in Figure 2.  

 
Figure 3. Energy levels obtained for a S = 2 spin system using the parameters derived from HFEPR 

for S, listed in Table 1. The red, blue, and green colors account for the z, y, and x molecular 

directions, respectively. The vertical lines highlight the resonant fields predicted for a microwave 

frequency of 609.6 GHz. 

 

In addition to the experimental resonances, shown as black dots in Figure 2, used to derive the spin 

Hamiltonian parameters of S listed in Table 1, we have also observed a number of less prominent 

absorptions which were not rationalized by these parameters, indicated as red dots in Figure 2. A 

representative example is highlighted by the vertical black arrow of Figure 2. The zero-field 

Mössbauer spectra recorded for this sample shown in Figures 6 and S8a demonstrate that either 

these putative contaminants cannot be distinguished by Mössbauer spectroscopy or that they 

account for less than 2% of the Fe present in the sample. Interestingly, these species exhibit zero-

field transitions at 197, 298, 329, and 600 GHz. If we assume that for one of these species 𝐷 +

3𝐸 = 600 GHz and 𝐷 − 3𝐸 = 329 GHz we infer that its ZFS parameters are D ~ 15.5 cm-1 and 

E/D ~ 0.1. Although the other zero-field transitions lead to smaller D values they are still 

indistinguishable from one another by field-dependent Mössbauer and are comparable to that 

obtained for S. This observation suggests that these species incorporate structurally different but 
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chemically analogous Fe(II) sites such as the different conformers for the anions in 

{K(C222)}2[FeII(pinF)2], S. 

4.2.1. HFEPR spectra of T. The features in the spectra recorded for T are rather sparse with only 

a handful of clearly identifiable absorptions. However, most of these spectra exhibit a relatively 

intense low-field resonance with an effective g value that changes from ~ 10.2 at 98 GHz to ~8.5 

at 634 GHz, see Figures 4 and S4. For an S = 2 spin system, such g values are typically observed 

for signals which originate from a transition within the |2, ±⟩ quasi-doublet.47  When the ZFS of 

this quasi-doublet, 𝛿ZFS ≅ 3𝐷(𝐸/𝐷)2, is of the order of ~0.3 cm-1, a resonance may be observed 

for systems with negative D at X-band EPR using a parallel microwave polarization mode. 

Nevertheless, because in this case 𝛿ZFS ~ 1.6 cm-1 no X-band EPR spectra of this kind can be 

observed for T despite its negative D parameter, vide infra. Inspection of Figure 4 shows that a 

frequency of at least 48 GHz is needed to detect this transition. The selection rule that applies in 

this case, Δms = 0, indicates that a transition is observed only when B1, the oscillating magnetic 

component of the microwave field, has a non-zero projection along the molecular z-axis. 

 

Figure 4. Left: Experimental (blue) HFEPR spectrum recorded at 5 K for T using a microwave 

frequency of 295.2 GHz and theoretical curve (red) obtained using the parameters listed in Table 

1. The dashed vertical line marks the location of the g = 2.0023. Right: The black dots present the 

field vs frequency location of the experimental resonances. The red circles indicate resonances not 

included in our analysis. The solid curves account for the theoretical dependencies of the ground 

state resonances and the dashed curves of the excited state resonances. The red, green, and blue 

colors account for the z, y, and x molecular directions, respectively. 
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In contrast to standard EPR spectrometers, the instrument used in this work did not incorporate a 

resonant cavity. Because of this technical feature, the microwave modes are disordered such that 

the parallel and perpendicular polarizations are both present. As a result, we routinely observe 

“forbidden” transitions. Furthermore, the corresponding transition probability is determined by the 

⟨2, +|𝑆̂𝑧|2, −⟩ matrix element which is proportional to the mixing of the |𝑆, 𝑚𝑠⟩ =|2, ±2⟩ spin 

sublevels with |2,0⟩. Since for E = 0 this matrix element is null, the persistence of this mixing in 

an applied field is determined by the magnitude of the ZFS parameter E. Therefore, the observation 

of this resonance at large field and frequencies, even as large as 5 T and 600 GHz, demonstrates 

that T must have a sizable E/D. Inspection of Figure S5 shows that the temperature-dependent 

behavior of this absorption is indicative of a ground state resonance suggesting that D is negative. 

Most importantly, the review of the field vs frequency plot, right side of Figure 4, obtained for T 

suggests that this resonance “crosses” the B = 0 axis at ~ 48 GHz which provides us with a direct 

measure of the |2, ±⟩ ground quasi-doublet’s ZFS namely, 𝛿ZFS~ 1.6 cm-1. Interestingly, another 

zero-field crossing is observed at ~ 620 GHz which can be traced to an inter (quasi) doublets 

|2, ±⟩ ↔ |1, ±⟩  transition. This resonance “moves against” frequency, that is, increasing the 

microwave frequency leads to a lower resonant field, which demonstrates that the splitting of the 

two levels between which the transition takes place decreases with increasing strength of the 

applied field. Therefore, we may assign this absorption to the |2, +⟩ ↔ |1, −⟩ transition which has 

a ZFS Δ = 3𝐷 − 3𝐸, see Figure 5 for the labels of the spin levels. While a first estimate of the 

ZFS parameters may be derived from these energy gaps, D ~ -9 cm-1 and E ~ 2 cm-1 which are 

essentially identical to the parameters derived from the analysis of the field-dependent Mössbauer 

spectra, the values listed in Table 1 were obtained by fitting the field and frequency dependence 

of the resonances indicated as black dots in Figure 4 right.  
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Figure 5. Energy levels obtained for a S = 2 spin system using the parameters derived from HFEPR 

for T, listed in Table 1. The red, green, and blue colors account for the z, y, and x molecular 

directions, respectively. The vertical lines highlight the resonant fields predicted for a microwave 

frequency of 324 GHz. 

 

A surprising feature of the field vs frequency plot obtained for T is that most absorptions identified 

for this species are z type resonances. This result is due to not only to the peculiar properties of 

this spin system but also to the field induced alignment, “torquing” of the microcrystalline powder. 

This alignment allows the z resonances to be more easily detected. This torquing likely occurred 

during the acquisition of the first HFEPR spectrum obtained for the neat powder sample. Thus, 

inspection of Figures S4 – S5 shows that nearly all resonances observed for the neat powder are 

not only very intense but also that they cross the baseline, which is expected in single crystal 

spectra but not in powders with randomly distributed molecular orientations. The applied magnetic 

field tends to orient the individual crystals such that their easy axis, which for negative D typically 

is the molecular z-axis, becomes parallel to the applied field. The relative intensities of the 

resonances associated with T may be judged from their comparison with those clustered around g 

~ 2.00. These resonances originate from a high-spin ferric contaminant, are not influenced by 

torquing and exhibit normal powder shape, Figure S4.  A theoretical fit of an S = 5/2 system in this 

region is shown in Figure S6. To mitigate this experimental artifact, just like for S, we reground 

the polycrystalline powder and dispersed it in Nujol®. Upon freezing, the oil locks the individual 

grains in place and prevents the field induced reorientation. The HFEPR spectra of the immobilized 

sample exhibit a characteristic powder pattern with the z resonances, including the high-g 

transition within the |2, ±⟩ quasi-doublet, not crossing the baseline. Their intensity is drastically 

reduced, and additional resonances, along y and x axes, can be clearly identified, see Figure S4.  

In addition to the resonances clustered around g ~ 2 there are several other features not rationalized 

by the parameters we determined for T. These absorptions are most conspicuous at low field for 

the spectra recorded at ~300 GHz and are shown using red circles in the field vs frequency plot of 

Figure 4. Interestingly, analogous to the contaminants observed for S, these features most likely 

originate from a high-spin Fe(II) species with a large positive ZFS, D ~ 14.8 cm-1 and E/D ~ 0.15. 

Our theoretical analysis suggests that such parameters may be observed for a species derived from 

T for which the K+ cation is displaced from the second coordination sphere of the Fe(II) ion. The 
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loss of the alkali metal cation not only causes the symmetry of the trigonal transition metal site to 

change from C2v to C3v, but also it induces a switch in the sign of D, vide infra. 

 

Table 1. The spin Hamiltonian parameters of S and T, determined from the HFEPR spectra and 

comparison with other relevant complexes. 

Compound D 

[cm-1] 

E 

[cm-1] 

E/D g - tensor Ref. 

gx gy gz 

S 15.17(1) 1.246(1) 0.08 2.090(3) 2.167(3) 1.99(1) e 

(CF3ONO)FeCla 17.4 2.43 0.14 2.19 2.18 2.04 18 

T -9.16(1) -2.26(1) 0.24 2.17(1) 2.18(1) 2.191(3) e 

[Fe(SR)3]- b 10.2(5)d 2.04 0.20 
not reported 25 

Li(THF)2Fe(SR)3
c 14(3)d 3.5 0.25 

a) CF3ONO is the pincer-type ligand 2,2’(azanediylbis(2,1-phenylene)bis(1,1,1,3,3,3-hexa-

fluoro-propan-2-olate). The second coordination sphere of this complex is stabilized by two Li+ 

ions. Parameters derived from HFEPR and field dependent Mössbauer studies. 

b) The complete formula is Ph4P[Fe(SR)3]·2MeCN·C7H8, where R = C6H2-2,4,6-tBu3. Parameters 

derived from field dependent Mössbauer studies. 

c) The complete formula is [Li(THF)2Fe(SR)3]·1/2C6H14 where R = C6H2-2,4,6-tBu3. Parameters 

derived from field dependent Mössbauer studies. 

d) The values in the round brackets provide estimated uncertainties of the last significant digit. 

e) This work. Parameters derived from HFEPR and field dependent Mössbauer studies. 

 

 

4.3.57Fe Mössbauer spectroscopy 

4.3.1. Zero-field spectra. The zero-field spectra recorded for S/S and T consist of single, well-

defined quadrupole doublets which account for > 98% of the iron contained in their corresponding 

samples. The quadrupole doublet of S exhibits relatively narrow linewidths, Γ = 0.27 mm/s, which 

suggests that the Fe site of S is structurally homogeneous. Furthermore, at 4.2 K this doublet has 

an isomer shift of δ = 0.807(3) mm/s and a quadrupole splitting ΔEQ = 0.626(4) mm/s, see Figure 

6 top. While this isomer shift value is typical of high-spin Fe(II) ions the ΔEQ is unusually small 

for such chemical species.48 Nevertheless, the magnitude of this parameter is similar to that of 

other high-spin, square-planar, Fe(II) compounds including [Li2(THF)2(CF3-ONO)FeCl], see 

Scheme 1, reported by Pascualini et al which was also characterized by field-dependent Mössbauer 

and HFEPR, see Tables 1 - 3.18 Similarly, for S we observed a slightly asymmetric quadrupole 

doublet characterized by an isomer shift δ = 0.895(4) mm/s and a quadrupole splitting ΔEQ = 

0.564(4) mm/s, see Figure 6 middle. Although the linewidths of these resonances are slightly larger 
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than those of S, ΓL/R = 0.29/0.32 mm/s, they are still fairly typical of those observed for chemically 

homogeneous Fe(II) sites. Nonetheless, we have attempted to deconvolute the individual spectral 

components associated with the two crystallographically distinct sites of S using both a nested 

and an intercalated arrangement of two doublets, see Figure S7. However, inspection of the 

parameters derived from these simulations, listed in Table S4, shows that this effort was essentially 

unsuccessful, that the two sites of S cannot be distinguished in the zero-field Mössbauer spectra. 

Interestingly, the small ΔEQ of these compounds originates from the competition between two 

opposite contributions to the electric field gradient (EFG) tensor. The large valence contribution 

generated by the doubly occupied 3d𝑧2 orbital is nearly quenched by the ligand contribution 

generated by the negatively charged ligands located in the plane of the molecule, vide infra. 

 

Figure 6. Zero field Mössbauer spectra recorded at 4 K for S (top), S(middle) and T (bottom). 

The solid red lines are theoretical spectra obtained using a Lorentzian lineshape with a linewidth 

Γ = 0.27 mm/s for S, Γ = 0.29/0.32 mm/s for S, and Γ = 0.28 mm/s for T and the parameters listed 

in Table 2.  

 

We anticipated that the combination of factors responsible for the unusually small quadrupole 

splitting of S/S would also be operative for T such that we would observe a similar set of 

parameter values. However, while the quadrupole doublet of T, similarly to that of S, exhibits 

narrow line widths indicative of a chemically pure, structurally homogenous species and is 
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characterized by δ = 1.231(3) mm/s the ΔEQ = 2.418(2) mm/s of T is much larger than that of S/S, 

see Figure 6 bottom. Moreover, inspection of Table 2 shows that the ΔEQ of T is also larger than 

those obtained for the analogous thiolate-supported, three-coordinate Fe(II) complexes, see Table 

2. The analysis of the latter compounds showed that just like for square-planar Fe(II) compounds, 

their low quadrupole splitting is indicative of a z2-type ground state. Consequently, the large ΔEQ 

of T and its negative ZFS (vide supra) are, most likely, indicative of a non-z2 ground state.  

Table 2. Zero field Mössbauer parameters of S, S and T as well as of other relevant iron complexes 

or iron-containing materials.  

Compound Fe site 

geometrya 

T  

[K] 

δ 

[mm/s] 

ΔEQ 

[mm/s] 

Ref. 

-Fe(II) mordenite SP 293c 0.89 0.55 10 

{K(DME)2}2[Fe(pinF)2], S SP 4.2 0.807(3) 0.626(4) b 

{K(C222)}2[Fe(pinF)2], S SP 4.3 0.895(4) 0.564(4) b 

(CF3ONO)FeCl SP 4.2 0.82(1) 0.45(1) 18 

[Li2(THF)4Fe(O(SiPh2O)2)2] SP 13-120 0.87 0.53 22 

{K(18C6)}[Fe(OC4F9)3], T TP 4.2 1.231(3) 2.418(2) b 

[Na(DME)Fe(OSiPh3)3] TP 15 0.74 0.95 49 

[Fe(SR)3]
- TP 4.2 0.56(1) 0.83(2) 25 

Li(THF)2Fe(SR)3
 TP 4.2 0.60(1) 0.87(2) 25 

a) SP = square planar, TP = trigonal planar 

b) This work. 

c) Room temperature. 

 

The isomer shifts of S/S, and T exhibit only a slight temperature dependence, at 180 K their values 

are 0.02-0.03 mm/s lower than those observed at 4.2 K, see Tables S5 – S6 and Figures S8 – S10. 

This change is typical and originates from a second-order Doppler effect.48 While the quadrupole 

splitting of S/S are essentially temperature-independent decreasing by less than 0.03 mm/s from 

4.2 to 180 K, the change observed for T is nearly ten times as large such that at 180 K, ΔEQ = 

2.13(2) mm/s. These trends likely indicate that while S/S have thermally isolated orbital ground 

states, T exhibits a low-lying excited orbital state which, even at 180 K, acquires a sizable 

Boltzmann population.  

4.3.2. Field-dependent spectra. The field dependent Mössbauer spectra recorded for S/S and T 

have been analyzed using the standard spin Hamiltonian of Equation 2.50 This expression was 

obtained by augmenting the electronic spin Hamiltonian of Equation 1 with terms that account for 

the nuclear hyperfine interactions of 57Fe nuclei and which are detailed in Equation 3.  
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𝐇̂ = 𝐇̂e+𝐇̂hf        (2) 

𝐇̂hf = 𝛿 + 𝐈⃗̂ ⋅ 𝐏̃ ⋅ 𝐈⃗̂ + 𝐒⃗̂ ⋅ 𝐀̃ ⋅ 𝐈⃗̂ − 𝛽𝑛𝑔𝑛𝐒⃗̂ ⋅ 𝐈⃗̂    (3) 

𝐈⃗̂ ⋅ 𝐏̃ ⋅ 𝐈⃗̂ =
𝑒𝑄

12
𝑉𝑍𝑍[3𝐼𝑍𝑍 − 𝐼(𝐼 + 1) + 𝜂(𝐼𝑋𝑋 − 𝐼𝑌𝑌)]   (4) 

From left to right the individual terms of Equation 3 account for the isomer shift (electric 

monopole), electric quadrupole interaction, hyperfine coupling, and nuclear Zeeman interaction, 

respectively. Equation 4 allows us to connect the individual tensor components 𝑉𝑍𝑍, 𝑉𝑋𝑋, 𝑉𝑌𝑌 of 

the electric field gradient tensor (EFG) 𝐏̃ with the quadrupole splitting, ΔE𝑄 =

(𝑒𝑄𝑉𝑍𝑍 2⁄ )√1 + 𝜂2 3⁄ , and the EFG asymmetry parameter, 𝜂 = (𝑉𝑋𝑋 − 𝑉𝑌𝑌) 𝑉𝑍𝑍⁄ . The relative 

orientation of the EFG and A tensors with respect to the ZFS tensor of Equation 2, which provided 

the reference frame, was described using a standard set of Euler angles {𝑅𝑧(𝛼) → 𝑅𝑦(𝛽) →

𝑅𝑧(𝛾)}.  

Field dependent spectra of S. Based on the similarity of the square-planar structure and zero-field 

Mössbauer spectra of S with those of [(CF3ONO)FeCl] we anticipated a positive D and an axial 

ZFS tensor (E/D ~0).18 This assumption was readily validated by our spectral simulations. 

Inspection of Figures 7 and S11 show that at 4.2 K the applied field leads to a gradual development 

of a field-induced hyperfine splitting which fails to reach a saturation value even at 8 T. This 

behavior is indicative of a positive D value which leads to a |𝑆, 𝑚⟩ = |2, 0⟩ ≈ |0⟩ ground state. In 

this case, the applied field mixes the excited |1, ±⟩ = (|2, 1⟩ ± |2, −1⟩)/√2 spin sublevels into the 

ground state leading to spin expectation values such that 〈𝑆̂𝑧〉 ≈ 0 and 〈𝑆̂𝑥〉, 〈𝑆̂𝑦〉 are finite, approx. 

-1.6 at 8 T, see Figure S13. Consequently, the low-temperature data are sensitive to Ax, Ay and D 

but they are independent of Az. The latter parameter was determined from the spectra recorded at 

T ≥ 20 K, see Figure S12, for which the |1, −⟩ spin sublevel acquires a sizable Boltzmann 

population and leads to a significant contribution to 〈𝑆̂𝑧〉𝑡ℎ. Thus, the hyperfine splitting pattern of 

the field-dependent spectra is determined by the vectorial sum of the applied magnetic field and 

the internal magnetic field, 𝐁⃗⃗⃗𝑖𝑛𝑡 = − 〈𝐒⃗̂〉 ∙ 𝐀/𝑔𝑛𝛽𝑛 where 〈𝐒⃗̂〉 is the spin-expectation value.50  
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Figure 7. Field and temperature dependent Mössbauer spectra recorded for S. The solid red lines 

are simulations obtained using Equation 2 and the parameters listed in Tables 1 - 2. The complete 

set of field dependent spectra included in our analysis is presented in Figures S11 – S12.  

 

All 4.2 K spectra recorded for complex S were simulated assuming a slow relaxation rate of the 

electronic spin. The spectra recorded at higher temperatures were obtained assuming a fast 

relaxation regime for which the 〈𝐒⃗̂〉 is averaged over all thermally accessible spin sublevels, labeled 

〈𝐒⃗̂〉𝑡ℎ. At high temperatures, for which 𝑘𝐵𝑇 ≫ 𝐷, the 〈𝐒⃗̂〉𝑡ℎ is inversely proportional to the 

temperature such that the internal field follows Curie’s law.51 Under these conditions 𝐁⃗⃗⃗𝑖𝑛𝑡 is 

virtually independent of the ZFS parameters D and E/D, and the simulations of these spectra 

provided the magnitude of the A tensor components and of η, the asymmetry parameter of the EFG 

tensor. The size of the ZFS parameter D was first estimated from the spectra obtained at 

intermediate temperatures, particularly those recorded between 10 and 80 K. The parameter values 

listed in Tables 1 – 3 were derived from the combined analysis of the field dependent Mössbauer 

and HFEPR spectra and were used to generate all theoretical spectra included in this manuscript. 

In contrast to the theoretical EPR spectra, the simulated Mössbauer spectra are not as sensitive to 

minute changes of the ZFS parameter values. Consequently, the ZFS parameters obtained using 
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Mössbauer spectroscopy are more robust, however, their values are not as precise as those obtained 

from EPR.  

Field dependent spectra of S. While the magnitude of the hyperfine splitting pattern of the field-

dependent spectra obtained for S is similar to that of S, the corresponding spectral shapes are quite 

different, see Figures 8 and S14-S15. In particular, the 4.3 K spectra exhibit relatively few 

distinguishing features such that, except for the two low-energy features of the 4.3 K, 6-8 T spectra 

the individual spectral components associated with the two sites overlap and cannot be 

distinguished from one another, see Figure S14. Considering our inability to differentiate the 

individual spectral components associated with two sites and the large number of parameters 

required to simulate each component, up to 26 parameters per site, to rationalize these field-

dependent spectra, we have introduced several simplifications. Thus, we have employed the ZFS 

and g tensors derived from the HFEPR studies of S. In addition, we have kept the magnitude of 

the zero-field Mössbauer parameters of the two sites the same. We found that even with these 

limitations most of the field-dependent spectra of S, shown in Figures S14 – S15, may be 

reproduced fairly well, using individual A tensors which are clearly reminiscent of that obtained 

for S, see Table 3. 

 

Figure 8. Comparison of the 4 K, 6 T Mössbauer spectra recorded for S (top) and S (bottom). The 

theoretical spectra of S were obtained using the parameters listed in Tables 1-3 for site a (red) and 

site b (blue). The complete set of field-dependent spectra acquired for S are presented in Figure 

S14-S15.  
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Field dependent spectra of T. The field-dependent spectra recorded at 4.2 K for T, some of which 

are shown in Figure 9, exhibit two notable features. First, the spectra recorded at 7 – 8 T exhibit 

an unusual triangular shape. In this case, the individual resonances that are typically observed at 

high fields merge into two broad absorption lines which are essentially devoid of prominent 

features. Although such spectral shapes are uncommon they have been occasionally observed for 

S = 1/2 species that have highly anisotropic A tensors.52 Second, analysis of the low-field (B ≤ 2 

T) spectra demonstrate a field-induced change in the relaxation rate of the electronic spin from fast 

(𝜔 ≥ 1010 Hz) to slow (𝜔 ≤ 107 Hz) when compared to the Mössbauer time scale (𝜏M~10−9 s), 

see Figures S16-S17. Even though a comparable behavior is often described when AC 

magnetometry is employed to investigate the spin-dynamics of molecular magnets, due to the 

considerably shorter time scale such effects are rarely observed using Mössbauer spectroscopy.53,54 

Interestingly, the orientation-dependent change in the relaxation rate observed for four-coordinate 

LFeII(-Cl)2Li(THF)2, where L is a sterically encumbered β-diketiminate ligand, leads to spectra 

with similar features as those observed for T.55 More recently, a similar behavior has also been 

observed for two iron(II) complexes supported by dichalcogenidoimidodiphosphinato ligands.53 

Thus, inspection of Figure S16 shows that for fields below 0.5 T the spectra are well simulated 

assuming a fast relaxation regime. However, for B = 1 - 2 T the high energy peak, which for these 

simulations is the most sensitive to Az, has a hyperfine splitting that is considerably larger than that 

expected for a fast relaxation regime. Thus, the magnitude of this splitting is well reproduced when 

a slow relaxation regime is assumed, see Figures 9, S16 and S17. As the strength of the applied 

field increases above 3 T the experimental spectra are well reproduced by assuming a slow 

relaxation rate. Nevertheless, at 4.2 K for larger field values, B ≥ 5 T, for which the spin expectation 

value of the lowest spin sublevel reaches its saturation value and is essentially to equal the 

thermally averaged spin expectation values, ⟨2, −|𝑆̂𝑧|2, −⟩ ≈ 〈𝑆̂𝑧〉𝑡ℎ ≈ −2, the shape of the 

theoretical spectra is independent of the relaxation rate, see Figures S18 and S19. The hyperfine 

coupling parameters derived from the analysis of the field dependent spectra are presented in Table 

3. Moreover, the entire set of field dependent spectra and the corresponding simulations are 

presented in Figures S16-S19.  
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Figure 9. Field and temperature dependent Mössbauer spectra recorded for T. The solid lines are 

simulations obtained using Equation 4 and the parameters listed in Tables 1-2. For the complete 

data set used to derive these parameters see Figures S12-S15. While the theoretical spectra shown 

in blue were obtained assuming a slow relaxation regime, those shown in red were obtained for a 

fast relaxation regime of the electronic spin. 

 

Table 3. Hyperfine-structure parameters obtained from the analysis of the field-dependent spectra 

obtained for S/S and T and of selected analogous complexes. The ZFS and g tensors of S and T 

were determined from the analysis of the HFEPR spectra and are presented in Table 1. Where 

available, the values in the round brackets provide estimated uncertainties of the last significant 

digits. 

Compound δa 

[mm/s] 

ΔEQ
a 

[mm/s] 

η EFG tensor rotation  𝐴x 𝛽𝑛⁄ 𝑔𝑛 

[T] 

𝐴y 𝛽𝑛⁄ 𝑔𝑛 

[T] 

𝐴z 𝛽𝑛⁄ 𝑔𝑛 

[T] 

Ref. 

α [°] β [°] γ [°] 

S 0.807 0.626 0.5(1) 18 30 0 -18.4(5) -13.4(6) -31(1) d 

S 
site a 0.895 0.564 0.0 0 90 0 -9.5 -14.6 -35 d 

site b 0.895 -0.564 0.2 0 90 90 -6.1 -12.1 -35 d 

(CF3ONO)FeCl 0.82 -0.45 0.6(2) 0 90(45) 90(90) -17(1) -13(1) -30(2) 18 

T 1.231 -2.418b 0.82(10)b 90 90 90 -18.5(5)d -24.5(5)d -3.6(2)d d 

[Fe(SR)3]- 0.56 -0.83 0 0 0 0 -5.5(4) -5.5(4) -21.2(10.2) 25 

Li(THF)2Fe(SR)3
 0.60 -0.87 0.93(7) 60 0 0 -2.8c +3.3c -26(3)c 25 

a) Values observed at 4.2 K. 

b) This solution may also be represented using ΔEQ = 2.418, α = β = γ = 0° and the non-standard η = 1.2(1) value. 

c) The hyperfine splitting tensor A is rotated from the reference frame of the ZFS by A = 60, A = A= 0. The magnitudes of Ax and Ay 

depend on the choice of D and the rotation of the EFG tensor however, they are both smaller than 3.4 T. 

d) This work. 
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4.4. Theoretical and computational studies.  

4.4.1. Overview. Our computational investigation suggests that the distortion of the two Fe(II) sites 

of S with 4 = 0.27 and 0.37,56 when compared to perfectly planar site of S, 4 = 0.00, is primarily 

caused by the change in the conformation of the two Fe-pinF chelate rings, see Scheme 2. Although 

the C222 cryptand blocks the K+ ions from interacting with the [FeO4] sites, the asymmetric unit 

of S incorporates two distinct Fe ions each chelated by two pinF ligands which adopt a similar δδ 

conformation, see Figure S1. In contrast, for S we observe only one δλ-[Fe(pinF)2]
2- anion, see 

Table S3.  Nevertheless, the main effect of this distortion is to lower the energy of the |𝑥𝑦⟩ state, 

see Figures 11 and S22. Since this state has little to no influence on the spin-orbit interactions, just 

as observed experimentally, the magnetic anisotropies and spectroscopic behavior of S and S are 

quite similar. While the electronic structure and geometry of T can only be rationalized by 

considering the strong interaction of the [Fe(OC4F9)]
- complex anion with the {K(18C6)}+ cation, 

the countercations of S/S have virtually no influence on the electronic structure and geometries of 

their Fe(II) sites. In fact, our computational investigation suggests that despite the fact the K+ ions 

of S are bound directly to the oxygen atoms of the [FeO4] moiety, their main influence on the 

electronic structure of the Fe(II) site is to lower the energy of the |𝑦𝑧 ⟩ state by ~400 cm-1, see 

Figure S22.  

 

Scheme 2. Five membered ring with λ and δ chelate ring conformations experimentally observed 

for the [Fe(pinF)2]
2- anions. 

4.4.2. Factors that influence the geometries of S/S. Our geometry optimizations performed using 

DFT on structural models of S indicate that the excision of the {K(DME)2}
+ cations does not 

induce a decrease in the planarity of the [FeO4] structural motif. Thus, these calculations suggest 

that the inclusion of the K+ ions in the second coordination sphere of the Fe(II) site does not 

constitute a prerequisite for the stabilization of a square planar geometry. Experimentally, this 

conclusion is corroborated by the structure of (Me4N)2[Fe(pinF)2]·2CH3CN which incorporates a 



25 
 

perfectly planar [FeO4] moiety but lacks a direct interaction between the pinF ligands and alkali 

ions.14 Additionally, our reinvestigation of the potential energy surface along the angle θ formed 

by the two pinF ligands, see Scheme 3, obtained from a relaxed scan performed at the BP86/def2-

TZVPP level of theory, also suggests that a planar [FeO4] geometry corresponds to a global 

minimum.  

 

Scheme 3. Definition and measurement of the angle θ which quantifies the angle formed by the 

two chelating pinF ligands. Thus, θ is defined with the help of two dummy atoms, labeled X, which 

are inserted at the midpoint of the O-O distance of each pinF ligand such that, numerically, θ is 

equal to the resulting OXXO dihedral angle.  

 

However, inspection of Figure 10 shows that this potential is quite shallow, with a maximum of 

~550 cm-1 observed at 4 ~ 0.55, and that a second local minimum is observed at θ ~ 90°, τ4 ~ 0.78. 

This higher energy local minimum is 495 cm-1, ~1.4 kcal/mol, above that observed at ~0° for the 

planar structure.  Consequently, this scan indicates that the Fe(II) site of the [Fe(pinF)2]
2- anion 

may be easily distorted which might explain the distortions observed for the two Fe sites of S and 

that of PPN[Li(MeOH)4][Fe(pinF)2].
17 Then again, we find that we obtain a global minimum at 

~0° only when the two ligands of [Fe(pinF)2]
2- adopt a δλ conformation, such as that observed for 

S and (Me4N)2[Fe(pinF)2]·2CH3CN. Interestingly, the location of the global minimum is displaced 

to θ ~ 21° when the two pinF ligands assume a δδ conformation, such as that observed 

experimentally for the two sites of S and of PPN[Li(MeOH)4][Fe(pinF)2]. Therefore, these 

calculations suggest that the geometry of the [FeO4] moiety is controlled, at least in part, by the 

intramolecular packing of the pinF ligands which appears to be more efficient for the δδ isomer. 

Thus, single point calculations performed for geometry optimized models of δλ- and δδ-

[Fe(pinF)2]
2- predict that the δδ isomer is lower in energy. A similar behavior is obtained for the 

[Zn(pinF)2]
2- analogues except that, in this case, the energy of the δδ isomer is only 18 cm-1, ~ 0.05 

kcal/mol, lower than that of the δλ. Most importantly, the potential energy curves obtained for 
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[Zn(pinF)2]
2- have only one minimum, each corresponding to a structure best described as quasi-

tetrahedral. These theoretical structures are similar to those of the Zn(II) complexes structurally 

characterized to date. In particular, the δλ-[Zn(pinF)2]
2- anion of K2[Zn(pinF)2] exhibits a θ = 88.4° 

and 4 = 0.80 which are quite close to the θ = 88.7° and 4 = 0.82 obtained for the δλ theoretical 

structure. Since the Zn(II) ions have a d10 electronic configuration, their ligand field stabilization 

energies are null. Therefore, the geometries of these Zn(II) complexes are essentially determined 

by steric interactions. The dissimilarity of the potential energy curves obtained for the Zn(II) 

complexes and their Fe(II) analogues suggests that the stabilization of a planar [FeO4] moiety 

likely originates from an electronic effect.  

 

Figure 10. Potential energy curves obtained for the δλ (red) and δδ (blue) isomers of [M(pinF)2]
2- 

where the curves obtained for Fe(II) are shown using solid and those for Zn(II) using dashed lines. 

These curves were obtained from relaxed scans performed at the BP86/def2-TZVPP level of 

theory, see text. The τ4 values of the top axis are reported with respect to the potential obtained for 

δλ-[Fe(pinF)2]
2-. The gaps of the [Fe(pinF)2]

2- traces correspond to points for which the SCF did 

not converge.  

 

Considering that at least one square-planar [M(pinF)2]
2- species has been structurally characterized 

for each 3d M(II) ion with a d6 – d9 configuration and that both A2[Zn(pinF)2] complexes reported 

to date enclose a quasi-tetrahedral geometry Zn(II) site, it is likely the population of the 3d𝑥𝑦 

orbital plays the most important role in stabilizing a square planar geometry. Because this orbital 
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points directly at the O atoms of the pinF ligands it has the highest energy among the 3d orbitals. 

Therefore, the 3d𝑥𝑦 orbital of [M(pinF)2]
2- species becomes doubly occupied only for Zn(II) ions 

which have a d10 electronic configuration. Inspection of Figure 11 shows that, as expected, the 

energy of the |𝑥𝑦⟩ state is strongly affected by the planarity of the [FeO4] site such that at θ = 90° 

its CASSCF(5,6) -predicted value is only half of that obtained at θ = 0°, see next section for the 

details of the CASSCF calculations and a discussion of the electronic structures of S/S. 

Furthermore, for τ4 ≤ 0.2 there are one or more triplet states which have a lower energy than |𝑥𝑦⟩. 

The mechanism through which the |𝑥𝑦⟩ state promotes the planarity of the [FeO4] moiety is yet to 

be established. 

 
Figure 11. Relative energies of the five quintet states, shown in red, and of the three lowest triplet 

states, represented in blue, predicted by CASSCF(5,6) calculations which considered all five 

quintet and all 35 triplet states performed on the geometry optimized structures derived from the 

BP86/def2-TZVPP relaxed scan along θ for δλ-[Fe(pinF)2]
2-. The labels of the quintet states refer 

to the states of the approximately square planar geometry (C2h), at θ = 0°.  

 

4.4.3. Electronic structure of square-planar complexes S/S. We have investigated the electronic 

structure of the square-planar complexes S and S by executing a series of DFT calculations using 

the BP86, B3LYP, and TPSSH functionals in conjunction with the 6-311G and def2-TZVPP basis 

sets. In addition, we have also performed ab-initio CASSCF calculations using an active space 

spanned by six electrons which populate the canonical 3d orbitals of the Fe(II) metal ion. These 

calculations used structural models derived not only from the experimental X-ray structures of 

S/S, shown in Figure S20, but also from geometry optimizations performed using DFT. For these 
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models, the [Fe(pinF)2]
2- anion was oriented such that the x-axis bisected the two pinF ligands and 

the z-axis was orthogonal to the [FeO4] plane, see Figure 12. These computations have allowed us 

to infer the corresponding electronic ground state configurations and provided us with theoretical 

estimates of the ZFS, g, EFG, and A tensors. Subsequently, these results were compared with those 

obtained from simple crystal-field theory arguments. 

Inspection of the DFT-predicted Fe orbital populations, presented in Tables S7, shows that, just as 

anticipated for square-planar compounds, the ground state electronic configurations of S/S are 

best described using the |𝑧2⟩ = |(𝑧2)2(𝑦𝑧)1(𝑥𝑧)1(𝑥𝑦)1(𝑥2 − 𝑦2)1| Slater determinant. This 

conclusion is further corroborated by our ab initio CASSCF calculations. Thus, the crystal field 

splitting diagram presented in Figures 12, derived from CASSCF(5,6) calculations which used a 

K+-free structural model of the [Fe(pinF)2]
2- anion extracted from the experimental structure of S, 

highlights the CASSCF-predicted ground state electronic configuration for which the single spin-

down, β-electron occupies a 3d𝑧2 orbital. The analogous diagram derived for site 2 of the X-ray 

structure of S is presented in Figure S21. These crystal field splitting patterns were inferred from 

the data presented in Table S8. The similarity of the predicted ground state electronic 

configurations of S and S indicates that their respective Fe sites of are only weakly perturbed by 

the corresponding {K(DME)2}
+ and {K(C222)}+ counterions. Additionally, the distortion of the 

two Fe sites of S away from planarity does not lead to a dramatic reorganization of their Fe site 

electronic configurations. For example, Figure S22 which summarizes the CASSCF(5,6)-predicted 

quintet states’ energies, shows that the displacement of the two K+ ions from the second 

coordination sphere of S leads to an increase of ~400 cm-1 in the energy of the lowest excited 

orbital state |𝑦𝑧⟩, see first entries in columns 5 and 9 of the first section of Table S8. Therefore, 

the electrostatic interactions between the Fe(II) ion and the two K+ cations located along the y axis 

likely contribute to the stabilization of the 3dyz orbital. Most importantly, the energy of the highest 

excited quintet state, |𝑥𝑦⟩, is strongly influenced by the planarity of the [FeO4] sites, see Figure 

11. This conclusion is further corroborated by the energies of the |𝑥𝑦⟩ state predicted for the two 

sites of S, characterized by 4 = 0.27 and 0.37, which are ~2600 and ~4000 cm-1 lower than that 

predicted for S (4 = 0.00), see Figure S22. 
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Figure 12. Crystal field splitting diagram inferred from a CASSCF(5,6)/def2-TZVPP calculation 

which considered 5 quintet and 35 triplet states performed on [Fe(pinF)2]
2- anion, derived from the 

X-ray structure of S.  

 

The state energies predicted by our ab initio CASSCF(5,6) and CASSCF/NEVPT2(5,6) 

calculations lead to a crystal field splitting pattern such that presented in Figures 12 and S21 

namely, Δ𝑦𝑧 ≲ Δ𝑥𝑧 < Δ𝑥2−𝑦2 ≪ Δ𝑥𝑦, where ΔES = 𝜀(GS → ES) is the energy of excited state (ES) 

obtained by promoting a spin-down, β electron from the ground state (GS). However, analysis of 

the TD DFT predicted single-electron excitations, summarized in Table S9, suggests that DFT 

predicts a much lower energy for the excited |𝑥2 − 𝑦2⟩ state such that, typically, the crystal field 

splitting pattern inferred from these calculations is best described as Δ𝑥2−𝑦2 ≲ Δ𝑥𝑧  ≲ Δ𝑦𝑧 ≪ Δ𝑥𝑦. 

While we have not elucidated the origin of this discrepancy, critically, both CASSCF and DFT 

methods predict similar energies for the {|𝑥𝑧⟩, |𝑦𝑧⟩} states. Changes in the magnitude of Δ𝑥2−𝑦2 

have a minimal impact on the magnetic properties of S/S which can be traced to the fact that 

⟨𝐸𝑆|𝐿̂𝑧|𝑧2⟩ = 0 and the only non-zero matrix elements involving the |𝑧2⟩ ground state are 

⟨𝑧2|𝐿̂𝑥|𝑦𝑧⟩ = ⟨𝑥𝑧|𝐿̂𝑦|𝑧2⟩ = 𝑖√3. Consequently, when only the quintet states are considered, the 

|𝑧2⟩ ground state interacts through spin-orbit coupling with only |𝑥𝑧⟩ and |𝑦𝑧⟩ states but not with 

the excited {|𝑥2 − 𝑦2⟩, |𝑥𝑦⟩}. Therefore, using second order perturbation theory, the quintet states’ 

contribution to the ZFS parameters may be evaluated using Equations 5a-b.45 
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𝐷 = 𝜆2 3

2
(

1

Δ𝑥𝑧
+

1

Δ𝑦𝑧
)     (5a) 

𝐸 𝐷⁄ =
Δ𝑥𝑧−Δ𝑦𝑧

Δ𝑥𝑧+Δ𝑦𝑧
     (5b) 

Assuming a spin-orbit coupling constant ~20% lower than the free ion value, λ = -80 cm-1, typically 

observed for iron(II) compounds, from these expressions and the experimental ZFS parameters of 

S we obtain that Δyz = 1170 cm-1 and Δxz = 1380 cm-1. Inspection of Tables S8 and S9 shows that 

these values are considerably lower than those derived from CASSCF(5,6) and TD DFT even 

when the typical error associated with these theoretical values are considered.57 Thus, the TD DFT 

calculation performed at the BP86/def2-TZVPP level for the K+ free [Fe(pinF)2]
2- anion from the 

experimental structure of S predict that Δxz = 6122 cm-1 and Δyz = 7739 cm-1. At the same time, the 

CASSCF/NEVPT(5,6) run completed on the same model yielded Δyz = 2851 cm-1 and Δxz = 3250 

cm-1. This discrepancy may be traced to the fact that Equations 5a-b account for only the 

interactions with the excited quintet states (DS=2). Thus, the experimental ZFS parameters also 

incorporate contributions from the spin-spin interaction (DSS) and the excited triplet states (DS=1) 

that is, D = DS=2 + DS=1 + DSS. While the former is expected to account for only a small correction, 

the latter may be quite large. In contrast to the ZFS tensor, the g tensor includes spin-orbit 

contributions from only the quintet states. Therefore, the perturbation theory expressions Δg𝑥 =

−6𝜆 Δ𝑥𝑧⁄  and Δg𝑦 = −6𝜆 Δ𝑦𝑧⁄  provide an independent estimate of the two lowest excited state 

energies such that, for λ = -80 cm-1-, we obtain Δyz = 2909 cm-1 and Δxz = 5274 cm-1. Using these 

estimated energies to reassess the contribution of the S = 2 states we find that DS=2 = 5.12 cm-1 and 

(E/D)S=2 = 0.29. These values, together with the DFT-predicted spin-spin contribution, DSS ≈ 0.45 

cm-1, suggest that the contribution of the excited triplet states is dominant that is, DS=1 ~ 9.6 cm-1.  

Theoretical estimates of ZFS and g tensors of S and S obtained from both CP DFT are summarized 

in Table S10, and ab initio CASSCF calculations including the NEVPT2 correction are compiled 

in Table S12. Just as observed experimentally for S, most of the CP DFT-predicted ZFS tensors 

have relatively small rhombicities, E/D ≤ 0.1, and are characterized by positive D values. 

However, the magnitude of this parameter is roughly three times smaller than the experimental 

value observed for S and the corresponding ab initio values. This discrepancy may be traced to the 

higher excited state energies predicted by DFT, just as inferred from inspection of the 
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corresponding TD DFT calculations of Table S9. Using the BP86/def2-TZVPP functional/basis 

set, for the isolated [Fe(pinF)2]
2-, we obtained D = 4.92 cm-1 and E/D = 0.037. In contrast, when 

all five quintet and 35 triplet states are considered, the CASSCF(5,6) calculations yielded D = 

14.89 cm-1 and E/D = 0.17. Despite the fact that these values compare quite well with those 

determined experimentally for S, most of the CASSCF(5,6) and CASSCF/NEVPT(5,6) 

calculations predict a much larger rhombicity, in some cases E/D is as large as 1/3, which suggests 

that the sign of D is ambiguous. Indeed, inspection of Table S12 shows that some of these runs 

yielded negative D values. While in most cases, the CP DFT calculations, see Table S11, predict 

that the contribution to the ZFS tensor of the quintet states is nearly as large as that of the triplet 

states, most of the CASSCF/NEVPT2(5,6) calculations suggest that DS=1 ~ 5 cm-1, see Table S13.  

An unusual spectroscopic feature of all square-planar Fe(II) complexes characterized to date, 

including S/S, is that they exhibit an unusually small quadrupole splitting, see Table 2. While the 

ΔEQ of most high-spin ferrous compounds ranges from 1.5 to 3.4 mm/s, for S/S this value is much 

smaller, that is, only ~ 0.5 mm/s. This small value may be traced to the competition between the 

ligand and valence contributions to the EFG tensor. Interestingly, this behavior may be readily 

illustrated even with a very simple model consisting of four negative point charges arranged in a 

square around a central iron(II) ion. Thus, inspection of Table S14 shows that the EFG valence 

contribution generated by the single spin-down, β electron which populates the 3d𝑧2 orbital, which 

has a large negative component along z, is largely quenched by the ligands’ contribution to EFG 

generated by the four ligands which has a large positive component also along z. Inspection of 

Tables S15-S16 shows that our DFT results clearly replicate these trends. Finally, the DFT 

predicted isomer shift values, in particular those obtained for geometry optimized models, are 

comparable with those observed experimentally, such that when using B3LYP/6-311G we 

obtained δ = 0.745 mm/s for S, see Table S16. 

As mentioned above, the ZFS tensor of S is dominated by the contribution of the triplet states.  

Therefore, to assess the magnitude of the Fermi contact component, 𝐴FC = −𝜅𝑃, of the hyperfine 

coupling tensor A, we used the experimental Δg values and Equation 6: 

𝐴𝜉 = −𝑃(𝜅 + 𝑙𝜉 + Δg𝜉)     (6) 
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where ξ = x, y, z and Δg𝜉 = g𝜉 − g𝑒. Additionally, 𝑃 = 𝑔𝑒𝛽〈𝑟−3〉3d is a constant expressed in 

[Tesla] which depends on the radial extension of the Fe 3d orbitals and 𝜅 is a covalency reduction 

factor. The first term of Equations 6 and 8a-c is the Fermi contact term, 𝐴FC = −𝑃𝜅, the second is 

the spin-dipolar contribution, 𝐴SD,ξ = −𝑃𝑙ξ, and the last term for spin-orbit coupling, 𝐴SO. In this 

case, owing to the |𝑧2⟩ ground state of S, the 𝑙𝜉 coefficients of the traceless dipolar contribution, 

𝐴SD = −𝑙𝜉𝑃, are 𝑙𝑧 = 1 7⁄  and 𝑙𝑥 = 𝑙𝑦 = −1/14.48 Since we have three equations that relate six 

experimental quantities to two unknowns, we assessed P and κ by minimizing the difference 

between the theoretical and experimental 𝐴𝜉  values. Using this procedure, we obtained P = 43.2 

T and κ = 0.55 which leads to AFC ≅ -23.8 T. These values are fairly typical of four-coordinate, 

high-spin Fe(II) complexes with N/O/S coordination spheres. We have also obtained quantitative 

estimates of the A tensors from DFT calculations performed on models derived from the 

experimental and geometry optimized structures, see Table S17. However, these values are 

strongly dependent on the basis set used and, in many cases, the predicted Fermi contact term is 

positive. Nevertheless, the magnitude of this term is much smaller than that observed 

experimentally. This behavior is consistent with other DFT investigations of hyperfine coupling 

tensors which found that the experimental and theoretical values of the Fermi contact term often 

differ by factor of ~1.8.58  

4.4.4. Electronic structure of T. We have rationalized the spectroscopic behavior of T following a 

procedure broadly analogous to that used to investigate S/S using structural models that include 

both the [Fe(OC4F9)3]
- complex anion as well as the {K(18C6)}+ cation. Simple crystal field 

arguments suggest that an Fe(II) site with a trigonal planar geometry should exhibit a |𝑧2⟩ ground 

state. Such a state was indeed observed for [Ph4P][Fe(SR)3]⸱2MeCN⸱C7H8, shown in Scheme 1, 

which incorporates an [FeS3] site with an idealized C3h point group symmetry.25 However, our 

calculations predicted that T has an Fe ground state electronic configuration best described using 

the |𝑦𝑧⟩ = |(𝑦𝑧)2(𝑥𝑧)1(𝑥𝑦)1(𝑧2)1(𝑥2 − 𝑦2)1| Slater determinant for which the 3d𝑦𝑧 orbital is 

doubly occupied, see Table S18. Moreover, the two lowest excited orbital states originate from the 

promotion of the spin-down, β electron to the 3d𝑧2 and 3d𝑥𝑧 orbitals. In this case, the z-axis was 

taken perpendicular to the plane of the [FeO3] site and the x-axis along the shortest Fe-O bond that 

is nearly parallel to the median of the smallest OFeO equatorial bond angle which has a value of 
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~101°, see Figure 13. Importantly, our theoretical and computational analysis of the spectroscopic 

parameters detailed below clearly validate this electronic structure.  

 

Figure 13. Crystal field splitting diagram of the lowest Fe(II) 3d orbitals and selected theoretical 

spectroscopic parameters derived from CASSCF(5,6) calculations performed for various structural 

models of T. Two structural models were derived from the experimental X-ray structure and one 

was obtained from a geometry optimization performed at the BP86/def2-TZVPP level of theory, 

see text.  

 

It is likely that the |𝑦𝑧⟩ ground state of T originates from the interaction of the [Fe(OC4F9)3]
- 

complex anion with the {K(18C6)}+ cation. To explore the influence of this cation on the electronic 

structure of the Fe site we have performed additional calculations on the isolated [Fe(OC4F9)3]
- 

anion using structural models derived from both the experimental structure and from geometry 

optimizations. Some of these results are summarized in Figure 13. An unusual structural feature 

of {K(18C6)}[Fe(OC4F9)3] is that an oxygen atom belonging to the cryptand occupies the apical 

position of the Fe(II) site. Although the corresponding Fe-O bond length is ≥ 0.25 Å longer than 

the equatorial Fe-O bonds formed by the fluorinated alkoxo ligands, some of the DFT calculations 

predict for this interaction a bond order of ~0.4, see Table S19. Therefore, these calculations 

suggest that the Fe ion forms a weak coordinative bond with the cryptand which destabilizes the 

3d𝑧2 orbital and leads to a |𝑦𝑧⟩ ground state. As expected, in the absence of {K(18C6)}+ we 
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obtained a |𝑧2⟩ ground state, see Tables S20 – S21. The CASSCF calculations performed for the 

experimental structure of the isolated complex anion indicate that the spin-orbit interaction within 

the {|𝑦𝑧⟩, |𝑧2⟩} orbital quasi-doublet, formed by the ground state with a low-lying |𝑦𝑧⟩ excited 

state, would lead to an unquenching of the angular momentum along x and a large axial magnetic 

anisotropy i.e., to a large, negative D value. Although the sum of the OFeO bond angles of the 

experimentally observed [Fe(OC4F9)3]
+ complex anion is 359.1°, demonstrating a planar [FeO3] 

site, the individual OFeO angles are very different from one another ranging from 100.9 to 121.8 

and 136.4° resulting in a [FeO3] core of approximate C2v symmetry, represented in Figure 13, 

middle. Optimizing this structure leads to nearly equal OFeO angles and to trigonal planar [FeO3] 

site with an approximate C3 symmetry, see Figure 13, right. The CASSCF calculations performed 

for the geometry optimized models suggest that for this species, the spin-orbit coupling of the 

isolated |𝑧2⟩ ground state to excited {|𝑦𝑧⟩, |𝑥𝑧⟩} excited orbital quasi-doublet would lead to a ZFS 

characterized by a positive D value, similar to that observed for [Ph4P][Fe(SR)3]⸱2MeCN⸱C7H8.
23 

Therefore, these calculations suggest that the asymmetry of the planar [FeO3] site of T, in 

particular the low ~101° O-Fe-O bond angle, may be traced to the interaction of the corresponding 

fluorinated t-butoxide ligands with the K+ ion. Moreover, inspection of Table S22 reveals that, for 

the isolated complex anion we obtained a quadrupole splitting, ΔEQ = 1.40 mm/s, which, just like 

that of S and other square- and trigonal-planar complexes, is unusually low for high-spin Fe(II) 

sites, see Table 2. This low value originates from the competition between the valence contribution 

of the |𝑧2⟩ state and that of the ligands which have opposite signs and the largest components 

perpendicular to the molecular plane. In contrast, the theoretical ΔEQ values obtained for 

{K(18C6)}[Fe(OC4F9)3] are rather large, typical of high-spin Fe(II) sites, in concordance with the 

experimental value. Moreover, the valence and ligand contributions to the EFG tensor of this 

compound, shown also in Table S22, combine in such a fashion that they lead to a large EFG 

asymmetry parameter, η ≳ 0.8, vide infra. 

Both our CP DFT and ab-initio CASSCF calculations reproduce the experimental zero-field 

Mössbauer parameters of T reasonably well, see Table S23. For example, while BP86/def2-

TZVPP yields ΔEQ,th = -2.01 mm/s and ηth = 0.87, CASSCF(5,6) predicts ΔEQ,th = -2.04 mm/s and 

ηth = 0.87. These theoretical ΔEQ values compare well with the experimental quantity particularly 

when considering the ~1.0 mm/s error often encountered while computing quadrupole splitting 

values.58,48 The large asymmetry parameters of the experimental and theoretical EFG tensors, η = 
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0.8 - 0.9, suggest that the sign of ΔEQ is not well defined. Indeed, inspection of Table S23 shows 

that while the ΔEQ values derived using 6-311G are positive, those obtained using the def2-TZVPP 

and TZVP basis sets are negative. Moreover, inspection of Table S23 shows that although the 

theoretical isomer shift values obtained at different levels of theory are ~0.2 mm/s smaller that the 

experimental quantity, these theoretical values are still considerably larger than those of most 

trigonal Fe(II) species for which δ = 0.48 – 0.8 mm/s.59,60 We note that these values were obtained 

for the experimental structure, not for geometry optimized models, which might explain the larger 

than expected error of ~ 0.1 mm/s. Since for an isolated |𝑦𝑧⟩ orbital state we anticipate a positive 

ΔEQ and an axial EFG tensor (that is, η = 0), we sought to understand the origin of the large η 

value.  

To rationalize the experimental EFG tensor of T we first considered a very crude model consisting 

of an Fe(II) ion with a ground state for which the 3d𝑦𝑧 orbital is doubly occupied, surrounded by 

four negative point charges situated at the corners of a trigonal pyramid, see Figure S23. For this 

model the three equatorial charges lead to a large positive EFG component along z which is 

counterbalanced by a negative component along the same axis generated by the apical ligand. 

Together, the four charges yield a relatively modest EFG tensor which has its largest negative 

component along z, see Table S24. Adding this contribution to the valence component of the 

doubly occupied 3d𝑦𝑧 orbital, for which the largest positive component is found along x, leads to 

a highly asymmetric total EFG tensor with its smallest contribution along x. In the next step, we 

have obtained a more quantitative estimate of ligands’ contributions for both the isolated 

[Fe(OC4F9)3]
- anion and unabridged {K(18C6)}[Fe(OC4F9)3] by replacing the Fe(II) ions with 

Zn(II) which have a d10 electronic configuration and therefore a null valence contribution. 

Inspection of Table S22 shows that our DFT calculations reproduce many of the patterns inferred 

from the much simpler point charge model except that the smallest component of the total EFG 

tensor is found along y. Therefore, this analysis suggests that the interaction of the Fe site with the 

cryptand ligand not only stabilizes a |𝑦𝑧⟩ ground state but also it leads to a highly asymmetric EFG 

tensor and a large η value. 
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Figure 14. Crystal field splitting diagram inferred from a CASSCF(5,6)/def2-TZVPP calculation 

which considered 5 quintet and 35 triplet states performed on the unabridged X-ray structure of T.  

 

In order to rationalize the magnetic properties of T we have obtained estimates of the d - d 

excitation energies as well as of the theoretical ZFS, g, and A tensors from TD and CP DFT and 

from CASSCF/NEVPT2 calculations performed for the unabridged crystal structure of 

{K(18C6)}[Fe(OC4F9)3]. Moreover, we have compared these quantities, listed in Tables S25 – 

S26, with those obtained from treating the spin-orbit coupling, ĤSO = 𝜆𝐋̂ ⋅ 𝐒̂, as a perturbation up 

to 2nd order of the crystal-field interaction where the splitting of Fe 3d orbitals was inferred from 

the TD DFT and CASSCF calculations. Inspection of Table S25, derived from TD DFT 

calculations, as well as of Figure 14 and Tables S25 – S27, derived from CASSCF/NEVPT2 

calculations, shows a similar order of d - d excitations energies which leads to a crystal field 

splitting pattern such that, Δ𝑧2 ≲ Δ𝑥𝑧 ≪ Δ𝑥2−𝑦2 ≲ Δ𝑥𝑦. The most important difference between 

the DFT and CASSCF calculations is that the energies of the two lowest quintet states derived 

from TD DFT are twice as large as those obtained from CASSCF(5,6) and CASSCF/NEVPT2(5,6) 

calculations. Since these states have the strongest influence on the ZFS of T, this difference leads 
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to CP DFT predicted D values which are approximatively three times smaller than those derived 

from CASSCF, see Table S28 and S29. For example, while BP86/def2-TZVPP yielded D = -2.67 

cm-1, the CASSCF/ NEVPT2(5,6) calculations which considered all five quintet states and 10 

triplets provided D = -9.057 cm-1 and E/D = 0.24. We note that the latter theoretical values are in 

excellent agreement with those derived from the HFEPR studies of T. Although both methods 

predict that the contribution of the excited triplet states (𝛼 → 𝛽 transitions) to the ZFS amounts to 

DS=1 ~ -1 cm-1, the CP DFT results indicate that this contribution is nearly equal to that of the 

quintet states. Furthermore, these calculations also suggested that the spin-spin contribution to the 

ZFS is relatively small, that is, DSS ~ -0.5 cm-1. In contrast, the CASSCF and our crystal-field 

model suggest that the contribution of the quintet states to the ZFS of T, of the 𝛽 → 𝛽 excitations, 

is dominant as shown in Table S30.  

An interesting feature of the spin-orbit interaction in this system is that although the |𝑧2⟩ and |𝑥𝑧⟩ 

states have comparable energies, we observe a ZFS tensor characterized by a negative D and a 

large rhombicity. This observation may be traced to the larger magnitude of the ⟨𝑧2|𝐿̂𝑥|𝑦𝑧⟩ = 𝑖√3 

matrix element when compared to that of ⟨𝑥𝑧|𝐿̂𝑧|𝑦𝑧⟩ = −𝑖. Due to their higher energies the |𝑥𝑦⟩, 

|𝑥2 − 𝑦2⟩ states and the corresponding matrix elements, ⟨𝑥𝑦|𝐿̂𝑦|𝑦𝑧⟩ = ⟨𝑥2 − 𝑦2|𝐿̂𝑥|𝑦𝑧⟩ = 𝑖, do 

not play an important role in this case. Therefore, we find that the ZFS is quantized along the x-

molecular axis such that the z-axis of the spin Hamiltonian of Equation 1 is essentially parallel to 

the shortest FeO bond, see Table S31.  

When the contributions of the triplets and of the higher energy |𝑥𝑦⟩ and |𝑥2 − 𝑦2⟩ quintet states 

are ignored, we obtained the following expressions for the ZFS parameters: 

𝐷 = −𝜆2 (
3

Δ𝑧2
+

1

2Δ𝑥𝑧
)      (7a) 

𝐸 𝐷⁄ =
2Δ

𝑧2

Δ𝑧2−6Δ𝑥𝑧
      (7b) 

where λ is the spin-orbit coupling constant. Assuming that Δ𝑧2 = 2000 cm-1, Δ𝑥𝑧 = 3000 cm-1, 

values similar to those derived from the CASSCF calculations, and λ = -80 cm-1 which is a 

covalently reduced value often observed for low-coordinate Fe(II) ions, we predict that D = -10.6 

cm-1 and |E/D| = 0.25. Analogously, for the g tensor component aligned with the x-molecular axis 

we find Δg𝑧 = −6𝜆 Δ𝑧2 = 0.24⁄ . Notwithstanding the coarseness of this model, we find that these 
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theoretical values are in excellent agreement with the experimental data. We note that, due to the 

difficulties we experienced in obtaining accurate experimental estimates of {gx, gy} from the 

current HFEPR data recorded for T, these parameters were excluded from our analysis.  

Using the same model to evaluate the components of the hyperfine coupling tensor A we derive 

the following expressions:  

𝐴𝑥 = −𝑃 (𝜅 + 𝑙𝑥 +
6𝜆

Δ𝑧2
)     (8a) 

𝐴𝑦 = −𝑃(𝜅 + 𝑙𝑦)      (8b) 

𝐴𝑧 = −𝑃 (𝜅 + 𝑙𝑧 +
2𝜆

Δ𝑥𝑧
)     (8c) 

For a |𝑦𝑧⟩ ground state, such as that inferred for T, the 𝑙ξ coefficients of the traceless 𝐴SD tensor 

are 𝑙𝑥 = − 1 7⁄  and 𝑙𝑦 = 𝑙𝑧 = 1/14. By setting 𝐴𝑥 = −3.6 T and 𝐴𝑧 = −18.5T and solving for 𝑃 

and 𝜅 we obtain P = 37.16T and 𝜅 = 0.48 such that 𝐴FC = −17.83T. Although these values are 

lower than those of typical four-coordinate complexes, including S, they are comparable to those 

determined for [Ph4P][Fe(SR)3]⸱2MeCN⸱C7H8, namely P = 38.71T and 𝐴FC = 15.87 T.25 

Although these values lead to 𝐴𝑦 = −20.5T which is smaller than the corresponding -24.5 T 

experimental value, given the shortcomings of this model and the difficulty of determining this 

quantity experimentally, we consider this solution to be satisfactory. More rigorous, quantitative 

estimates of the various tensor components were obtained from CP DFT calculations performed 

on the unabridged experimental structure of T. However, inspection of Table S32 shows that even 

though they have a similar magnitude as those obtained from the 6-311G basis set the AFC and ASD 

values obtained from the calculations which employed def2-TZVPP have the wrong sign. 

Nevertheless, the agreement between the DFT derived AFC and ASD values and those obtained 

from the simple crystal field model presented above is reasonable, particularly when the difficulty 

of obtaining accurate AFC using DFT is considered.58 As expected, due to the higher transition 

energies, these DFT calculations underestimate the spin-orbit contribution to the A tensor. The 

perturbation theory expressions of the ZFS, g, and A tensor components that include the 

contributions of the higher energy |𝑥𝑦⟩ and |𝑥2 − 𝑦2⟩ quintet states are included in the SI, see 

Equations S1-S3. Using these expressions, instead of Equations 7 - 8, to rationalize the 

spectroscopic properties of T did not lead to an improved agreement with the experimental data.  
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5. Conclusions 

In conclusion, we have presented a novel complex: {K(C222)}2[Fe(pinF)2], S, and have compared 

its electronic structure to the analogous and previously published {K(DME)2}2[Fe(pinF)2], S. We 

additionally investigated previously published complex T, {K(18C6)}[Fe(OC4F9)3]. These high-

spin, planar complexes were further compared to known literature complexes with O-donor ligand 

environments and their electronic structures previously studied in detail by 57Fe Mössbauer 

spectroscopy: 4-coordinate (CF3ONO)FeCl, [Li2(THF)4Fe(O(SiPh2O)2)2] and the -Fe active site 

of Mordenite, as well as 3-coordinate [Na(DME)Fe(OSiPh3)3], [Fe(SR)3]
- and Li(THF)2Fe(SR)3. 

Importantly, the structure of the α-Fe site of iron-doped mordenite was inferred not from 

crystallographic studies but rather from spectroscopic investigations, using Mössbauer and 

Magnetic Circular Dichroism spectroscopies (the latter was not used here). Such an approach is 

more commonly used in bioinorganic chemistry. Therefore, our study not only furthers our 

understanding of these unusual sites, but also, it allows us to gauge the extent to which these sites 

may be distorted away from a square planar geometry but still retain their unusual spectroscopic 

features. Thus, we have completed a detailed spectroscopic and theoretical trigonal of trigonal, T, 

and the two square planar, S and S, high-spin Fe(II) complexes. The distorted trigonal geometry, 

unanticipated |𝑦𝑧⟩ ground state, and negative axial ZFS parameter D of T may be explained by 

considering the interaction between its Fe site and countercation. In contrast, the countercations of 

S/S have a minimal influence on the electronic structure of their Fe sites. Instead, the distortion 

of the Fe sites of S may be traced, in part, to the conformations of the supporting pinF ligands. 

Nevertheless, both compounds incorporate Fe sites with a |𝑧2⟩ ground state which leads to a 

positive D value and unusually small ΔEQ. T, S and S are therefore examples of a small subset of 

unusually high-spin, planar Fe(II) compounds, resembling the active sites of iron doped zeolites 

including Mordenite.  
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