An [Fe"'33] molecular metal oxide
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Abstract

The dissolution of anhydrous iron bromide in a mixture of pyridine and acetonitrile, in the presence
of an organic amine, results in the formation of an [Fess] metal oxide molecule, structurally
characterized by alternate layers of tetrahedral and octahedral Fe(lll) ions connected by oxide and
hydroxide ions. The outer shell of the cage is capped by a combination of pyridine molecules and
bromide ions. Magnetic data, measured at temperatures as low as 0.4 K and fields up to 35 T, reveal
competing antiferromagnetic exchange interactions; DFT calculations showing that the magnitudes of
the coupling constants are highly dependent on both the Fe-O-Fe angles and Fe-O distances. The
simplicity of the synthetic methodology, and the structural similarity between [Fess], iron oxides,
previous Fe(lll)-oxo cages, and polyoxometalates (POMs), hints that much larger, molecular Fe(lll)
oxides can be made.

Introduction

It is interesting to note the enormous size difference between the largest polyoxometalates (POMs),
most commonly constructed from high oxidation state, diamagnetic metal ions,!¥and cages built from
the high spin (d°), paramagnetic Fe(lll) ion,”” despite both often containing similar metal oxide cores.!
The most pertinent examples of Fe(lll) cages conforming to POM-like architectures are [Fess]™ and
[Fe17];"® both are structurally related with alternating layers/shells of tetrahedral and octahedral metal
ions - the former has the a-Keggin structure,*® and the latter the e-Keggin structure with four
additional capping metal ions.® In addition, the much studied [Fe'"s] icosidodecahedron,!®
demonstrates that very large (heterometallic) molecular metal oxides containing paramagnetic metal
ions can (a) be synthesized, (b) retain POM-like architectures, and (c) possess fascinating physical
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properties - the high symmetry icosidodecahedron possessing geometric spin frustration.”! This has
prompted us to speculate that large and very large Fe(lll) molecular metal oxides, approaching the
size and structural diversity of POMs, can be constructed, but with the terminal oxides replaced by
simple monodentate ligands. There appears to be no chemical reason why such species cannot form,
and their synthesis would help bridge the ‘gap’ between the fields of molecular magnetism (where
the vast majority of molecules have nuclearities less than twenty) and POM chemistry (where
complexes can be an order of magnitude larger), producing species with a myriad of potentially
interesting physical properties, with applications in chemistry, physics, materials science, biology and
medicine.®

The [Fe17] cage in particular hints at a potentially successful route to the synthesis of such species. It
is made very simply by dissolving anhydrous FeXs (X = Cl, Br) in wet pyridine (or any analogous liquid
base such as B-picoline, iso-quinoline, ethyl-pyridine, lutidine, etc).” The pyridine appears to fulfill at
least five simultaneous roles: it is the solvent, the base, the source of water (hence oxide),
monodentate ligand (with the halide ions) that encases the metal oxide core, and source of the charge
balancing pyridinium cations. Interestingly, in POM chemistry the addition of (bulky) organic amine
cations is thought to aid the self-asembly of large nuclearity species by isolating the smaller building
blocks, preventing rapid aggregation into complexes with (smaller) stable spherical topologies.!*”!
Herein we discuss the synthesis, structure and magnetic behaviour of [Fe'ss(ps-0)a(p3-0)sa(p2-
OH)12Bri2(py)as]Bra (1) (Figure 1, S1-S6) which is made via just such a strategy, through a small
modification (the addition of either hexamethylene tetramine (HMTA) or morpholine) in the
preparation of [Fey7].'Y

Figure 1. Molecular structure of the cation of 1. Colour code: Fe = yellow, O =red, N = blue, C = black,
Br = brown. H atoms and anions omitted for clarity.

Results and Discussion

Compound 1, crystallizes in the monoclinic space group P2:/n with the full complex in the asymmetric
unit. The metallic skeleton (Figure 2, S2-S3) describes a [Fe',] tetrahedron encapsulated within a
[Feg] truncated tetrahedron, whose large faces are capped by [Fe's] triangles. The (sixteen) metal
ions in the inner tetrahedron and the outer triangles are all tetrahedral and the (eighteen) Fe ions in



the truncated tetrahedron are all octahedral. The presence of tetrahedral-octahedral-tetrahedral
“shells” of metal ions is as found in the [Feis] and [Fe17] cages (Figure 3) and Fe containing minerals
such as magnetite and maghemite. The inner tetrahedron is connected to the [Fe'';g] truncated
tetrahedron via ten (4 x Ws; 6 x 43) O% ions (Figure S2). Each face-capping, oxo-centered [Fes] triangle
is connected to the [Fe'is] truncated tetrahedron via six ps-O% ions. The remaining twelve p,-OH" ions
link the metal ions situated on the triangular faces on the truncated tetrahedron. Each of the
octahedral metal ions in the [Feis] truncated tetrahedron and tetrahedral metal ions in the face
capping [Fes] triangles have their coordination geometries completed through the presence of a
pyridine (py) molecule and a bromide, respectively. The Br counter anions are associated with the
triangular faces of the truncated tetrahedron with Br-+(p,-)O distances in the range ~3.21-3.48 A, and
the py C-atoms on a neighbouring molecule (Br--C, ~3.46 A). The other prevalent intermolecular
interactions occur between adjacent Br ions and py molecules (Br---C, ~3.50 A).

Figure 2. Alternative views of the metallic skeleton of 1. Left: highlighting the layers of tetrahedral
(green) and octahedral (yellow) metal ions. Right: highlighting the central [Fes] tetrahedron (green)
encapsulated by the [Feig] truncated tetrahedron (brown) whose large faces are capped by [Fes]
triangles (pink).

Figure 3. Polyhedral representation comparing [Feis] (left),* [Fei;] (centre)! and [Fess] (right).
Tetrahedral Fe(lll) = green, octahedral Fe(lll) = blue. The F ions in [Feis] are shown in yellow.

Magnetic measurements of 1 strongly hint at rather large, competing, antiferromagnetic exchange
interactions between the Fe centres. The susceptibility data (T=350—-2 K, B=0.1T; Figure 4a) shows
that the xT value at T = 350 K (~75 cm?® K mol?) is well below the Curie constant expected for thirty
four uncoupled Fe(lll) ions (150 cm® K mol ™). As temperature is decreased the value of xT first increaes
to a broad maximum of ~95 cm? K mol™ centred around T = 150 K, before dropping slowly to a value
of ¥90 cm® K mol™ at T = 50 K. Below this temperature the value drops significantly, and is strongly
field dependent. Magnetisation (M) data (Figure 4b) show an initial, fairly rapid, increase to a value of
~12 pg (for T=2 K, B < 2 T) before first plateauing and then increasing in a more linear fashion to B =
7 T where M = 15 pg. This linear like increase is continued in the B = 7-35 T field range (Figure 4c),
where M reacheas a maximum value of ~40 . The low temperature susceptibility and magnetisaton



data suggest a relatively small magnetic moment, in agreement with heat capacity measurements
where the zero-field magnetic entropy content reaches just S=1.6 Rat T =2 K (Figure S7).

A simple explanation of the temperature and field dependence of the magnetic data is not
straightforward. Since the cluster is much too large for a quantum calculation in a spin model such as
the Heisenberg model we resort to two approximations. Classical Monte Carlo calculations (CMC) of
a classical Heisenberg model, that often deliver accurate results in the temperature and field regions
where quantum effects are of minor importance, i.e. at elevated temperatures compared to the
exchange couplings,”@ suggest an even smaller susceptibility and magnetization compared to the
experiment, when using the exchange parameters provided by DFT (see Table 1 below). In view of the
relatively strong exchange, we surmise that we are always in the quantum regime, where the classical
calculations point us in the right direction, but are poor approximations otherwise. Guided by the
nearly flat high temperature xT data, we investigated a quantum model where we assume a low-lying
level structure similar to a zero-field split total spin S = 11 with g fixed at g = 2.04, as obtained from
HFEPR measurements (Figure S8). This effective model fits both xT vs T and M vs B (Figs. 4a and 4b)
astonishingly well, and it also explains why specific heat measurements detect very few low-lying
levels (compared to a total of 2.8x10% levels). While the absolute numbers in this effective model
should be taken with a pinch of salt, they do hint at the presence of non-neglibile anisotropy. We also
expect that the true low-energy spectrum contains numerous additional (small) spin states, and in the
absence of any out-of-phase x* signals in the ac susceptibility, that may not be of perfect easy axis
character.

Figure 4. (a) Magnetic susceptibility: symbols denote measurements, the red dashed line marks the
paramagnetic limit for 34 S = 5/2, the green dashed line the respective value for S = 11. The solid
curves belong to single-spin calculations, the dashed magenta curve to CMC simulations. (b) Low-field
magnetization: the solid curves depict the single-spin magnetization. (c) Pulsed-field magnetisation
(solid curve) compared to (b) and CMC.

In order to estimate the magnetic exchange interactions in 1 we have employed a DFT methodology
(B3LYP/TZVP) known to yield excellent numerical estimates of J values.[*2/1311141135] Calculations were
performed using the model structures shown in Figures S9-S13 (see computational details in ESI for
discussion). The symmetric nature of the cage reduces the number of unique exchange interactions
to five, describing those between: (i) inner tetrahedral Fe(lll) ions (J1) connected by ps-02 ions; (ii)
inner tetrahedral and outer octahedral Fe(lll) ions (J;) connected by ps/ps-0% ions; (iii) outer
octahedral Fe(lll) ions (Js) connected by ps-O% ions; (iv) outer tetrahedral Fe(lll) ions (J4) connected by



us-0% ions; and (v) outer tetrahedral and outer octahedral Fe(lll) ions (Js) connected by us-O% ions
(Scheme S1). The calculated J values are listed in Table 1. The computed exchange coupling constants
are all antiferromagnetic in nature and strongly correlated to the Fe-O distances and Fe-O-Fe angles,
with larger angles enhancing the antiferromagnetic part of the exchange, in agreement with the
magneto-structural correlation developed by Weihe and Giidel.™*® Spin density data are provided in
Figures S14-S18 and Tables S2-S6. We have computed the overlap integrals for all J pairs (Tables S7-
S11), which show a direct correlation between the number of orbital interactions and the magnitude
of the antiferromagnetic exchange. For example, for J; only two dominant overlaps (dy| | dxy and dye-
v2| | dxy) are detected leading to the smallest calculated J value (-15.7 cm™), whereas there are seven
different, large interactions for Js, resulting in the largest J value (-68.2 cm™). Note that in the latter,
the dy, orbital of tetrahedral Fe(lll) ion is found to overlap significantly with all the d-orbitals of
octahedral Fe(lll) ion, with the exception of the d,, orbital.

Fe-O-Fe (°) | Fe-O(A) | Fe-Fe(A) | Jorr(cm™)

Ji | 118 1.86 3.19 -24.2
J2 | 121 1.95 3.39 -38.4
Js | 955 1.97 2.92 -15.7
Ja | 119 1.92 3.32 -47.3
Js | 129 1.92 3.47 -68.2

Table 1. Calculated Joer values for the five unique exchange interactions in 1, alongside the average
Fe-O-Fe angles and Fe-O, Fe::-Fe distances per interaction.

Conclusions

The addition of an organic amine (HMTA, morpholine) to a py/MeCN solution of FeBrs; produces an
[Fe"s4] complex, double the size of the cage produced in py/MeCN alone, [Fe';;]. The molecule, whose
structure describes an [Fe.] tetrahedron encapsulated in a [Fess] truncated tetrahedron, face-capped
by four [Fes] triangles, is characterized by alternate layers of tetrahedral and octahedral Fe ions linked
by oxide and hydroxide anions. Magnetic measurements reveal strong AF exchange interactions
between the Fe(lll) ions, with DFT calculations suggesting a direct correlation between the number of
orbital interactions and the magnitude of the AF exchange. The simplicity of the synthetic procedure
and the structural similary of [Fess] to much larger POMs of high oxidation state, diamagnetic metal
ions such as V, W and Mo, hints that a diverse family of novel Fe(lll) molecular metal oxide structures
awaits discovery. This, in turn, suggests an exciting route to the bottom-up formation of metal oxide
‘nanoparticles’ and a raft of potential applications.
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Supporting Information

Synthesis of [Fe"'34(|14-0)4(u3-0)34(p.-OH)lzBrlz(py)ls]Brz (1)

FeBr; (0.591 g, 2 mmol), hexamethylenetetramine (HMTA; 0.476 g, 3.4 mmol) and pyridine (1 mL, 12.3
mmol) were dissolved in MeCN (25 mL). The reaction was left for 2h 45mins with continuous stirring
at room temperature. The resulting solution was filtered and left to stand overnight, during which
time a small amount of precipitate formed. The precipitate was filtered off and the supernatant
layered with acetone. After two weeks, this yielded dark brown, rod-shaped crystals suitable for X-ray
diffraction. Anal. Calcd (%) for CooH102BriaFesaN1s0so: C 20.58, H 1.96, Fe 36.14, N 4.80; found: C 19.98,
H 2.01, Fe 35.88, N 4.52.

Compound 1 can also be prepared by replacing the HMTA in the above reaction with morpholine (4
mmol) or N-methylmorpholine (4 mmol).

X-ray crystallography

Diffraction data for 1 was collected using a Rigaku Oxford Diffraction SuperNova diffractometer with
CuK, radiation, and is given in Table S1. An Oxford Cryosystems Cryostream 700+ low temperature
device was used to maintain a crystal temperature of 120.0 K. The structure was solved using ShelXT
and refined with version ShelXL interfaced through Olex2.[2! All non-hydrogen atoms were refined
using anisotropic displacement parameters. H atoms were placed in calculated positions geometrically
and refined using the riding model. CCDC: 1900069.

Magnetic Susceptibility and Magnetisation (<7 T)

Dc susceptibility and magnetisation data were measured on powdered, polycrystalline samples of 1 in
the T =2-300 K and B = 0-7 T temperature and field ranges on a Quantum Design MPMS XL SQUID
magnetometer equipped with a 7 T dc magnet. Diamagnetic corrections were applied to the data using
Pascal’s constants. A unit cell check of the crystals was performed prior to measurement.

High Field Pulsed Magnetisation (<35 T)

Low-temperature magnetisation data was measured by the use of a conventional inductive probe in
pulsed-magnetic fields, where the temperature reached as low as 1.6 K.!*! The maximum field reached
was 35 T. Polycrystalline samples with a typical mass of 15 mg were mounted in a capillary tube made
of polyimide. The sample, which was not fixed within the sample tube, was aligned along the magnetic
field direction. Magnetisation curves were found to be identical after we applied the magnetic field
several times due to the saturation of the orientation effect.

Heat Capacity

Heat capacity data were collected in the temperature range 0.3—20 K using a Quantum Design PPMS
equipped with a 3He cryostat. The powdered, polycrystalline sample of 1 was pressed into a thin pellet



with mass of about 0.5 mg. Apiezon-N grease was used to facilitate the sample thermalization at low
temperatures, and its contribution to the heat capacity was subtracted using a phenomenological
expression.

High Field, High Frequency EPR (HFEPR)

The HFEPR spectrum for polycrystalline samples was obtained on the Terahertz ESR Apparatus (TESRA-
IMR) installed in the magnetism division of Institute of Material Research, Tohoku University.[¥ A case
made of polyethylene were use for packing the sample. The radiation was produced by Gunn
oscillators and backward traveling wave oscillators (BWO).

Table S1. Crystallographic information for 1.

Compound [Fess] (1)
Formula CosH107Br14Fe3aN190s0
Dcalc./ g cm-3 1.777
M/mm-1 22.968
Formula Weight 5332.63
Colour dark red
Shape block
Size/mm?3 0.45%x0.21x0.17
T/K 120.0
Crystal System monoclinic
Space Group P21/n

a/A 18.4222(5)
b/A 32.8959(10)
c/A 33.9586(9)
af° 90

Bl 104.444(3)
a 90

V/A3 19928.9(10)
Z 4

zZ' 1
Wavelength/A 1.54184
Radiation type CuKe

Omin/* 3.378

Omax/" 68.251
Measured Refl. 297235
Independent Refl. 36505
Reflections Used 23404

Rint 0.2035
Parameters 1897
Restraints 120

Largest Peak 2.270
Deepest Hole -1.311

GooF 0.995

wRz (all data) 0.2880

WR2 0.2598

R (all data) 0.1309

Ri 0.1044



Figure S1. Orthogonal views of the [Fess] cation. Colour code: Fe = yellow, O =red, C = black, N =
blue, Br = brown. H-atoms omitted for clarity.

Figure S2. Orthogonal views of the metal-oxygen core of the [Fess] cation, highlighting the positions
of the octahedral (yellow) and tetrahedral (green) Fe ions, and the bridging O (red) atoms.



Figure S3. Orthogonal views of the [Fess] metal polyhedron, highlighting the positions of the
octahedral (yellow) and tetrahedral (green) Fe ions.

Figure S5. Structure of the [Fess] cation in 1 in space-fill representation, viewed along the a-, b- and
c-axis directions of the unit cell (left-right).



Figure S5. Crystal packing diagram showing the extended structure in 1 in ball-and-stick
representation viewed down the a-, b-, and c-axes of the unit cell (left-right). Br counter anions
omitted.

Figure S6: Temperature dependence of the low-temperature experimental heat capacity, ¢,/R, and
entropy, S/R = [c,/RdT (inset), normalized to the gas constant, R, for selected values of the applied
magnetic field, B, as labelled. In agreement with the susceptibility data (Fig. 4), both sets of data
become field-dependent on lowering the temperature below ca. 10 K, weakly at first and then
stronger for T < 2 K. In further agreement with the magnetic data, the heat capacity and entropy are
very small at the lowest temperatures. For instance, the zero-field magnetic entropy content reaches
ca. S = 1.6 R at T =2 K, which is significantly smaller than that expected for 34 uncoupled Fe"" spins,
i.e., $=34xIn(6) =60.9 R.
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Figure S7: (left) HFEPR spectra of a polycrystalline sample of 1 recorded at 4.2 K and frequencies
between 135-405 GHz (left). A linear fit of field-frequency plot gave a g-value of 2.04 + 0.01, and
extrapolation of the field-frequency plot gave a zero field resonance frecuency of 8.10 GHz (0.26 cm’
1). (right) HFEPR spectra at 405 GHz and tempearatures between 4.2 - 50 K, revealing a narrowing and
shift of the resonance field position to higher field with increasing temperature.

Computational Details

We have used the diamagnetic substitution method to calculate the exchange coupling constants in 1
employing the Gaussian 09 suite.! Since the calculation on the full structure of 1 is prohibitively
expensive and time-consuming, we have divided the Fess cluster into five model complexes in order
to calculate the five exchange coupling constants (J1-Js). See Figures S6-S10 below. In these models,
the surrounding Fe(lll) ions not involved in the pairwise exchange interaction under investigation were
substituted by diamagnetic Ga(lll) ions in order to maintain the same coordination environment. The
exchange coupling constants were estimated using the broken symmetry approach developed by
Noodleman.®! Ahlrichs’ triple-§ plus polarisation basis set was used for the Fe, O, Br and N atoms,
while the split valance plus polarisation basis set was used for Ga, C, and H atoms.[”! All theoretical
calculations have been performed using the B3LYP functional since it has been proven to produces
excellent estimates of J values.[B'PM10 Exchange coupling constants have been derived from the
difference between the broken symmetry and high spin (HS) state, and the quardatic conversion
method.



Figure S8. Model structure used to calculate the J; exchange. Colour Code: Fe — Yellow; Ga — Green;
Br - Brown; O — Red; N — Blue; C— Black; H - White.

Figure S9. Model structure used to calculate the J, exchange. Colour Code: Fe — Yellow; Ga — Green;
Br - Brown; O — Red; N — Blue; C— Black; H - White.



Figure $10. Model structure to calculate the J; exchange. Colour Code: Fe — Yellow; Ga — Green; Br -
Brown; O — Red; N — Blue; C — Black; H - White.

Figure S11. Model structure used to calculate the J; exchange. Colour Code: Fe — Yellow; Ga —
Green; Br - Brown; O —Red; N — Blue; C — Black; H - White.



Figure $S12. Model structure to calculate the Js exchange. Colour Code: Fe — Yellow; Ga — Green; Br -
Brown; O — Red; N — Blue; C — Black; H - White.



H = —6] [Sita = Sita] = 242 [Sita — Soct] — 25J3 [Soct = Soct] = 124 [Sota — Soea] —

48J5 [Sota — Soct] (1)

H= —Jy [51S; + 8185 + 5184 + 55 Sy + 5,85 + $354] — 125186 + $1834 + 5186 + $155 + 51810 +
Si7+85,8,7 + 8,858 + 5,831 + 5,830 + 5,8 4+ 8,855 + 53515 + 53813 + 53814 + 53510 + 53555 +
83852 + 84810 + 84850 + $4821 + S4S17 + SaS30 + SaS22] — J3[S31528 + S28530 + S30520 +
S20821 + 521822 + 822513 + S13814 + $13512 + $14812 + $14810 + 1058 + SeSs + SgSs4 + S6Ss +
85831 + 83480 + 831857 + 4534817 + 28827 + 827555 + S25515 + $10517 + S19820 + S19821 +
36334] —Ja [§7§11 + 57826 + 511526 + 18533 + S18532 + $32533 + S9816 + SoS15 + S15516 +
S23824 + $23820 + S24529] —J5[S9817 + 59834 + S9Sg + SoS10 + S16517 + S16519 + S16521 +
S16822 + $15510 + S15814 + S15822 + S15813 + 5,85 + 57810 + 5756 + $785 + S11812 + 511525 +
$11814 + 811810 + S26525 + S26527 + 52655 + S26531 + 532828 + S32530 + $3255 + $32551 +
S18810 + S18520 + S18530 + S18517 + 23822 + $23813 + 523855 + 23812 + 520827 + $29528 +
820830 + $29825 + 524520 + 524530 + $24521 + 24822 + S33817 + S33834 + 3356 + §33§5] (2)

Scheme S1. Schematic of the five different exchange interactions present in 1, together with the
exchange part of the corresponding spin-Hamiltonian (1), and the expanded total exchange spin
Hamiltonian (2). S;.4 is the spin operator of the inner tetrahedral ions, S, the octahedral ions,

and $y;4 the outer tetrahedral ions.



(a) (b)

Figure S13: Spin density plots for the J1 model complex exchange pathway; (a) High Spin, (b) Broken
Symmetry. The isodensity surface shown corresponds to a value of 0.003 e -/bohr3. The red and blue
surfaces represent positive and negative spin density, respectively. Colour Code: Fe — Yellow; Ga —
Green; Br - Brown; O — Red; N — Blue; C — Black. Hydrogen atoms are omitted for clarity.

(a) (b)
Figure S14: Spin density plots for the J, model complex exchange pathway; (a) High Spin, (b) Broken
Symmetry. The isodensity surface shown corresponds to a value of 0.003 e -/bohr?. The red and blue
surfaces represent positive and negative spin density, respectively. Colour Code: Fe — Yellow; Ga —
Green; Br - Brown; O — Red; N — Blue; C — Black. Hydrogen atomss are omitted for clarity.



(a) (b)

Figure S15: Spin density plots for the J3 model complex exchange pathway; (a) High Spin, (b) Broken
Symmetry. The isodensity surface shown corresponds to a value of 0.003 e -/bohr3. The red and blue
surfaces represent positive and negative spin density, respectively. Colour Code: Fe — Yellow; Ga —
Green; Br - Brown; O — Red; N — Blue; C — Black. Hydrogen atoms are omitted for clarity.

(a) (b)

Figure S16: Spin density plots for the J, model complex exchange pathway; (a) High Spin, (b) Broken
Symmetry. The isodensity surface shown corresponds to a value of 0.003 e -/bohr3. The red and blue
surfaces represent positive and negative spin density, respectively. Colour Code: Fe — Yellow; Ga —
Green; Br - Brown; O — Red; N — Blue; C — Black. Hydrogen atoms are omitted for clarity.



(a) (b)

Figure S17: Spin density plots for the Js model complex exchange pathway; (a) High Spin, (b) Broken
Symmetry. The isodensity surface shown corresponds to a value of 0.062 e -/bohr3. The red and blue
surfaces represent positive and negative spin density, respectively. Colour Code: Fe — Yellow; Ga —
Green; Br - Brown; O — Red; N — Blue; C — Black. Hydrogens are omitted for clarity.

Table S2. The Mulliken spin density of the atoms surrounding the Fe(lll) centre in the J; exchange
pathway (see the atom numbering in Figure S6).

Atom HS BS
Fe6 4.077 -4.015
Fell 4.090 4134
039 0.406 0.085
037 0.121 0.127
047 0.206 0.227
045 0.122 0.130
026 0.202 -0.183
021 0.118 -0.108
038 0.115 -0.106

Table S3. The Mulliken spin density of the atoms surrounding the Fe(lll) centre in the J, exchange
pathway (see the atom numbering in Figure S7).

Atom HS BS

Fe6 4.286 4.266
Fe9 4.006 -4.002
025 0.286 -0.156
029 0.107 0.091
027 0.136 0.127
021 0.124 0.110
031 0.129 0.119
N47 0.146 0.031
036 0.104 -0.102
037 0.108 -0.108

020 0.106 -0.106



Table S4. The Mulliken spin density of the atoms surrounding the Fe(lll) centre in the J; exchange
pathway (see the atom numbering in Figure S8).

Atom HS BS

Fe8 4.252 4.250
Fell 4.253 -4.256
026 0.273 0.029
030 0.263 0.018
020 0.111 0.108
027 0.132 0.130
022 0.058 0.055
N47 0.111 0.110
034 0.132 -0.124
036 0.132 -0.122
N48 0.109 -0.069
032 0.054 -0.015

Table S5. The Mulliken spin density of the atoms surrounding the Fe(lll) centre in the J, exchange
pathway (see the atom numbering in Figure S9).

Atom HS BS

Fe9 4.095 -4.074
FelO 4.088 4.072
026 0.202 0.001
023 0.187 0.186
042 0.243 0.242
Br3 0.312 0.307
040 0.236 -0.232
022 0.181 -0.178
Br2 0.321 -0.315

Table S6. The Mulliken spin density of the atoms surrounding the Fe(lll) centre in the Js exchange
pathway (see the atom numbering in Figure S10).

Atom HS BS

FelO 4.081 -4.051
Fel2 4.259 4.222
036 0.365 -0.082
038 0.122 0.117
031 0.111 0.109
026 0.119 0.115
034 0.016 0.013
N51 0.091 0.090
035 0.184 -0.185
024 0.076 --0.079

Br3 0.351 -0.343



Table S7. Overlap integral between the 3d orbitals of the Fe(lll) ions in the J; exchange pathway. The

most significant are highlighted in yellow.

Beta—>
Alpha
dyz
dxy
d2
dxz-y2

dXZ

Table S8. Overlap integral between the 3d orbitals of the Fe(lll) ions in the J, exchange pathway. The

d.2

0.175
0.021
-0.073
-0.066
-0.262

dxy

-0.027
0.041
0.013
0.063
0.003

most significant are highlighted in yellow.

Beta—>
Alpha
dyzy?
dy.
dx.
dyy
d:2

Table S9. Overlap integral between the 3d orbitals of the Fe(lll) ions in the J; exchange pathway. The

dyz

0.141
-0.033
0.123
0.117
-0.013

d y?

-0.007
0.319
0.196
-0.089
0.071

most significant are highlighted in yellow.

Beta—>
Alphal
dx.
dxy
dy.
dyzy?
d:2

dXZ

0.021
-0.041
-0.110
-0.027
-0.106

dxy

0.011
0.197
-0.002
-0.317
0.047

dXZ

0.175
0.076
-0.144
-0.024
-0.143

dxy

0.184
0.081
0.062
-0.103
0.035

dyz

-0.003
-0.047
-0.158
-0.081
0.031

d xz_yz

-0.000
0.041
-0.093
-0.331
0.153

dXZ

-0.236
-0.202
0.036
0.243
-0.113

d xz_yz

0.014
-0.036
0.045
-0.171
-0.012

dyz

-0.234
-0.082
-0.216
0.058
-0.058

d.2

-0.098
-0.151
-0.270
0.282
0.099

d2

-0.044
-0.121
-0.178
-0.068
-0.017

Table S10. Overlap integral between the 3d orbitals of the Fe(lll) ions in the J, exchange pathway.
The most significant are highlighted in yellow.

Beta—>
Alpha
d2

d.2

0.264
0.077
-0.068
0.014
-0.012

dXZ

0.266
0.053
0.119
0.000
-0.038

dyz

-0.037
0.024
0.119
0.364
-0.087

dxy

0.032
0.018
-0.285
-0.113
0.019

d xz_yz

0.103
-0.008
-0.177
0.001
-0.213



Table S11. Overlap integral between the 3d orbitals of the Fe(lll) ions in the Js exchange pathway.

The most significant are highlighted in yellow.

Beta—> de-yZ dyz
Alphal
d2 0.106 0.220
yy 0.071 -0.007
dyy? -0.136 0.223
dy. -0.002 0.054
dx. -0.005 0.117
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