An [Fe"3,] molecular metal oxide
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Abstract

Dissolution of FeBrs in a mixture of acetonitrile and 3,4-lutidine in the presence of an amine results in
the formation of an [Fess] molecular metal oxide containing alternating layers of tetrahedral and
octahedral Fe'" ions. Mass spectrometry suggests the cluster is formed quickly and remains stable in
solution, while magnetic measurements and DFT calculations reveal competing antiferromagnetic
exchange interactions.

Introduction

The diverse chemistry of the earth abundant Fe ion remains at the forefront of a variety of
transformative scientific disciplines, including biochemistry,® catalysis,> porous materials,?
nanoparticles,* batteries,® superconductivity,® thermoelectrics,” spintronics,® and magnetism.® In the
latter area Fe remains ubiquitous in both solid-state!® and molecule-based chemistry.%2

The recent discoveries of three molecular iron oxide compounds, [Feis],**** [Fe17],'*> and [Fess],*® with
structures related to the minerals ferrihydrite and magnetite, suggests that several other very large,
high symmetry, molecular clusters exist en route to the formation of 3D oxide or oxyhydroxide mineral
phases. In turn, this hints that (large) lacunary or diminished molecular oxyhydroxide [FeO(OH)]
clusters not conforming to mineral structure types, including heterometallic species, must also exist.
The plausibility of this concept is further supported by the existence of the iron storage protein ferritin
which holds ~4,500 Fe"' ions in a molecular ferrihydrite cluster in the inner wall of its spherical shell.'’

The synthetic procedures used to make [Feis,], [Fei7,] and [Fess] are remarkably straightforward. For
example, [Fei7] is made by dissolving anhydrous FeBrs in wet pyridine (py) (or from a combination of
pyridine with a second co-solvent).’ [Fess] comes from an analogous reaction to [Fe;7] but with a
different solvent ratio and in the presence of an additional base/templating agent.'® The wet pyridine
acts as a solvent, a source of H,0 (0%, OHY), base, ligand, and cation (pyH*). Charge balancing anions
originate from the salt employed. Interestingly, in the formation of the [Fei7] cage the py can be
replaced with a number of different analogues, including 4-ethylpyridine, B-picoline, 3,5-lutidine, and
isoquinoline, reflecting the relative stability of the compound.?®
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Results and discussion

In order to explore this reaction space more efficiently we initially turned to an automated robotic
crystallisation platform which methodically explored the combination of multiple reactants under a
range of conditions. Initial results indicated the presence of crystalline species containing up to 36 Fe'"
ions. Further manual examination revealed that the dissolution of FeBrs in a 3,4-lutidine
(lut)/acetonitrile solution, in the presence of hexamethylenetetramine (HMTA) results in the
formation of (lutH)[Fe"3o(a-0O)s(3-0O)26(1-OH)15sBro(lut)1s]Brs (1, Figure 1; Table S1). A similar reaction
replacing the 3,4-lutidine with 4-ethylpyridine (Et-py) affords the isostructural species (Et-
pyH)[Fe"30(p4-0)s(3-0)26(-OH)15Bro(Et-py)1s]Brs (1a). See the Sl for details. For the sake of brevity, we
restrict all further discussion to complex 1.

Fig. 1. Orthogonal views of the molecular structure of the cluster cation of 1. Colour code: Fe = yellow,
O =red, N = blue, C = black, Br = brown. H atoms, lutH cations and Br anions omitted for clarity.

Compound 1 crystallises in the monoclinic space group Pn with two [Feso] complexes in the asymmetric
unit. The metallic skeleton of the [Feso] cage (Figure 2, S1) is constructed from alternate layers of

tetrahedral and octahedral Fe''ions. In the centre of the cage is a [Fe''s] triangle of tetrahedral Fe ions.



This is surrounded by a partial [Fe"'15] supertetrahedron of octahedral Fe ions — in which three of the

corners are truncated into three-membered rings, and one corner is truncated into a six membered
ring. The [Fe"';g] cage is surrounded by a partial [Fe''s] cuboctahedron of tetrahedral Fe ions. Thus, in
total, there are twelve tetrahedral Fe"" sites and eighteen octahedral Fe'" sites. The Fe ions in the inner
[Fe"304]* triangle are linked to each other and to the metal ions in the [Fe'"1g] unit through six ps- and
three ps-0% ions. Twenty two ps-O? ions then link the octahedral Fe ions in the [Fe'"150,,]*** unit to
each other and to the tetrahedral Fe ions in the outer [Fe''s] partial cuboctahedron. The remaining ps-
0% ions link three tetrahedral Fe ions in the [Fe''s] partial cuboctahedron. The fifteen hydroxide ions
are all located in the [Fe'"ig] cage and are of two types: six are p-bridging between Fe ions in the [Fes]
ring and the remaining nine are p-bridging between Fe ions in the [Fes] rings. The monodentate 3,4-
tutidine ligands are all bonded to octahedral Fe ions in the [Fe';s] moiety, while the nine tetrahedral
iron ions in the outer partial [Fe"'s] cuboctahedron are each capped by a terminal Br ion. The Fe-O-Fe
angles fall into two distinct categories: those connecting the tetrahedral metal ions to
tetrahedral/octahedral metals ions are much larger (115.5(7)-134.9(6)°) than those connecting
octahedral metal ions to other octahedral metal ions (90.1(5)-104.9(6)°). The [Feso] cage has an overall
charge of 2+, balanced by the presence of three Br counter anions (H-bonded to the pu-OH ions
associated with the truncated [Fes] rings (Figures $2-3), OH---Br, ~3.3 A), and one lutH cation. The
closest inter-cluster interactions occur between neighbouring Me (lut) groups (C--C, ~3.2-3.6 A) and
between the terminal Br ions and Me(lut) groups (Br---C, ~3.2-3.6 A).

Fig. 2. A comparison of the core structures of [Fei;] (left), [Feso] (middle) and [Fess] (right). The bottom
panel shows the same figures as the upper panel, but rotated 90°. The tetrahedral Fe ions are in green
and the octahedral Fe ions are in yellow, highlighting the structural similarity and growth of the metal-
oxygen cores. Figures not to scale. Remaining colour code as Figure 1.

A structural comparison to the previously published molecular Fe oxides [Fei7] and [Fess] (Figure 2)
and to the [Feis] Keggin ion, shows some striking similarities. In each case the cluster is built up from
alternate layers of tetrahedral and octahedral Fe ions. In [Feis] and [Fe17] there is a single tetrahedral
Fe ion in the centre, surrounded by a truncated tetrahedron of octahedral metal ions. [Fei7] has an
additional outer shell of four tetrahedral metal ions arranged in a tetrahedron. [Fess] contains a central



tetrahedron of tetrahedral metal ions, surrounded by a truncated tetrahedron of octahedral metals
ions, surrounded by a truncated tetrahedron of tetrahedral metal ions. [Feso] has a central triangle of
tetrahedral metal ions, rather than a tetrahedron, which clearly modifies the subsequent self-
assembly process. The resultant changes in structure and symmetry have significant consequences for
the magnetic behaviour (vide infra). The structural similarities across the [Feis], [Fei17], [Feso] and [Fes]
series, and to Fe mineral phases such as ferrihydrite, do therefore hint that the growth of these
complexes occurs layer by layer through addition of polynuclear building blocks.

Mass spectrometry (see the Sl for full details) of the initial reaction solution indicates that the [Fes]
species is formed quickly with the t = 0 spectrum showing peaks corresponding to the [[M3o]-(3,4-
lut)+2(MeCN)]?* and [[Mso]-2(lut)+2(MeCN)]** fragments. The cluster continues to be present
throughout the reaction time with measurements at t = 2 hours and t = 4 hours also showing these
peaks (Figure S4). Mass spectrometry of crystalline 1 redissolved in a 20/80 mix of lut/MeCN shows
the [Feso] cage is present with one, two and three ligands removed, with measurements repeated over
a period of 24 hours showing that the molecule is present in solution for at least 1 day (Figures S5-7).

Magnetic measurements of 1 reveal relatively strong antiferromagnetic interactions between the Fe
centres. The experimental dc susceptibility data (T=2-400 K, B = 0.1 T) for 1 is plotted in Figure 3 as
the xT product versus T, where y is the molar magnetic susceptibility, T is the temperature, and B the
applied magnetic field. The value of yT at T = 300 K is ~45 cm® K mol?, significantly lower than that
expected for the sum of the Curie constants for thirty Fe" (S = 5/2) ions with gre = 2.00 (131.25 cm? K
mol?l). As the temperature decreases, the magnitude of xT decreases rapidly, reaching a value of ~3.5
cm® K moltat T =2 K, suggestive of a small/diamagnetic spin ground state. At T> 300 K, the T value
increases slowly, with no sign of an inflection or jump in value. Magnetisation data (T=2-7K, B=0.5
— 7 T) appear somewhat S-shaped, with the low field data appearing to saturate at ~2 T before
increasing rapidly up to ~5T, and then increasing more gradually up to 7 T. This is indicative of the
presence of multiple low lying spin states, stabilised through increasing field strength.

It is computationally impossible to quantitatively analyse the magnetic data of a molecule containing
30 x S = 5/2 spins via conventional matrix diagonalisation techniques. Even the finite-temperature
Lanczos method® which can approximately solve problems in Hilbert spaces with dimensions up to
10 cannot be applied here. We thus resort to a classical spin model and classical Monte Carlo
(CMC).Y This allows approximations of the magnetisation and the magnitude of the exchange
interactions to be obtained. Note however that classical spin models constitute a high-temperature
approximation and thus can be inaccurate at (low) temperatures smaller than the typical interaction
strength. Although there are nine different exchange interactions present in 1, DFT calculations (vide
infra) suggest they can be grouped into two categories: strongly antiferromagnetic and weakly ferro-
or antiferromagnetic based on the larger Fe(tet)-O-Fe(tet/oct) angles and the smaller Fe(oct)-O-
Fe(oct) angles, respectively. We therefore simplified the numerical simulations by employing a model
with just two different J values representing these two different Fe-O-Fe exchange pathways.
Simulations with one strong AF coupling of —20.85 < J, < —27.80 cm™ and one weak AF coupling
of —6.95 <J, < —11.82 cm™ (H = —Xi<jlij ?l- -;7].) come closest to replicating the magnetic
observables (Figure 3), being superior to a model containing just one exchange interaction, ] = —6.95

cm™
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Fig. 3. (a) Plot of the xT product versus T in the 400-2 K temperature range in an applied field, B=10.1
T. (b) Plot of M versus B in the 2-6 K range for 0.5 < B < 7T. In the latter the solid curves are for T =2
K, dashed curves for T=6 K.

To further support the relative sign and magnitude of the coupling constants obtained above, we have
performed DFT calculations (see the Sl for the computational details) on model complexes derived
from complex 1 (Figure S9). These suggest that the nine independent exchange interactions (Scheme
S1; Figures S10-18 show the spin density plots) are in the range |J| = 6-71 cm™ (Table S2). All the
computed exchange interactions are antiferromagnetic, with the exception of ]3: where a weak
ferromagnetic exchange of +14.3 cm™ has been estimated. The large antiferromagnetic interactions
originate from multiple strong overlap integrals between the SOMOs of Fe'" centres bridged by ps/pa-
0% ions (Tables $3-511). The overlap integral is much smaller for the J; exchange pathway where only
one dominant d,?|p.|d.? overlap integral is found (Table S7). This results in a very small contribution
to the antiferromagnetic part of the interaction (Jar, where J = Jag + J¢) resulting in a small ferromagnetic
interaction overall (Table S2). The results are in agreement with previous magneto-structural
developed for oxo-bridged Fe" complexes in which the magnitude of J is dictated by the Fe-O-Fe angle
and Fe-O/Fe distances, and with the results observed for [Fe;7] and [Fess] in which J(tet-oct) >> J(oct-
OCt).l4’15

Conclusions

The simplicity of the experimental procedure and the structural similarity of [Fes] to previously
published molecules such as [Feis,], [Fei7,] and [Fess], and to bulk oxides such as ferrihydrite, which all

possess structures composed of alternating layers of tetrahedral and octahedral Fe'" ions, suggests



that many more molecular iron oxides must exist. The self-assembly process also suggests that multi-
functional ‘core-shell’ species in which the Fe-oxo core is encapsulated within another (stabilising)
material, e.g. a polyoxometalate, will be attractive targets for a diverse array of applications.
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Supporting Information
Synthesis
(lutH)[Fe"30(p4-0)6(a-0)26(-OH)15Bro(lut)1s]Brs (1)

FeBr; (0.591 g, 2 mmol) was dissolved with hexamethylenetetramine (0.476 g, 3.4 mmol) MeCN (25
ml) and 3,4-lutdine (0.35 ml, 3.1 mmol) was added. The reaction was stirred for four hours and then
filtered and allowed to stand undisturbed overnight. Diffusion of iPrOH into this solution afforded dark
brown plate-shaped crystals suitable for X-ray diffraction after 3 weeks. Elemental analysis (% C H N)
calculated (found) for Bri,Ci12Fe30H15sN16047: C 26.30 (25.81), N 4.38 (3.62) H 3.13 (2.84).

(Et-PyH)[Fe"'30(pa-O)e(M3-O)2s(H-OH)15Brs(Et-py):s]Brs-Et-py (1a)

Synthesis as for compound 1, replacing 3,4-lutidine (0.35 ml) with 4-ethylpyridine (1 ml, 8.8 mmol)
and iPrOH with diethylether. Elemental analysis (% C H N) calculated (found) for Br1,Ci19Fe3oH16oN17047:
€ 27.36 (26.72), N 4.56 (4.03) H 3.26 (2.95).

Single crystal X-ray crystallography

1. Single brown plate crystals of 1 were recrystallised from a mixture of acetonitrile and isopropanol
by vapour diffusion. A suitable crystal with dimensions 0.15 x 0.12 x 0.04 mm? was selected and
mounted on a MITIGEN holder in Paratone oil on a Diamond Light Source I-19 EH1 diffractometer. The
crystal was kept at a steady 7= 100.0 K during data collection. The structure was solved with the
Superflip solution program using iterative methods and by using Olex2 as the graphical interface. The
model was refined with ShelXL 2018/3 using full matrix least squares minimisation on F2.>2

1a. Single dark brown block-shaped crystals of 1a were recrystallised from a mixture of diethyl ether
and acetonitrile by vapour diffusion. A suitable crystal 0.17 x 0.09 x 0.06 mm? was selected and
mounted on a MITIGEN holder in Paratone oil on an Rigaku Oxford Diffraction SuperNova
diffractometer. The crystal was kept at a steady T =120.0 K during data collection. The structure was
solved with the ShelXT structure solution program using the Intrinsic Phasing solution method and by
using Olex2 as the graphical interface. The model was refined with version 2018/3 of ShelXL using
Least Squares minimisation.'?



Table S1. Crystallographic information for 1 and 1a.

Compound 1 1a
Formula Bri2C112Fe30H159N16047  C119H169Bri2Fe3oN17047
DcaIc./ g cm3 1.575 1.643
M/mm-t 3.885 19.117
Formula Weight 511596 5224.12
Colour brown dark brown
Shape plate block
Size/mm3 0.15x0.12x0.04 0.17x0.09x0.06
T/K 100.0 120.0
Crystal System monoclinic triclinic
Space Group Pn P-1

Flack Parameter 0.159(10) -

Hooft parameter 0.192(4) -

a/A 30.929(3) 20.7362(5)
b/A 21.777(2) 22.7181(4)
c/A 32.273(4) 25.0130(4)
af° 90 95.425(2)
B/ 96.882(2) 97.928(2)
178 90 113.427(2)
V/A3 21580(4) 10563.0(4)
VA 4 2

Z' 2 1
Wavelength/A 0.6889 1.54178
Radiation type Synchrotron CuKe«
Onin/* 0.835 3.617
Omax/* 20.136 76.143
Measured Refl. 168652 174652
Independent Refl. 44728 43629
Reflections with I > 2(I) 32432 29952

Rint 0.0752 0.0982
Parameters 3442 2012
Restraints 9631 950
Largest Peak 0.614 1.506
Deepest Hole -0.468 -1.245
GooF 1.038 0.984

WR: (all data) 0.1530 0.1791
WR2 0.1405 0.1618

R (all data) 0.0794 0.0890

R1 0.0549 0.0633
CCDhC 2105690 2105691



Figure S1. The metal-oxygen core in 1, highlighting the inner [Fe"'s00]*® triangle of tetrahedral Fe ions
(a) linked to the [Fe"130,,]'** unit of octahedral Fe ions (b), surrounded by the [Fe'ls] partial
cuboctahedron of tetraherdal Fe ions (c). (d) Metallic skeleton. Colour code: tetrahedral Fe = green,
octahedral Fe = yellow, O =red, N = blue, C = black, Br =brown. H atoms and anions omitted for clarity.



Figure S2. Closest intermolecular interactions in 1 between the lut molecules and Br ions, highlighted
by the dashed blue lines at C---C/Br distances of > 3.2 A.

Figure S3. Close-up of the H-bond between a Br counter anion and the pu-OH ions the cluster.



Mass Spectrometry

Mass spectrometry was performed on a 7 T SolariXr FT-ICR MS (Bruker Daltonics, Bremen, Germany)
with an ESI source. The spectrum was acquired in positive ion mode (ESI+). The broadband spectrum
was acquired with 16 summed scans between 101 - 6000 m/z. Samples were solubilized in a 20/80
3,4-lutidine/acetonitrile mix at 230 uM and sprayed by direct infusion into the ESI source. Data were
analysed using Bruker Compass DataAnalysis software. Time resolved mass spectrometry was
performed on the preparatory mixture used to make 1, under the same conditions as the re-dissolved
crystalline sample. Aliquots of the reaction were taken at t =0, t = 2 hours and t = 4 hours. The latter
spectrum was measured after filtering the solution to remove some precipitated material. Aliquots
were diluted to 230 uM (wrt FeBrs) with a 20/80 mix of 3,4-lutidine and acetonitrile.
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Figure S4. Time resolved mass spectra of the initial reaction mixture used to make compound 1
showing the characteristic peaks for [Feso] at 2317 and 2371 m/z at t = 0 (red); t = 2 hours (green); t =
4 hours (purple). The mass spectrum of crystalline 1 re-dissolved in a 20/80 mix of lut/MeCN (black) is
shown for comparison.
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Figure S6. Mass spectrum highlighting the [[Fes]-(lut)+2(MeCN)]** ion at m/z = 2317.

experimental data is in grey and the simulation in red.
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Figure S7. Mass spectrum highlighting the [[Feso]-2(lut)+2(MeCN)]** ion at m/z = 2371. The
experimental data is in grey and the simulation in red.



Computational Details

DFT calculations have been performed with the B3LYP functional using the Gaussian09 suite of
programs.®® The B3LYP functional is well known to provide excellent numerical accuracy in the
estimation of magnetic exchange interaction values.”® Here, we have estimated the pairwise exchange
interactions using nine truncated models (Figure S9) as the DFT calculation is computationally
expensive with complete structure of 1. These models were constructed without altering the first
coordination sphere of each pair of Fe'" centres, substituting neighbouring Fe'" sites with diamagnetic
Ga" ions. OH/H,O moieties were employed for the truncated O atoms. Ahlrichs’ triple-§ plus
polarisation basis set (TZVP) was used for the Fe, O, N, Br atoms and the split valence plus polarisation
(SVP) basis set was used for the Ga, C and H atoms.? One high spin (HS, the electrons in the two Fe'
centres are “spin up”) and one broken symmetry (BS, the electrons in one Fe(lll) centre are “spin up”,
while those in the other are “spin down”) configuration were considered for the exchange interaction,
estimated using Noodleman’s approach (spin-Hamiltonian (1) and (2)).>'° We have used the formula

Eps—E L i . . . / -
J = ﬁ for the estimation of nine pairwise exchange interactions /4, /2, /5, J3, /3, J3, J4, J5 and
1°2 2

Js-
The following spin-Hamiltonian has been employed for the estimation of exchange coupling constant
inl.

H= =]y [$1S; + 5185 + $,85] = J2[S154 + 51818 + $1517 + $1553 + $1855 + $1856 + 5285 +
S287 + 83855 + 85851 4 5585 4 5584 + S389 + S3814 + 53810 + $3859 + S385 + 53856] —

I3 [529§26 + 826525 + S25523 + S25818 + S18523 + $2384 + S4Ss + 8587 + S8, + 5,55, +
822821 + 5785 + SgSo + 89829 + S9S10 + S18517 + 29810 + §10§14] —Ja [519§20 + 86524 + S6S30 +
524830 + 827828 + S11512] = J5[$12521 + $12522 + 51257 + $128g + §1185 + $1159 + 511510 +
$11514 + $1084 + S19823 + S19817 + $10818 + 20521 + $20822 + S2084 + $2055 + 57510 +
$27814 + 527820 + 837826 + S28525 + 25526 + S28517 + S26818 + 52484 + 524853 + 524855 +
524826 + $30526 + 30520 + S30520 + S3058 + 53089 + S6S4 + S6S5 + S65; + S655] — J2[S1515 +
S1816 4+ 52813 + $5816 + S3813 + §3§15] —J3 ['§13'§16 + S13815 + 515516 + $13814 + S13851 +
S16521 + S16517 + S15517 + §15§14] — J5[S27815 + $278; + S26510 + S2658 + S30510 +
S30815+V5[S12813 + $11813 + $15827 + 815528 + 16510 + S16520]ccevrrenrernnnn. (1)

The above Hamiltonian can be simplified as
ﬁ = _3]1 [SA‘ITdSA‘ITd] - 18]2 [SA‘ITdSA‘oct] - 6]2/ [SIngoct] - 18]3 [goctgoct] - 9]3: [SA'octSAoct] -
6]3 [Soctsoct] - 6]4 [SOTdSOTd] - 37]5 [SOTdSoct] - 6]5 [SOTdSoct] (2)

Where ITd, OTd and oct denote the inner tetrahedral, outer tetrahedral and octahedral Fe
respectively.

' centres,



Scheme S1. Pictorial representation of the nine different magnetic exchange interactions in 1.

Fe-O-Fe (°) Fe-O (A) Fe---Fe (A) Jprr! cm-

A 117.5 1.88 3.17 -30.6
5, | 121.2 1.93 3.36 63

I, 122.7 1.96 3.45 -19.2
I3 94.9 1.97 2.92 -7.3

7. | 989 2.12 3.29 +14.3
I3 99.6 2.00 3.05 -14.0
J4 118.8 1.91 3.28 -60.0
Js 130.3 1.89 3.44 -70.9
Js 119.1 1.97 3.40 -24.9

Table S2. The nine DFT computed magnetic exchange interactions alongside the average Fe-O-Fe
angles and average Fe-O and Fe---Fe distances for each interaction.



Figure S9. The nine models employed to estimate the magnetic exchange interactions in (a) J; (b) J,
(c)]2' (d) /5 (e)]3’ () J3(8) J4 () Js (i)]é exchange pathway. Colour Code: Fe — Yellow; Ga — Green; Br -
Brown; O — Red; N — Blue; C — Black, H — white.



Figure S10. Spin density of the (a) HS (b) BS configurations of the model complex in the J;
exchange pathway. The isodensity surface shown corresponds to a value of 0.006 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, H — white.

Figure S11. Spin density of the (a) HS (b) BS configurations of the model complex in the J,
exchange pathway. The isodensity surface shown corresponds to a value of 0.006 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, H — white.



Figure S12. Spin density of the (a) HS (b) BS configurations of the model complex in the J,
exchange pathway. The isodensity surface shown corresponds to a value of 0.006 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, H — white.

a e
Figure S13. Spin density of the (a) HS (b) BS configurations of the model complex in the J3
exchange pathway. The isodensity surface shown corresponds to a value of 0.006 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, H — white.
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Figure S14. Spin density of the (a) HS (b) BS configurations of the model complex in the ]3:
exchange pathway. The isodensity surface shown corresponds to a value of 0.006 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, H — white.

Figure S15. Spin density of the (a) HS (b) BS configurations of the model complex in the J5

exchange pathway. The isodensity surface shown corresponds to a value of 0.006 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, H — white.



Figure S16. Spin density of the (a) HS (b) BS configurations of the model complex in the J,
exchange pathway. The isodensity surface shown corresponds to a value of 0.006 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, H — white.

Figure S17. Spin density of the (a) HS (b) BS configurations of the model complex in the Jg
exchange pathway. The isodensity surface shown corresponds to a value of 0.006 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, H — white.



Figure S18. Spin density of the (a) HS (b) BS configurations of the model in the ] exchange

pathway. The isodensity surface shown corresponds to a value of 0.006 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, H — white.

Table S3. Overlap integrals between the SOMOs of the two Fe'" centres in the J; exchange pathway.

iﬁ;ﬁa—l dp A dys oy Ao

dxz -0.122 0.132 -0.216 -0.223 0.095
d, 0.030 0.057 0.040 0.108 0,071
Ao 20.048 0.013 20.012 0.236 20.028
dy 0.026 20.081 0.018 0.042 20.029
ds 20.007 0.121 0.046 0.017 20.038

Table S4. Overlap integrals between the SOMOs of the two Fe'" centres in the ], exchange pathway.

iﬁ:s:l« dzZ dyz dxz dx2—y2 dxy

da -0.010 -0.179 -0.019 -0.018 -0.029
dy. -0.018 -0.069 0.114 0.176 0.080
dx -0.001 0.058 -0.012 -0.002 -0.062
dxa-y2 0.030 0.268 -0.036 0.162 -0.025
dyy 0.050 -0.017 -0.051 -0.019 0.232

Table S5. Overlap integrals between the SOMOs of the two Fe'' centres in]zl exchange pathway.

if;sa_i dn dye due o2 Ay

s 20.059 0.111 20.090 0.037 20,022
A 20.137 20.091 0.192 0.068 0.028
de 0.120 0.044 20.002 0.022 20,018
G2 0.098 0.062 20.041 20,026 20.019
dy 20.227 20.168 0.002 0.130 20.060




Table S6. Overlap integrals between the SOMOs of the two Fe

" centres in the J; exchange pathway.

iﬁ;ﬁa—i Aoy o2 de drr dy:

s 20.138 0.259 0.144 20,080 0.046
dy 0.104 20.216 0.138 0.014 20,045
de 0.241 0.091 -0.104 0.055 0.057
dxa-y2 0.198 0.187 -0.149 0.122 -0.025
Ay 0.012 0.140 20.110 20,078 20,081

Table S7. Overlap integrals between the SOMOs of the two Fe

' centres in the J; exchange pathway.

iﬁfsa—i dy. o2 de dey dp

d,, 20.006 20.049 0.069 20,017 20.065
de 0.107 0.086 20.056 0.028 20.159
thayz 0.040 0.049 20.101 20.192 20.040
dy 0.152 20,077 0113 0.185 20.048
A 20128 20,041 0123 0.058 20.261

Table S8. Overlap integrals between the SOMOs of the two Fe

' centres in the J5 exchange pathway.

iﬁfﬁﬁ duz dye de dhoz dy

dx 0.326 0.013 -0.091 0.033 0.079
dy: 0.211 0.001 -0.161 0.090 0.040
dy, 0.074 -0.006 -0.098 -0.297 -0.003
dxa-y2 -0.037 -0.071 0.139 0.057 -0.125
dyy -0.095 -0.000 -0.016 -0.140 0.009

Table S9. Overlap integrals between the SOMOs of the two Fe'" centres in the ], exchange pathway.

f\?;r?a_i dey Aoz de dys dy

thy 0.189 0.204 20,084 0.045 20,053
duy2 20.140 20.050 20,036 0.099 0.024
the 0.365 0.038 0.022 0.068 0.081
s 0.027 0.163 0.014 0.053 20,075
A 0.217 0.039 20.236 0.003 0.099

Table $10. Overlap integrals between the SOMOs of the two Fe' centres in the Js exchange pathway.

ile;s;li de-yZ dxy dzZ dxz dyz

dyy -0.037 0.285 0.014 0.001 -0.066
dy. 0.116 -0.043 -0.107 -0.099 -0.162
dxa-y2 0.071 -0.180 0.103 -0.051 -0.102
dx -0.221 -0.188 -0.099 -0.236 0.043
dz 0.174 0.148 0.014 -0.132 -0.126




Table S11. Overlap integrals between the SOMOs of the two Fe'"" centres in the]s' exchange pathway.

ilerfl'a]a_i dzZ dyz dxz dxy de-yZ
dz» -0.096 0.046 0.109 0.010 0.010
dy. 0.070 0.044 -0.002 -0.018 0.022
dw. 0.145 0.091 -0.192 0.028 0.068
dyy -0.087 -0.168 0.002 -0.060 0.130
dx2-y2 0.203 0.062 -0.041 -0.019 -0.026
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