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Abstract
The ability to switch a molecule between different magnetic states is of consider-

able importance for the development of new molecular electronic devices. Desirable
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properties for such applications include a large spin ground state with electronic struc-
ture that can be controlled via external stimuli. Feyy is a cyanide-bridged stellated
cuboctahedron of mixed valence Fe ions that exhibits an extraordinarily large S=45
spin ground state. We have found that the spin ground state of Fe,, can be altered
by controlling humidity and temperature. Dehydration results in a 15 puB reduction
of saturation magnetization that can be partially recovered on re-hydration. The com-
plementary use of UV-vis, infrared, Lg 3-edge X-ray absorption and X-ray magnetic
circular dichroism are applied to uncover the mechanism for the observed dynamic
behavior. It is identified that dehydration is concurrent with metal to metal electron
transfer between Fe pairs via a cyanide m hybridization. On dehydration the elec-

111

tron transfer occurs from low-spin {Fe!!(Tp)(CN)3} sites to high-spin Fe!!! centers.

The observed reduction in magnetization on dehydration of Fe,, is inconsistent with
a ferrimagnetic ground state, and is proposed to originate from a change in zero field

splitting at electron reduced high spin sites.

Introduction

Molecular and single chain magnets utilising cyanido-bridging ligands are of interest due

2 such as photo-induced magnetism,®? pressure induced

to their switchable properties, !
magnetic switching,® dehydration induced magnetic switching,® and temperature induced
bi-stability of insulating (diamagnetic) phase and semiconducting (paramagnetic) phase.”

Harnessing spin-dependent conductivity through the exploitation of such phenomena®? i

sa
strategy proposed for the realisation of molecular spintronic devices. Obtaining an atomic
scale understanding of the magnetic properties of such nanoscale clusters is relevant for the
development of this field. We previously reported the synthesis of Fe,,, a cyanide-bridged
stellated cuboctahedron that exhibits an unusually large S=45 spin ground state.'® The

structure is composed of 42 cyanido-bridged iron sites that form a hollow central cavity with

a diameter of 1.96 nm, Figure 1. The Fe,, molecule involves three unique moieties including;

2

ACS Paragon Plus Environment

Page 2 of 24



Page 3 of 24

oNOYTULT D WN =

Submitted to Inorganic Chemistry

1.96 nm

(H,0).}

4\ 27208

{Fe(Tp)(CN),},, {Fe(NC) {Fe(NC),dpp(H,0)},,

Figure 1: a) The core of the cyanide bridged Fe,, structure, O; red, C; grey, N; blue, Fe; green,
purple and orange depending on coordination environment (hydrogen removed for clarity).
The three unique Fe coordination environments; b) {Fe(Tp)(CN),;}, ¢) {Fe(NC),(H,0),}
and d) {Fe(NC),(dpp)(H,0)}

24 x {Fe(Tp)(CN),} (where Tp = hydrotris(pyrazolyl)borate), 6 x {Fe(NC),(H,0),} and
12 x {Fe(NC),(dpp)(H,0)} (where dpp = 1,3-di(4-pyridyl)propane). The S=45 spin ground
state of Fe,, is proposed to originate from weak ferromagnetic coupling between high-spin
{Fe'™(NC),(H,0),} and high-spin {Fe'™(NC),(dpp)(H,0)} sites.' These sites both termi-
nally coordinate water molecules. In this paper we identify that the magnetism of Fe,, is
sensitive to dehydration. Using series of spectroscopic and magnetic techniques we charac-

terise how dehydration drives the observed changes in magnetism.

Experimental Methods

Polycrystalline samples of Fe,, and reference samples, were prepared as described previ-

ously. ' The reference samples Li[Fe™™(Tp)(CN),] (Fe™Tp) and K, [Fe'(Tp)(CN),] (Fe''Tp)

are mononuclear complexes with an equivalent coordination environment as the 24 {Fe(Tp)(CN),}

sites in Fe,,. Both complexes are six-coordinate with a facial triad of nitrogen atoms from Tp

and three carbon end cyanides. Polycrystalline samples were fixed to a copper sample holder
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with indium for XAS and XMCD measurements. Lo 3-edge X-ray absorption (XAS) and X-
ray magnetic circular dichroism (XMCD) spectra were measured at the BL25SU beamline
at SPring-8 synchrotron user facility, Japan. The monochromation of incident circularly
polarised X-rays was performed using a varied line-spacing plane grating with 600 lines/mm.
The Lj 3-edge measurements were performed in ultra high vacuum. Radiolysis due to X-ray
overexposure was controlled by use of a shutter system reducing exposure for each incident
X-ray energy to ~200 ms. Further control of photo-reduction in Fe,, was enabled by attenu-
ation of the incident photon flux to 7%. Hydration dependent XAS measurements were per-
formed at room temperature in ultra high vacuum on BL10 at the SAGA Light Source.? A
sample of Fe,, was dehydrated on a hot plate in a nitrogen atmosphere, rehydration was per-
formed by exposing the sample to air for a few hours. The BL10 spectrometer at SAGA has
a lower monochromatic energy resolution than BL25SU, consequently the SAGA spectra in
Figure 8 are broader than those of Figure 6. The specific heats (see supporting information)
were measured by a conventional thermal relaxation technique utilising a superconducting
magnet (Oxford Instruments) at the High Field Laboratory for Superconducting Materials
(HFLSM), Tohoku University. Direct current magnetic susceptibility were performed on the
Quantum Design SQUID (MPMS 5S) magnetometer. To prevent the loss of water molecules,
the polycrystalline Fe,, sample was inserted directly into the sample chamber at 100 K with-
out purging. After keeping thermal equilibrium for several minutes and then purging the
chamber, the magnetic susceptibilities were recorded from 2.0 to 400 K. The sample was kept
at 400 K for 30 minutes and then pumped every 5 minutes for 30 minutes. The magnetic sus-
ceptibilities were then recorded from 400 to 2.0 K. Rehydration was performed by exposing
the sample to the humid air for 3 hours. Data were corrected for the diamagnetic contri-
bution calculated from Pascal constants. In situ dehydration was performed in the sample
chamber with increasing temperature. The UV-visible reflectance spectra were performed
on the MSV-350 UV/Vis microspectrophotometer (JASCO). Dehydration was performed

with the commercial hot stage (Linkam) in the air. The infrared transmission spectra were
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performed on the FT-IR 660 Plus spectrometer (JASCO) with a Helitran L'T-3-110 system
(Advanced Research Systems) to control the temperature. IR spectra were recorded using
fine powder adhered to a CaF, plate on a JASCO FT/IR-600 Plus spectrometer in the
400 to 4000 cm® region. Variable-temperature IR data were collected using a helium-flow-
type refrigerator (HelitranL'T-3-110) with a model 331 temperature controller (LakeShore).
Ligand field multiplet calculations!'® based on atomic theory,* including coulomb interac-
tions'® and spin-orbit coupling, and crystal field symmetry are used for the simulation of
XAS and XMCD spectra. 9 *® 1, 3-edge XAS probes electronic transitions from the 2p core
into unoccupied 3d valence orbitals, and is hence very sensitive to metal-ligand hybridization.
Metal-ligand hybridization is included in the simulation of XAS spectra using the valence
bond configuration interaction approach.® This treats both ligand to metal charge trans-
fer (LMCT) 3d"*'L and metal to ligand charge transfer (MLCT) 3d" 'L~ effects (where
L and L~ correspond to a ligand with an electron hole and an extra election respectively).
The charge transfer energies are defined as A (LMCT) and A* (MLCT). The LMCT and
MLCT configuration interactions are treated by hybridization terms Ty ; = (3d™|h|3d™ L)
and Tyr; = (3d™|h|3d™ 1 L™) respectively, where T is proportional to the overlap and & is the
Hamiltonian mixing the configurations. Separate configuration 7" interactions are considered
for e, and ty, symmetries. The calculated x-ray absorption, (left + right)/2 polarizations
for SPring-8 data, and (left + right + linear)/3 polarizations for SAGA data, is normalised

to the integrated intensity of the Fe,, data.

Experimental Results and Analysis

The influence of dehydration on UV-vis and IR spectroscopy

Dehydration, or solvent loss, induced changes in metal ion spin ground state have been
observed in vacancy-type Prussian Blue analogs.?” In such systems loss of coordinated water

alters the ion ligand field resulting in a change of ion ground state that can strongly affect
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Figure 2: Solid-state UV-vis reflectance spectra of Fe,,, (a) measured as a function of tem-
perature and (b) reversibility in the shifting of bands on repeated heating and cooling cycles.
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42 Figure 3: IR spectra for model complexes K,[Fe'(Tp)(CN),] and Li[Fe™(Tp)(CN),] with
43 Fe,, showing reversibility in spectra on cycling between both hydrated and dehydrated forms.
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magnetism. Thermogravimetric analysis of Fe,, identifies a mass loss of approximately 5% on
heating to 400 K. This reduction in mass is consistent with the loss of guest water molecules
coordinated to the 18 high-spin Fe(IlI) sites in Fe,,. Following cooling to 300 K, this mass
can be recovered via exposure to air (see supporting information Figure S2). Dehydration
is coincident with a colour change in Fe,, from dark green to to dark brown. The colour of
the dehydrated sample is reversed when exposed to air. The room temperature solid-state
UV-Vis reflectance spectrum of Fe,, shows a thermally activated dehydration induced band
centered at approximately 24,000 cm~! that is attributed to metal-ligand charge transfer,

Lis found to decrease with

Figure 2. A second band centred at approximately 12,000 cm™
increasing temperature. The solid-state measurements have a large background that inhibits
clear deconvolution of the bands. However the broad lower energy band (~12,000 cm™?) is
consistent with the inter-valence charge transfer observed in Prussian Blue analogues.?!
Repeated heating and cooling cycles measured in air show reversibility in the absorption
spectrum, Figure 2b. Cooling back to room temperature following heating, recovers the
general form of the spectrum. However the bands in the recovered spectra are slightly
broader than before heating.

Variable-temperature infrared (IR) spectroscopy is applied to probe for evidence of metal
to metal electron transfer via changes in CN stretch modes. To aid the analysis of Fey,
IR spectra we start by investigating reference samples Li[Fe™(Tp)(CN),] (Fe'™Tp) and
K, [Fe' (Tp)(CN),] (Fe'"Tp). Both complexes are six coordinate with a facial triad of ni-
trogen atoms from Tp and three carbon end cyanides. These mononuclear clusters have an
equivalent coordination environment to the 24 {Fe(Tp)(CN),} sites in Fe,, and hence pro-
vide relevant information for the interpretation of Fe,,. Figure 3 shows IR spectra for Fe''Tp
and Fe''"Tp with Fe,, in both hydrated and dehydrated forms. The cyano stretching absorp-
tion bands (voy) for Fe"Tp are approximately 100 cm~" lower in energy than Fe'"Tp. The

room temperature spectrum of Fe,, partially overlays with the K,[Fe''(Tp)(CN),] spectrum

and is assigned as corresponding to the bridging voy absorption for {Fe'' ™5 (pecy)Fe! 151
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linkages. As the temperature is increased, a new high-frequency veoy (2150 cm™!) stretches
are observed at a similar energy to the Li[Fe™(Tp)(CN),] ven band. This band is hence

LS (o )Fe!' 51 linkages. In absence

attributed to the bridging vy absorption of {Fe
of rehydration, the heated spectrum persists on cooling the sample back to 300 K and the
original spectrum is partially recovered on exposure to air. The thermogravimetric analysis,

UV-vis and IR results indicate that dehydration drives charge transfer in Fe,s,.

Bulk magnetic properties

Dehydration by heating is found to significantly influence the magnetic properties of Fe,,.
The magnetic properties of Fe,, before heating are consistent with our previous study!© in-
dicating a molecular S=45 spin ground state. In support of our previous findings we provide
additional corroborating evidence for the molecular ground state of Fe,, via specific heat ca-
pacity measurements. The results of these measurements rule out the possibility of magnetic
ordering at low temperature (see supporting information). magnetization measurements at
2.0 K as a function of applied magnetic field saturate to 90 uB at 5 T for hydrated Fe,,,
as previously reported,’® the magnetic field response of the dehydrated Fe,, does not fully
saturate, with a magnetization of 75.1 uB at 5 T, Figure 4a. Figure 4b compares the tem-
perature dependence of magnetic susceptibility for hydrated and dehydrated forms of Fe,,.
The magnetic susceptibility of the hydrated variant of Fe,, increases below 10 K to a maxi-
mum of 456.6 cm® mol™! at 2.0 K, indicating the influence of weak ferromagnetic coupling
between iron spins within the molecule. Following dehydration the magnetic susceptibility
shows an increase below 10 K that deviates from the hydrated variant, with a maximum of
only 218.4 cm® mol~! at 2.0 K. The xT product at 300 K remains unchanged on dehydra-
tion, at 83 cm?® K mol™! (see supporting information). Repeated heating and cooling cycles
show only partial, ~ 50% reversibility in the magnetic properties of Fe,,. In the following
section we investigate the connection between the observed changes in UV-vis reflectance,
IR absorption and magnetism by utilising the atomic sensitivity of XAS and XMCD.
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Figure 4: a) magnetization measurements of Fe,, in hydrated and dehydrated forms mea-
sured at 2.0 K. b) Magnetic susceptibility as a function of temperature for Fe,, in hydrated
and dehydrated forms measured in an applied field of 50 Oe.

L;3-edge XAS and XMCD

Transition metal Ly s-edge XAS and XMCD are sensitive probes of magnetism, local spin
state, valence, coordination geometry and metal ligand charge transfer. Experimental access
to the electronic structure of the unique Fe sites in Fe,, requires deconvolution of Ly 3-edge
spectral contributions. To aid this process we start by investigating reference samples Fe'"'Tp
and Fe''Tp. Determining the electronic structure of the trivalent mononuclear Fe™ Tp cluster
has been the effort of several previous studies including polarised neutron diffraction,? Ly 3-
XAS and XMCD.?? Figure 5 shows the Lj3-XAS of both Fe''Tp and Fe"'Tp. The lowest
energy peak in the Ls-XAS spectrum of Fe'™Tp (labelled with an arrow, Figure 5b) is
characteristic of low-spin 3d®, originating from a transition into the singularly unoccupied
tay hole.?*26 The spectrum of Fe''Tp is consistent with a t9,e5 configuration, and does
not show a large low energy peak below the main Li-edge peak. Both Fe'/™Tp XAS
spectra show large absorptions on the high energy side of Ly 3 edges, characteristic of Fe
back-donation into unoccupied CN 7* orbitals.?* The L 3-edge spectra of both clusters
are very similar to those of the equivalently coordinated Fe sites of the charge transfer
active Co-cyanide-Fe chain, [Co((R)—pabn)] [Fe(Tp)(CN),](BF,)-MeOH-2H,0% and dimer
[(Tp)Felll(CN),Coll(PY;Me,)](OTf).2” Charge transfer multiplet simulations of Fe'"Tp and
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Figure 5: Ljs-edge XAS spectra (thick solid blue lines) of K,[Fe''(Tp)(CN),] (a) and
Li[Fe'™(Tp)(CN),] (b) measured at 200 K, with charge transfer multiplet simulations (red
and orange solid lines). The red lines represent the result of multiplet simulation fits to XAS
spectra and the vertical sticks represent the individual transition intensities. The orange line
in (b) represents the results of simulations published by Jafri et. al. in Ref 22. The black
arrow at the low energy side of the Lz edge is characteristic of low spin 3d°.
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Fe'"'Tp XAS spectra overlay the data in Figure 5. Simulations in Figure 5 include both
LMCT and MLCT effects and are a result of trust region reflective least squares fitting to
the XAS spectra(further details of the fitting procedure and a table of all the simulation
parameters can be found in the supporting information). The final fits confirm that both
complexes are low-spin, with considerable metal-ligand hybridization. Strongest MLCT is
identified for Fe"Tp. XAS and XMCD simulations of Fe"Tp were the subject of recent
study reported in Ref 22. Simulations from this work are reproduced in Figure 5, labelled
Jafri et. al.. The Jafri et. al. simulation includes only MLCT, and fits the XMCD data

particularly well.

£

2 0.4_,/%

2 0.3 Fe(I)Tp

X 99 A Fe(IlTp
01 Fe(Il)NC4

g 0 Fe(IllNC4

o

£ 0w

[l

O 0.01 8k

= 710 720 730

Photon Energy (eV)

Figure 6: Top panel: The Ly 5-edge XAS (u*+p7) of Fey, (top) with charge transfer multiplet
simulation and the unique components contributing to the total simulation. The black
arrow labels the low energy feature that indicates the presence of Fe'Tp. The Fe'V/™Tp
simulations are taken directly from the fits in figure 5. The Fe'/™(NC), simulations were
determined by fitting to the Fe,, XAS and XMCD spectrum. Bottom panel: The Ly 3-edge
XMCD of Fey, (open circles) and charge transfer multiplet simulation (thick black line) with
the contributions from 9 Fe'™(NC), (green line), 9 Fe''(NC), (red line) and Fe'Tp (blue
line). The measurements were performed at 15 K with an an applied field of 1.9 T.

The Fey, Lz and L, XAS intensities are distributed over a broad range of energies due

to the presence of overlapping contributions from Fe moieties with different valence and
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ligand field splitting, Figure 6. The XAS spectrum shows a small low energy peak (labelled
with an arrow) that is consistent with Fe'™Tp (Figure 5). This suggests that a proportion
of the 24 {Fe(Tp)(CN),} sites are low-spin d°. The XMCD spectrum is dominated by
high-spin Fe sites. The XMCD intensity at the Ls-edge resolves two broad negative peaks,
centered at approximately 708.1 and 709.7 eV. The L 3-edge absorption-energy centroid
of high-spin Fe'! ions is lower than that of high-spin Fe'f by 1 to 2 eV, consistent with
earlier work.?® Accordingly, the XMCD features at 708.1 and 709.7 eV originate from high-
spin Fe(II) and Fe(IIl) magnetic species respectively. The equivalent sign of the two Lgj-
edge XMCD signals indicate parallel alignment of Fe'! and Fe'' spin expectation values,
consistent with negligible or weak ferromagnetic exchange coupling. Detailed determination
of the individual contributions from the unique moieties in Fe,, requires a linear combination
of multiplet calculations for each of the Fe sites present. This task is simplified as the
24 Fe'™Tp sites take on the parameters obtained from fitting to the reference sample
spectra, leaving the contributions of 6 {Fe(NC),(H,0),} and 12 {Fe(NC),(dpp)(H,0)} to
be determined. The coordination of {Fe(NC),(H,0),} and {Fe(NC),(dpp)(H,0)} (together,
abbreviated as {Fe(NC),}) are similar, differing at one axial position by the replacement of
a water with dpp (coordinated via nitrogen), for simplicity we approximate them equivalent
for the simulation of Fe,,. The {Fe(NC),} species are equatorially coordinated to four
nitrogen end cyanides with frontier orbitals that mix with the Fe 3d orbitals, introducing
ligand electron character into Fe molecular orbitals.? To account for this effect, LMCT type
hybridization is included in the XAS and XMCD simulations of the high-spin sites. Initial
simulations consisting of 24 low-spin {Fe"(Tp)(CN);} and 18 high-spin {Fe"(NC),}, do
not reproduce the double peak structure in the Ls-edge of the XMCD or the low energy
side of the Lz-edge XAS (see supporting info.). The double peak structure of the XMCD
and the presence of the low energy Ls-edge peak can only be reproduced by including an
equal combination of 9 {Fe'™(NC),} and 9 {Fe"(NC),}, with 9 {Fe'"Tp} and 15 {Fe'Tp}.

This mixed valence combination is consistent with 9 electron transfers between iron pairs
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from {Fe"Tp}{Fe™(NC),} to {Fe""Tp}{Fe'(NC),}. Figure 6 shows the Fe,, XAS data
along with the calculated spectrum and the decomposition of contributions that give the
total calculated XAS and XMCD. The free parameters in the simulation model are the
{FeM(NC),} crystal field splitting parameters and LMCT hybridization terms. Through
fitting to the XMCD, the spectral contributions of the {Fe™(NC),} sites are separated out
from each other and the other metal ions present in Fe,,. Additional details of the fitting
method with a table of the final parameters are found in the supporting info.

Since the Ly 3-edge measurements are performed in an ultra-high vacuum environment par-
tial dehydration of Fe,, is very probable. The effect of dehydration while heating Fe,,
was investigated further at the Ljs-edge at SAGA Light Source, Figure 8. Spectra mea-
sured before dehydration and after rehydration, are equivalent demonstrating reversibil-
ity in the dehydration effect. The dehydrated sample shows a clear increase in intensity
centered at 708 eV. The change in XAS due to dehydration is indicative of the reduc-
tion of high-spin Fe(III) to Fe(II).?"3! The schematic in Figure 7 outlines the basic charge
transfer process, where dehydration drives a change in redox that promotes MMCT. The
electron transfer process is tested against the Ljs-edge XAS results with a linear com-
bination of contributions according to the number of electron transfers, n, per molecule
{FeHTp}(24_n){FeIHTp}(n){FeIII(NC)4}(18_n){FeH(NC)4}(n). Figure 8 shows Fe,, multiplet
simulations for n = 9 and 12. The XAS of the hydrated Fe,, is reproduced with n = 9,
as previously determined in the simulation of circularly polarised Lj 3-edge measurements.
An electron transfer of n = 12 reproduces the observed changes in the Lj s-edge spectrum
after heating and dehydration of the sample. The reversibility of the electron transfer pro-
cess observed by L s-edge XAS demonstrates the necessity of heating for inducing complete

charge transfer within Fe,, and that vacuum without heating is not sufficient.
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Figure 7: Schematic of the proposed dehydration induced electron transfer process between
17 FeTp and Fe(NC), pairs within Fey,.
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Figure 8: (a) Lgs-edge XAS (BL10, SAGA Light Source) of Fe,,, Fe,, following dehydration
50 and Fe,, after rehydration. (b) Ly s-edge XAS simulations of the SAGA data, 9 electron
51 transfers per Fe,, molecule between {FeTp} and {Fe(NC),} sites reproduces the hydrated
52 data, 12 electron transfers reproduces the dehydrated data.
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Discussion

The anionic precursor {Fe(Tp)(CN),} is shown to promote metal to metal electron transfer
in an increasing variety of switchable coordination compounds.?? Ly s-edge XAS of Fe''Tp
shows intense satellite intensity on the high energy side of both L3 and L, edges character-
istic for metal to ligand back-donation into 7* acceptor orbitals. Charge transfer multiplet
calculations quantify this intensity as MLCT of ¢y, electron character. In synergy with
{FeTp} electron donation, Fe,, Ly 3-edge simulations indicate LMCT type hybridization at
{Fe"(NC),} sites. The combined MLCT at {Fe'"Tp} and LMCT at {Fe'(NC),} provides
atomic scale evidence for the metal to metal electron transfer pathways in Fe,,. Prevention
of water loss within Fe,, requires the sample to be maintained in a humid environment.
It is therefore proposed that the ultra high vacuum sample environment required for Lg 3-
edge measurements captures Fe,, in a partially dehydrated state. XMCD measurements
separate the high-spin Fe(II) and Fe(III) contributions to Fe,,. The use of {FeTp} refer-
ence samples aids in the determination of low-spin contributions to Fe,,. Combined XAS
and XMCD multiplet simulations identify a mixed valence Fe composition within Fe,, of
{Fell=LSY, {FellI-L5} [FellI-HSY [RelI=HS1 = Further dehydration of Fe,, shows a clear
increase of intensity in the low energy side of the Lz-edge indicating an increased contribu-
tion of high-spin Fe(IT) and low spin Fe(III) to the spectrum. The observed change is due
to electron transfer from {Fe"Tp}{Fe™(NC),} to {Fe"Tp}{Fe"(NC),}. This analysis is
consistent with the shift in charge transfer band observed in the temperature dependence of
UV-vis spectroscopy and the temperature and dehydration dependence of pcy stretch modes
identified by IR spectroscopy. The high temperature sensitivity of Fe,, is hence proposed to
be driven by thermal dissociation of {Fe(NC),} coordinated water molecules, where the re-
sultant change redox potential invokes metal to metal electron transfer, Figure 7. The metal
to metal charge transfer acts by reducing high spin sites from S=5/2 to S=2 and by oxidising
low spin Fe(II) sites from S=0 to S=1/2. The number of unpaired electrons in this process

remains constant, as indicated by the equivalent x7T' products at 300 K for both hydrated
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and dehydrated samples. The magnetic susceptibility of dehydrated Fe,, is less than the
hydrated variant below 10 K. However this reduction is inconsistent with a ferrimagnetism
since the magnetic susceptibility in dehydrated Fe,, does not show an inflection on decreas-
ing temperature, and the XMCD shows no evidence of strong exchange interactions between
low-spin Fe(III), high-spin Fe(II) and high-spin Fe(III) sites. The loss of coordinated water
molecules results in a reduction of local symmetry at {Fe(NC),} sites from six coordinate
(Op) to five coordinate (Cy,) and potentially four coordinate (Dyy), in the specific case of
the 6 {Fe(NC),(H,0),}. This is consistent with Ly 3-edge simulations of {Fe''(NC),} sites
within Fe,,, which requires the inclusion of a small positive Dg crystal field splitting pa-
rameter consistent with a Cy, distortion (see supporting info the specific parameters for the
final fits). It is proposed that reduction in low temperature magnetization originates from
a positive axial zero-field splitting at Fe(II) sites following water loss. In the hydrated case
{Fe(NC),} sites have a A; ground state with no evidence of zero-field splitting. Weak ferro-
magnetic coupling between spin sites gives rise to an isotropic S=45 molecular spin ground
state. Following dehydration, {Fe(NC),} sites become reduced to Fe(Il) and a zero-field
split S=2 single ion ground state is proposed, with sub-states, Mg = 0, +1,£2 in order of
increasing energy. This zero-field splitting is transferred onto the molecular spin ground
state via weak super-exchange coupling within the molecule. The energy of the zero-field
splitting is small enough to be thermally populated at 10 K, as evidenced via susceptibility
measurements, but is significantly larger than Fe—CN—Fe super-exchange within the Fe,,
molecule. At temperatures lower than 10 K the Mg = 0 sub-state (in the uncoupled basis)
is preferentially populated resulting in the observed reduction in magnetisation and lack of

field induced magnetization saturation at 5 T (Figure 4).
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Conclusion

The Fe,, molecular nanomagnet exhibits an extraordinarily large S=45 spin ground state.
The discovery of charge transfer activity adds additional richness to its magnetic properties.
We identify charge transfer activity driven by thermally induced dehydration. Dehydration
reduces the 90 pp molecular saturation magnetization by 20 up. Magnetic switching is par-
tially reversible over multiple cycles. L s-edge XAS and XMCD in conjunction with ligand
field multiplet calculations identify that dehydration is concurrent with metal to metal elec-
tron transfer between Fe pairs via a cyanide 7w hybridization. The electron transfer process
between pairs is identified as occurring from {Fe''Tp}{Fe(NC),} to {Fe" Tp}{Fe'(NC),},
this process is not coupled to a spin cross-over transition. The observed reduction in mag-
netization on dehydration is inconsistent with a ferrimagnetic ground state, and originates
from a change in zero-field splitting at S=2 {Fe"(NC),} sites. Since nanoscale molecules
with large molecular spin ground states are desirable for molecular spintronic applications,
these results highlight the potential of harnessing metal to metal electron transfer to control

the magnetic properties of large spin molecules.
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Graphical TOC Entry

Dehydration driven metal to metal electron transfer is identified for Fe,,,
a molecular cluster with a S=45 ground state. The switching process is
partially recoverable and results in a reduction of saturation magnetiza-
tion. This process is identified by X-ray magnetic circular dichroism.
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