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Giant Keplerate-type molecules with a {Mo7,Feso} core show a number of very interesting properties,
making them particularly promising for various applications. So far, only limited data on the electronic

structure of these molecules from X-ray spectra and electronic structure calculations have been available.
Here we present a combined electronic and magnetic structure study of three Keplerate-type nano-
spheres—two with a {Mo;,Feso} core and one with a {W;,Fe3o} core by means of X-ray absorption spec-

troscopy, X-ray magnetic circular dichroism (XMCD), SQUID magnetometry, and complementary

theoretical approaches. Furthermore, we present detailed studies of the Fe**-to-Fe?* photoreduction

process, which is induced under soft X-ray radiation in these molecules. We observe that the photoreduc-
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1. Introduction

Polyoxometalates (POM) make a fascinating class of inorganic
compounds which, in a sense, closes a gap between “conven-
tional” transition-metal (TM) oxides and molecular magnets.
They link, by mediation of oxygen, the TM atoms together into
structures in which quite strict rules govern the emerging
short-range order. Other than imposing a crystal-type period-
icity, these rules of chemical bonding may give rise to huge
molecules of fancy shapes and beautiful sophistication." Such
entities may further be connected into a molecular crystal,
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tion rate greatly depends on the ligand structure surrounding the Fe ions, with negatively charged
ligands leading to a dramatically reduced photoreduction rate. This opens the possibility of tailoring such
polyoxometalates by X-ray spectroscopic studies and also for potential applications in the field of X-ray

allowing variations depending on the particularly used “glue”
of solvent molecules. The measurable electronic, magnetic or
vibrational properties of polyoxometalates are, however, pri-
marily shaped by the physics within individual molecular
units, weakly coupled between themselves.

Possible “use” of POMs, beyond the chemist’s professional
satisfaction and the general aesthetical reward, leaves space to
fantasy, e.g. in the sense of confinement/transport of smaller
molecules or in staging/tuning magnetic interactions. The
latter aspect underlines the closeness of POMs to metallo-
organic molecules, or molecular magnets, in view of similar
mechanisms (and strength) of interatomic magnetic coupling,
and, generally, of the chemical bonding involved. Even if the
bare POM carcase is typically free of “conventionally organic”
carbon or nitrogen, they are frequent members of auxiliary
details keeping the POM molecule together.

Although POMs have been a subject of study for some time
by a number of groups worldwide, e.g., >’ we emphasize the
long-term efforts by the group of Achim Miiller in Bielefeld, to
which we owe the introduction into the subject and the syn-
thesis of systems used in our present study.

In particular, the giant neutral Keplerate-type molecules,
{Mo,,M;0+ (M = Fe™, Cr'™, vV, and Ln™), show a number of
intriguing properties making them extremely promising,

This journal is © The Royal Society of Chemistry 2013
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potential candidates for various applications and models, i.e.
quasicrystals® and water exchange in minerals.” Recently, a
remarkable self-recognition phenomenon, leading to separate
blackberry-type structures of the {Mo,,Fes,} and {Mo,Crso}
molecules in dilute solutions, has been reported.’® Moreover,
such types of Keplerates with 30 transition-metal ions (e.g.,
Fe™ or Cr'), symmetrically placed on an icosidodecahedral
surface, are model compounds for a mesoscopic magnetic
kagomé lattice at low temperatures.''™*? In particular, the mag-
netic properties of the neutral {Mo;,Fe;o} molecule (formula
of the compound: [Mo;,Fe;,0,5,(CH3CO0);0{M0,0,(H,0)}-
{H,M0,05(H,0)}3(H20)94]-ca. 150H,0 = 1 = 1la-ca. 150H,0)
have been investigated in a number of experimental and theoreti-
cal studies, including notably magnetic ones.">™*” Also, recently, a
{W,Fezo-type cluster (formula of the compound Nag(NHy)so-
[Fe" (FLO)eL[{(W")W"'50,1(S04)}12{(Fe(H>0))50}(S04)15(H20)s4] ca.
200H,0 = 2 = Nag(NH,)o[Fe™(H,0)c]r-2a-ca. 200H,0), where
molybdenum atoms of the pentagonal units are replaced by
tungsten ones, has been reported.'® While the 30 Fe™™ ions in
this anion form a spherical network based on corner-shared
triangles as in the {Mo,,Fes,} molecule, there are differences
in detail. First, the electron delocalization of the 3d electrons
of the Fe™ ions is somewhat weaker than those in 1, resulting
in a weakened antiferromagnetic Fe-Fe interaction in 2 in
comparison with that in 1. Second, there are significant differ-
ences in the chemistry of the ligands. The {W;,Fe;,} cluster 2
contains 25 SO,>~ instead of the 10 acetate ligands in 1, with
the consequence that 2 is negatively charged (1 is neutral). A
{Mo,,Fe;o} cluster with SO,>” ligands has also been syn-
thesized (formula of the compound NagKs[KyCMo" s
Fe™300,55(S04)24(H,0)75]-ca.  140H,0 = 3 = NaogKj3a-ca.
140H,0)."°

The magnetic properties of metallo-organic complexes are
of common interest due to the ongoing miniaturization of
future memory devices. So-called single molecular magnets
and related metallo-organic compounds are one potential
vision for active functionals in future devices.

In the present study, we probe two of POM systems by
different tools of X-ray spectroscopy. Such tools, especially
when applied in combination and supported by first-principle
calculations, are powerful in revealing information about dis-
tribution of electronic states and chemical bonding. Regarding
the Fezo-based Keplerate-type compounds described above, no
X-ray spectroscopic study of the electronic and chemical struc-
tures is available to date. Furthermore, X-ray magnetic circular
dichroism (XMCD) at transition metal L edges is an advanced
technique since it enables one to determine spin and orbital
magnetic moments separately.>°

One important issue which arises in this relation is poten-
tial “radiation damage”. X-ray-induced photochemistry, investi-
gated by means of soft XAS, has been reported for two Fe-
based metallo-organic complexes.> >*  These studies
addressed potential mechanisms for the photo-oxidation/
photoreduction/ligand-photolysis effects, which could also
have been induced by the cleavage of chemical bonds between
the transition metal and ligands for different reasons.

This journal is © The Royal Society of Chemistry 2013
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Soft XAS in the total electron yield (TEY) mode has a
probing depth of a few nanometers only, suggesting that many
secondary electrons are generated, which may play an impor-
tant role in explaining the radiation-damage effects. Further-
more, it has been demonstrated that the damage effects can
be retarded by the presence of “electron reservoirs” via mole-
cule-substrate interactions.”® George et al>* have reported
that the observed X-ray induced photochemistry depends not
only on the Fe valence but also on the ligand structure. This
leads to the question of whether, and how, the X-ray induced
“damage” effects in metallo-organic complexes can be “tai-
lored” by means of their coordination chemistry. This offers
an interesting alternative view onto X-ray-induced photochemi-
stry as an opportunity to learn more about hitherto uncharac-
terized metal sites, rather than a cause of undesirable
potential damage. However, a detailed spectroscopic study of
chemical and electronic structures of metallo-organic com-
pounds requires care, and one always has to consider potential
soft-X-ray-induced modifications at both the transition metal
and the ligand sites.

This paper aims to address two gaps in knowledge. First,
because we wanted to investigate the topic of soft-X-ray-
induced photoreduction in Fe-based metallo-organic com-
plexes, we performed a detailed XAS study (in dependence of
the overall photon flux) at the Fe L, ; edges and the OK edge of
1, 2, and 3. We report a tendency toward Fe’" to Fe*
photoreduction in all three molecules, although this process
was significantly slower for molecules 2 and 3. This obser-
vation might be related to the presence of negatively charged
S0,>” ligands. These results also demonstrate the possibility
that (soft) X-rays can be used as an active, rather than passive,
probe of metallo-organic complexes.

Second, we performed a detailed study of the electronic and
magnetic properties by means of soft XAS and XMCD in com-
bination with first-principles electronic-structure calculations
and charge-transfer multiple simulations.

2. Experimental and theoretical procedures

We probed the Fe**-to-Fe**photoreduction of the two Mo,,Fe;,
molecules (1 and 3) by means of Fe L, ; edge XAS, using the
total electron yield (TEY), at the Russian-German Beamline
(RGBL) at BESSY II. We used the full flux of the dipole beam-
line and recorded a series of Fe L,; edge XAS on different
spots on both molecules, with the samples being at room
temperature. Each scan was completed in approximately
14 min.

A comparable XAS study (also using TEY as detection
mode) of the W-,,Fe;o(SO*7) (2) and Mo,,Fez0(Ac) (1) was
carried out at room temperature at the Advanced Light Source,
beamline 8.0.1, using the X-ray fluorescence end station of the
University of Tennessee at Knoxville.>® Photons with energies
of 500-750 eV were provided to the end station via a spherical
925-lines per mm-grating monochromator. The undulator-
based beamline delivers a flux on the order of 10'* photons s
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at Fe L edge photon energies around 700 eV. In order to
minimize radiation damage effects, we used the high energy
flank of the undulator gap to reduce the incoming photon flux
to around 5-10% of the maximum photon flux for the first
scan on each fresh sample spot. Each scan was completed in
approximately 8 min.

The XMCD experiments were performed at the surface and
interface microscopy (SIM) beamline of the Swiss Light Source
(SLS). We used the 7 T cryomagnetic TBT-XMCD end station,
working with a *He-*He dilution setup in order to reach base
temperatures of around 0.7 K.>® The sample with W;,Fe;, core
(2) was pasted on carbon tape before connecting the sample
holder to the cryostat coldfinger. The spectra were recorded
using the total electron yield (TEY). The undulator-based
beamline delivers a flux on the order of 10'* photons s~ at
Fe L edge photon energies of around 700 eV. In order to
minimize radiation damage effects, we tuned the beamline
optics in order to reduce the incoming photon flux to around
1-2% of the maximum photon flux.

Magnetization measurements were performed with a
Quantum Design MPMS SQUID magnetometer.

First-principles density-functional calculations were per-
formed by the SIESTA method,>*® which uses norm-
conserving pseudopotentials in combination with numerical
atom-centered strictly confined basis functions. Exchange-
correlation potential was taken after the generalized gradient
approximation (GGA) in the formulation of Perdew-Burke-
Ernzerhof.*®

The molecule (neutral FejoMo,,-acetate, or (6-)-charged
Fe3oW5,-sulfate) was placed in a cubic simulation cell having a
36 A edge, preventing an overlap of basis functions across the
cell boundary with the molecule’s spurious replicas. Basis
functions were generated by the split-norm technique, the
standard one in SIESTA. Typically, the quality of the basis set
was “double-zeta with polarization orbitals”,** except for the
Fe 3d status, which was of triple-zeta quality. An earlier calcu-
lation by the same method on another (Ni-based) oxovanadate
system is described by Postnikov et al.*'

Fe L, ; edge XAS spectra were simulated within the charge-
transfer multiplet model using the TT-multiplet program.**~**
After the atomic energy levels of the initial (2p”"3d™) and final
(2p™'3d™") states were calculated and reduced to 80% of

Table 1

View Article Online

their Hartree-Fock values (see Table 1), an octahedral crystal
field was considered. Finally, we accounted for charge transfer
by introducing 3d”*"'L states and broadened the simulated
spectra, considering lifetime broadening and spectrometer
resolution.

3. Results and discussion
3.1 Soft-X-ray-radiation-induced Fe photoreduction

To gain more knowledge of the exact nature of the underlying
mechanism of the soft-X-ray-induced photoreduction process
for Fe ions in 1, 2, and 3, we measured a series of Fe L, ; edge
XAS for both 1 and 2 systems (Fig. 1). These measurements
were performed at an undulator-based beamline (see Experi-
mental and theoretical procedures section), whereby we first
reduced the photon flux to approximately 10% of its maximal
intensity for the first Fe L, ; edge scans of molecules 1 and 2.
Next, we doubled the flux with each completed set of XAS per-
formed at the Fe L, ; edges untill maximum photon flux was
reached. We observed a significant Fe’" to Fe** reduction in
both molecules. It is noteworthy that the Fe*' ions in the
(charge neutral) acetate-containing molecule 1 were signifi-
cantly faster at reducing to Fe>* than those in the sulfate-con-
taining molecule 2 (see also Fig. 1). After a total of four XAS
scans at the Fe L, ; edges from fitting the measured spectra to
charge-transfer multiplet calculations (more details can be
found in the Experimental and theoretical procedures section),
it can be estimated that only 12.5% of Fe** ions were left in
molecule 1, but 37.5% remained in 2. The observed difference
in the Fe photoreduction rates may be due to the fact that for
molecule 1 the coordination is acetate and for 2 it is SO,*".

In Fig. 2, we present Fe L, 5 edge XAS series for molecules 1
and 3, taken at the Russian-German Beamline at BESSY II. All
scans were acquired with the full intensity of the dipole beam-
line. The charge-neutral molecule 1 undergoes a relatively
rapid Fe** to Fe®" photoreduction (Fig. 2c). After only three
scans across the Fe L, ; edges, we found a 75% fraction of Fe**
ions, as concluded from a comparison with the corresponding
superimposed multiplet simulations. It is notable that much
faster Fe’" to Fe*" photoreduction processes (within one single
Fe L,; edge XAS scan) have been observed for a star-shaped

Slater integrals (in eV) used for the Fe?* and Fe®* charge-transfer multiplet simulations of the Fe L, 3 edge XAS. The spin-orbit parameters were not

reduced, whereas the d-d and p-d integrals were reduced to 80% of the Hartree—Fock values for the subsequent simulation of the spectra

Fe** 2p®3d° Fe* 2p°3d”  Fe* 2p°3d’L Fe** 2p°3d°L

Fe*" 2p®3d® Fe** 2p°3d®  Fe’ 2p®3d°L Fe** 2p°3d’L

initial final initial final initial final initial final

Slater integrals
F23d3d 10.966 11.779 9.762 10.623 12.043 12.818 10.966 11.779
F 3434 6.815 7.327 6.018 6.560 7.535 8.023 6.815 7.327
Fopsd 6.793 6.143 7.446 6.793

L opad 5.004 4.467 5.566 5.004
G32p3d 2.844 2.538 3.166 2.844
Spin-orbit coupling
LSyp 8.200 8.202 8.199 8.200
LS3q 0.000 0.000 0.000 0.000 0.059 0.074 0.052 0.067
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Fig. 1 (a) Fe L, 3 edge XAS series of 1, and (b) 2; grey lines represent the experi-
mental data; black lines represent the corresponding simulated spectra, which
were obtained by superimposing corresponding fractions of the simulated Fe®*
and Fe?* spectra. (c) Fraction of Fe3* (derived from the corresponding multiplet
simulations) versus the percentage X-ray photon flux time for the XAS series
shown in the top panel.

Fe, single magnetic molecule,** where the Fe** ions are coordi-
nated within an octahedral environment comprising four
oxygen atoms and two nitrogen ligands. Also, for molecule 3
(Fig. 2a and 2b), a Fe*" to Fe** photoreduction can be
observed. The difference is that in 3 with its SO,>~ ligands, the
soft X-ray induced photoreduction rate at the Fe site is notice-
ably lower than that in 1. Two different spots of 3 have been
probed with different storage-ring currents (spot 1:
294-260 mA, spot 2: 188-173 mA). After approximately seven
scans on spot 1 (scans 6 and 7 were taken only across the Fe L

This journal is © The Royal Society of Chemistry 2013

View Article Online

D

[MonFem SO, FelL,, edges|
spot 1: 8th scan, 100% int., 47.5% Fe3+

spot 1: 7th scan, 100% int., 50% Fe3+

spot 1: 6th scan, 100% int., 50% Fea+

spot 1: 5th sgan, 100% int., 52.5% F e3+
spot 1: 4th scan, 100% int., 55% Fe3+
™ =

o

[ f

[

spot 1: 3rd scan, 100% int., 60% Fe 3+
e

([

spot 1: 2nd scan, 100% int., 65% Fe3+
PP

L2 2 22222

Intensity (normalized)

spot 1: 1st scan, 100% int., 85% Fe3+

716 720 725 730 735
Photon Energy (eV)

710

[Mo,Fe,, SO, Fe L,, edges|

., 40% Fe 3+
., 42.5% Fe 3+

., 45% Fe 3+

., 47.5% Fe 3+

., 52.5% Fe 3+

., 55% Fe 3+

Intensity (normalized)

L 1 1 1 1 "
705 710 715 720 725 730 735
Photon Energy (eV)
—

‘MonFe FeL,, edges|

30°

spot 1: 3rd scan, 100% int., 25% Fe 3+

spot 1: 2nd scan, 100% int., 37.5% Fe 3+

spot 1: 1st scan, 100% int., 60% Fe 3+

Intensity (normalized)

705 710 715 720 725 730 135
Photon Energy (eV)
90 LN I A (N B B SR BN N RN BN AR R BN R SN B A |

*— Mo_Fe, SO, spot1
= Mo, Fe, SO, spot2 ]
—4—Mo_Fe, :Ac spot1

Fraction Fe* (%)

A\I ]
1

n 1 1 n 1 " 1 " 1 1 n 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Flux (%)

20f d

Fig. 2 (a) First series of Fe L, 3 edge XAS of molecule 3 (spot 1); grey lines rep-
resent the experimental data; black lines represent the corresponding simulated
spectra that were obtained by superimposing corresponding fractions of the
simulated Fe* and Fe®* spectra. (b) Second series of Fe L, 3 edge XAS of mole-
cule 3 (spot 2). (c) Series of Fe L, 3 edge XAS of molecule 1. (d) Fraction of Fe3*
(derived from the corresponding multiplet simulations) versus the percentage of
overall X-ray-photon flux for the three XAS series, including exponential fits
(solid lines) for the two series taken on 3.
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edge), there was still a 47.5% fraction of Fe** ions, and on spot
2, we observed a 40% Fe®* fraction. We present a more quanti-
tative analysis in Fig. 2d. The two series taken on 3 almost per-
fectly match when calibrated to the overall percentage photon
flux, whereas a much more rapid photoreduction of 1 leads to
a much steeper curve in this plot. Moreover, it is possible to fit
the observed Fe®™ to Fe*>" photoreduction process observed for
3 by considering a simple exponential decay (solid black and
orange fits in Fig. 2d). This may be an indication that the soft
X-ray induced Fe photoreduction process, at least in these mole-
cules, likely occurs within a single step, ruling out the possi-
bility that two or more parallel processes occur on different
slopes and timescales. We conclude that the different coordi-
nation chemistry seems to have a significant influence on the
timescale of the soft X-ray induced Fe’* to Fe** photoreduction
process. The observed soft X-ray induced photoreduction may
have several potential reasons.”*>**%?® Whereas photo-oxi-
dation under soft X-ray exposure dominates in Fe(0) and Fe(1)
coordination complexes, photoreduction is found for Fe(i)
and Fe(iv) based metallo-organic complexes.”* Also potential
related phenomena such as ligand photolysis and/or ligand to
metal charge transfer might be of importance.* Very recently
a counterion dependence of an observed Mn** to Mn** photo-
reduction reduction rate in (Mng™'Cr'™)** complexes has been
reported.®® In these complexes the soft X-ray induced photo-
reduction rate was supposed to be lower in the presence of oxi-
dizing counterions since these might release fewer electrons
under soft X-ray exposure which may mediate the photoreduc-
tion process. Whereas we cannot exclude any of the above

Mo / acetate-based Fe30 molecule, neutral

View Article Online

mentioned potential reasons for the photoreduction studies in
this work, a plausible qualitative interpretation of this is that
the observed photoreduction likely occurs because of the elec-
trons liberated by the soft-X-ray excitation from the (ligand)
atoms surrounding the transition-metal center.”” As these are
then transferred from the ligand to the metal centers, one can
quantitatively understand why molecules with the negatively
charged SO,>” ligands exhibit a lower photoreduction rate
independent of the overall X-ray flux. The negative ligands
“screen” the electrons of the surrounding matrix, leading to a
repulsive potential. As previously described, the presence of
“electron reservoirs” via metallic substrates can also lead to
weaker radiation-damage effects.>> We also want to mention
that, as to the charge transfer multiplet simulations, the
crystal-field strength of the Fe®* jons is noticeably lower
(0.2 eV) than that of the original Fe** ions (0.8 eV), indicating
major changes in the local crystal-field environment (and sub-
sequently the Fe-O bonding length) around the Fe ions during
the photoreduction process.

3.2 Electronic and magnetic structure

3.2.1 Density-functional theory calculations. As demon-
strated earlier on a number of occasions,®” first-principles cal-
culations performed at the accuracy level of the density-
functional theory (DFT) provide a realistic description of
ground-state charge density and magnetic configurations, even
if it is not as accurate as quantum chemistry schemes in the
treatment of electron-correlation effects. This technique even
provides some insight into spectral characteristics, regarding
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Fig. 3 Selected local densities of states in FesoMo;»-acetate (left panel) and FesoW55-sulfate (right panel), summed up over all atoms of a given type, as calculated

by the SIESTA method. See text for details.
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the interpretation of valence-band XPS, ligand XAS, or X-ray
emission. DFT is advantageous because it considers the actual
crystal or molecular structure, without the need to adopt sim-
plifying structural suggestions. For the system under study,
this becomes particularly important because the structural
“soccer ball” pattern of Fez, systems surpasses the “typical”
size of molecular magnets, while remaining short of develop-
ing periodicity-related (solid-like) features.

To start a DFT calculation, one needs to specify a realistic
structural model. Although the crystal structure, including
solvent molecules, is known, we preferred to organize calcu-
lations for isolated molecular units, stripping them of solvent
and defining, if needed, their net charge. Specifically, two
systems have been selected for the present calculation:

1. Moy,Fe300,5:(CH3CO0);4{M0,0,(H,0){H,M0,05(H,0)} -
(H20)o; (1a) or FezoMoggO305Cr0Hz6 (754 atoms), denoted
henceforth as Fe;oMo5,-acetate, whose structure is described
in the literature.’® The Fe;y(M0gO;5);, ball, supplemented
inwards and outwards with oxygen atoms and water molecules,
is interwoven internally by 10 CH3;COO~ ions, one
Mo,0,(H,0)*7, and three H,Mo0,05(H,0)>" groups, as
described in the literature,*® and has a zero nominal charge.

2. [Nag(NH,)o{(WYYWY'50,1(SO4)H2{Fe(H,0)}50(SO4) 13-
(H20)34]°" (Nag(NH,)02a) or FezoW,0416N20H,05S,5Na (777
atoms), denoted henceforth as Fez;oW,-sulfate, is structurally
characterized in the literature.'® This structure is identical to
the previous one with regard to the “soccer ball” composition
(the Mo atoms now being replaced by W); however, the inner
interweaving is executed by SO,>” ions, which can dock in
three different positions, as previously published."® Further-
more, 20 ammonium cations are placed in the middle of, and
slightly above, the hexagon faces of the “soccer ball,” and six
sodium ions form an octahedral cage around the molecule,
helping to further compensate for the excess negative charge.
Two Fe™(H,0), units, which according to Todea et al.'® co-
crystallize with the molecular ball, were not included in the
calculation. Consequently, the nominal charge assigned to the
remaining molecular unit was 6—.

A practical detail in setting up the calculation was the selec-
tion of a valid docking formation of the inner groups (acetate,
Mo-O, or sulfate) inside the ball, from the many equivalent
possibilities that were averaged in the crystallographic analysis.
Although we assumed that the exact choice would not have a
noticeable effect on the electronic structure, such a decision
still had to be made. Obviously, the two systems, while being
structurally similar, are quite different from the chemistry
viewpoint and with respect to the technical details of calcu-
lation. Therefore, it could be instructive to compare the two
systems, with the expected primary effect being due to the
difference between Mo and W, and the secondary effect being
due to different linkers inside the ball.

The question of the magnetic structure of Fe;, systems is
not simple and deserves, in principle, a detailed discussion.
Namely, in view of the system being apparently magnetically
frustrated, an option of the non-collinear setting of local mag-
netic moments has been addressed."” In the present study, we

This journal is © The Royal Society of Chemistry 2013

View Article Online

are predominantly interested in chemical bonding and spec-
tral features, for which accessing a particular magnetic order
is expected to have a less significant effect. Therefore, the
results presented below correspond to the ferromagnetic
setting of Fe magnetic moments. The calculation readily con-
verges to a high-spin magnetic solution of 150 up per mole-
cule. This corresponds to the formal Fe™ valence, consistent
with chemical intuition. The spatial distribution of spin
density can be characterized in two ways—by local partial
(basis-function-projected) densities of states (DOS) and by
spatially resolved charge/spin density. Local charge and mag-
netic states of different atoms can be further characterized by
the respective (basis-dependent, and hence ambiguous)
Mulliken populations. The valence-states Mulliken charge at the
Fe sites corresponds to approximately 7.5, with a slight variation
over different centers, instead of 8 for a free atom. This value
is less than that observed for the nominally expected Fe®* situ-
ation, in which local magnetic moments correspond to
approximately 4 up. However, this value is close to that
obtained by the DFT characterization of other similar (octa-
hedrally O-coordinated) Fe-based molecular magnets.*>*® As
in the latter case, the local DOS at the Fe sites, shown in Fig. 3,

Fig. 4 Spin-density isosurfaces of a conveniently chosen value in FezoMoy»-
acetate. The molecule is shown in wireframe representation. Fe atoms (on the
ball surface) carry spin moments and are hidden within the (nearly spherical)
spin-density isosurface bulbs. Mo atoms (grey-colored bunches) are also situated
on the ball surface, interconnected by oxygen (red/dark) atoms. Further oxygen
atoms are flanking Fe and Mo roughly along the ball radius, outwards and
inwards. Most of these oxygen atoms, notably all outward ones from Fe and
many inward ones from Fe and Mo, are parts of water molecules (where
protons are shown as blue dashes); other inward oxygen atoms from Fe and Mo
are connected via acetate or Mo-O linkers inside the ball. (The C atoms of
acetate groups are shown in yellow). Outward O atoms from Mo atoms are stan-
dalone; some of them carry substantial spin moment (witnessed by “clouds” of
spin-density isosurfaces).
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reveal fully occupied majority-spin bands and empty minority-
spin bands. Therefore, the local moment associated with a
Fe atom must be approximately 5 ug, of which 1 ug is obviously
delocalized over the neighboring oxygen centers. The
Fe3d°13d°| configuration, when stripped of all 4s electrons,
corresponds to the formal Fe™ valence, thus resolving an
apparent controversy. In terms of spatial spin-density distri-
bution, this situation corresponds to the spherical shape of
the half-filled 3d shell of Fe atoms, as seen in Fig. 4.

By comparing the DOS for both systems in Fig. 3, their
hybridization structure seems to be quite similar, as revealed
by the similarity of the Mo 4d and W 5d contributions, along
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with those of Fe and O between the two systems. Minor differ-
ences are only in part related to different chemistry, and other-
wise reveal a slightly different structure (a more perfect ball,
with less disturbing internal linkers, in the Fez;oW-,-sulfate
system). The large size of the system marks a difference from
“conventional” molecular magnets such as “ferric wheels”,*
for example, while the high density of the energy levels and
the near disappearance of the band gap make the system
behave like a semi-metal. Additional charging (as different
values of nominal charge of the molecule from those stated
above were also tested) does not lead to a dramatically
different magnetic state.

I L] T
W_Fe, , OKedge

30°
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0 2 4 6 8 10 12
Energy (eV)
1 1 T 1 ]
10 W / sulphate based O2p
Fe. molecule up |
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Fig. 5 Top: O K edge XAS series of 1 (left) and 2 (right). The thick lines represent spectra taken at a low photon flux and a fresh spot of the corresponding sample.

Bottom: Calculated unoccupied densities of states for 1 (left) and 2 (right).
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3.2.2 XAS at the O K edges. Fig. 5 presents the oxygen XAS
of molecules 1 and 2 along with the projected calculated DOS.
We discuss the spectra taken at a low photon flux on a fresh
spot to obtain as much information as possible from the “orig-
inal” electronic ground state (upper panel of Fig. 5). Hence,
these spectra are not, or only minimally, influenced by poten-
tial changes induced by soft X-ray radiation. These O K edge
XAS spectra considerably represent the hybridization between
the Fe 3d, Mo 4d (W 5d) states and the unoccupied O 2p
states, and thus the conduction band of molecules 1 and 2.
The spectra have been brought to a common energy scale with
the Fermi energy set to zero. Both O K edge XAS spectra com-
prise three distinct main features. The O K edge XAS of
1 consist of two maxima located around 2 and 4.5 eV, respect-
ively, and a somewhat less intense peak at approximately 7 eV.
These regions can be attributed to hybridized O 2p/Mo 4d
bands with the help of electronic structure calculations.
However, some detailed differences are observed. The theoreti-
cal results suggest a minimum intensity at 4.5 eV (Fig. 5,
bottom-left panel), whereas we observe an intense absorption
peak at approximately 4 eV.

For molecule 2, we find an overall similar situation. Here
the two main peaks representing hybridized O 2p/W 5d bands
are located at 2 and 3 eV, respectively, followed by a rather
broad feature spanning the range from ~7 to 11 eV. Similar to
the theoretical results of 1, the calculated unoccupied DOS of
2 is again somewhat shifted toward the Fermi level in compari-
son with that observed in the experimental O K XAS features.
It is noteworthy that the theoretical results reproduce the
overall features and shape of the experimental O K XAS, since
there is no significant interaction of the oxygen core hole with
the oxygen or metal valence electrons. Therefore the O K edge
spectra can be described to large extent within a single-particle
scheme. However, the observed differences might be related to
the fact that the DFT calculations do not include core hole
potentials.

Since the strength of hybridization between Mo 4d (W 5d)
and the unoccupied O 2p states is significantly stronger than
that of the Fe 3d states, the O K edge XAS spectra are dominated
mostly by the hybridized Mo 4d (W 5d)/O 2p states, as discussed
above. Apart from this, small features are located at 0.75 eV (1)
and 0.5 eV (2), which can be associated with hybridized Fe 3d
tyg states, based on comparison with the theoretical results (see
Fig. 5). On the other side, the Fe 3d e, states are overlapped by
the contributions from Mo 4d and W 5d, respectively.

Next, to discuss the Fe 3d states, we plotted the local
density of the 3d states, summed up over all Fe sites of mole-
cule 1 in the ferromagnetic configuration (Fig. 6). According
to DFT calculations, the Fe-3d-related states responsible for
magnetism are not strongly localized and flow onto neighbor-
ing atoms. At the same time, their “on-site” (Fe-centered) part
clearly reveals the spatial organization of these states as either
eslike or ty-like type (in corresponding energy intervals) in
both occupied and unoccupied parts of the spectrum. We
present a corresponding illustration of the Mo 4d states in
Fig. 7.
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Fig. 6 Central panel: local density of 3d states, summed up over all Fe sites of
molecule 1 in the ferromagnetic configuration. The vertical dashed line sepa-
rates occupied (shaded) and vacant states. The energy windows over which the
Fe 3d states noticeably have an eq or t,4 character are indicated by blue and red
blocks, respectively. Four peripheral figures: charge densities integrated over
energies within each of the indicated energy windows, namely in occupied
majority-spin states (a, b) and unoccupied minority-spin states (c, d), shown by
an isosurface for a conveniently chosen value in each case, to underline the sym-
metry of the charge density in the vicinity of the Fe centers. Only a fragment of
the full Fesq ball is shown in each case. Positions of the Fe atoms are indicated

by arrows in the “c” panel. Note that the “a” panel comprises the result of inte-

gration over two intervals, separated by the “b” region.

The Fe L, ; edges XAS of all three molecules (1, 2, and 3) are
quite similar (Fig. 1 and 2). Like the O K edge XAS discussed
above, these spectra were also recorded with a noticeable
reduced photon flux (see Experimental and theoretical pro-
cedures section) and at a new position for each scan. The
shape of the spectrum clearly reflects a predominant Fe*" char-
acter in an octahedral coordination. We obtained the best-fit
solution from charge-transfer multiplet simulations by consid-
ering an octahedral crystal field of 0.2 eV for the Fe** simu-
lation (10% spectral weight in Fig. 6) and 10 Dq = 0.8 eV for
the Fe*" simulation (90% spectral weight in Fig. 6). The Slater
spin-orbit integrals are summarized in Table 1. The energy
difference between configurations E(2p°®3d™) and E(2p°3d™*'L)
was set to 4.5 €V for Fe®" and Fe*". This resulted in a simulated
77.5% 3d® and 22.5% 3d’L ground-state charge-transfer

Dalton Trans., 2013, 42, 7924-7935 | 7931
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Dalton Transactions

Isosurfaces of the (unoccupied) charge density summed up over two energy windows, indicated as “a” and "b” in the density of state shown on the left,

where the dashed line at ~—4 eV separates the occupied and vacant states. Only a part of molecule 1 is shown; MoMosOs pentagons are marked in both figures by
a thick black line, which passes through oxygen atoms connecting the MoMosOs blocks with their neighboring Fe atoms (immediately outwards from each penta-

gon side). In the radial sense, every Mo atom is connected to an oxygen atom outwards and to a water molecule inwards; Fe atoms are connected to water mole-
cules both outwards and inwards. Note a quasi-t,4 character of the Mo 4d states in the “a” window (where the Fe 3d states are ey-like) and the quasi-e4 character

in the “b” window (where the states are missing).

configuration for the Fe*" ions, and an 80.8% 3d° and 19.2%
3d°L configuration for Fe*".

3.2.3 Magnetic properties of 2 ({W-,Fe;,} core). Powder of
2 was examined by means of SQUID magnetometry to tackle
the integral magnetization as a function of external field and
temperature (Fig. 8a). The largest magnetic moment per mole-
cule uy = 58 ug is observed in an external field of 5.5 T at 2 K.
There is almost no temperature dependence between 2 K and
5 K, whereas at 15 K (still at 5.5 T), a significantly lower magne-
tization of approx. 43 up is found. The overall shape of the
magnetization curve is qualitatively similar to that of the
Mo,,Fe;, molecule 1 (at an effective temperature of the spins
of 4 K).">'* Also, as for 1, a nearest-neighbor antiferromagnetic
Fe-Fe interaction has been reported for 2 very recently.'®
Fig. 8b displays the Fe L, ; edge spectra recorded with left and
right circularly polarized light, at a sample temperature of
0.7 K and an external field of 6.5 T. The corresponding XMCD
signal (blue) and its integral (orange) are also shown. Both the
(isotropic) XAS and the XMCD can be reproduced with charge-
transfer multiplet simulations comprising 85% Fe*" and 15%
Fe>*, respectively. This corresponds to the initial Fe L edge XAS

7932 | Dalton Trans., 2013, 42, 7924-7935

taken on a fresh spot of 2 in Fig. 1. Therefore, a potential radi-
ation damage or soft X-ray induced photoreduction can be
considered as minimal. Sum rule analysis® yields a magnetic
spin moment of u; = 51.8 up per molecule and an almost
quenched orbital contribution to the magnetic moment. Since
the “conventional” spin sum rule leads to underestimated
moments for ionic systems due to core-hole Coulomb inter-
actions,”** the spin sum rule correction factors after
Teramura et al.,** i.e. 1/0.685 for Fe** and 1/0.875 for Fe*" ions
have been used. The derived moment of approximately 52 up
per molecule is somewhat lower than that obtained by SQUID
magnetometry. This deviation may be due to the following
possible reasons:

(i) Weak initial Fe** to Fe** photoreduction processes
cannot be entirely excluded.

(ii) The spin sum rule correction factor used has been
derived for a perfectly octahedral and homogenous crystal field,
whereas already small deviations formed, as in case of our
systems, may lead to a somewhat different correction factor.*?

(iii) Weak antiferromagnetic intermolecular interactions
might be present in particular at low temperatures (7 = 0.7 K).

This journal is © The Royal Society of Chemistry 2013
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Fig. 8 (a) Magnetization of W;,Fesq (2) at 2 K, 5 K, and 15 K as a function of

field. (b) Fe L3 edges of 2 recorded with left and right circularly polarized
X-rays, the corresponding XMCD signal, and its integral. These measurements
were performed with a significantly reduced X-ray exposure (1-2% of the full
beamline intensity) at a temperature of 0.7 K in an external field of 6.5 T. (c) and
(d) Isotropic XMCD and isotropic XAS signals in comparison with charge-transfer
multiplet simulations.
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(iv) As hinted by the first-principles calculations, some of
the Fe-3d-related states responsible for magnetism are not
strongly localized. Since XAS at transition metal L edges on
ionic compounds is a probe of the localized electronic struc-
ture and coordination of the transition metal ion in question,
possible “interstitial or hybridized spin states” may not be
entirely included into the element specific XMCD signal.

However, it can be concluded that most of the Fe 3d spin
states responsible for the magnetic moment (>85%) are loca-
lized at the “on-site” (Fe-centered) part of the Fe 3d states of 2.

4., Summary

We investigated the electronic structure of three giant
Keplerate-structural-type molecules with Mo;,Fez, and W,Fe3,
cores by means of soft XAS and complementary theoretical
approaches. For all three molecules, an Fe*" to Fe®>" photore-
duction process can be observed by means of Fe L, ; edge XAS.
The crystal-field strength of the Fe** ions is noticeably lower
(0.2 eV) than that of the original Fe*" ions, indicating major
changes in the local crystal-field environment (and sub-
sequently the Fe-O bonding length) around the Fe ions during
the photoreduction process. Hence, the photoreduction
process might be explained by breaking up ligand bonds from
the surrounding matrix of the Fe ions due to the soft X-ray
radiation, initiating an electron transfer and a subsequent
change in the crystal-field environment. The presence of nega-
tively charged SO,>~ ligands appears to slow down the Fe
photoreduction process, whereas its potential influence on
changes in the Mo and W ions still has to be investigated in
more detail. The negative charge of the ligands likely builds a
kind of repulsive “screening potential,” slowing down the elec-
tron-transfer process toward Fe.

According to the first-principles calculations, the electronic
structure of molecules 1 and 2 is quite similar. The high
density of the energy levels and the near disappearance of the
band gap make the system behave like a semi-metal. The con-
duction band comprises the Fe 3d states of t,, nature located
close to the Fermi energy, followed by Mo 4d (1) or W 5d (2)
states, which are strongly hybridized with the empty O 2p
states. An overall good agreement is observed between the
first-principles electronic structure calculations and the O K
edge XAS. The comparison of the Fe L, ; edges XAS spectra of
the three molecules (1, 2 and 3) reveals that the Fe ions behave
similarly in these complexes. In combination with charge-
transfer multiplet simulations, we find a relatively ionic Fe*"
ground state for all complexes. However, some admixtures of
Fe”" ions cannot be excluded completely, and here we cannot
dismiss the beginning of a Fe photoreduction process due to
“radiation damage.” Considering these findings we probed the
magnetic properties of the molecule with W;,Fez, core (2) by
means of SQUID magnetometry and XMCD. Comparison
between these two approaches reveals that most of the mag-
netic moment is dominated by “on-site” (Fe-centered) part of
the Fe 3d states of 2.
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