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’ INTRODUCTION

The prospect of exploiting molecular spins to store and
process information (molecular spintronics)1 is driving funda-
mental investigations on the electronic structure and magnetism
of open-shell molecular frameworks or molecular arrays at
surfaces.2 Single-Molecule Magnets (SMMs) in particular have
been proposed as miniaturized memory units to be electrically
written and read-out using an STM tip.2,3 The electronic
structure and functionality of these fragile metal complexes
may however easily undergo profound alterations upon deposi-
tion, as found for theMn12 family.4 Special caremust therefore be
applied to rule out unwanted structural reorganization, fragmen-
tation, or complete molecular disruption, which may take place
during the grafting process.

We have recently shown that iron(III)-based SMMs of the Fe4
family, [Fe4(L)2(dpm)6] (1) and [Fe4(L0)2(dpm)6] (2), rein-
forced and functionalized using tripodal ligands H3L =
11-(acetylthio)-2,2-bis(hydroxymethyl)undecan-1-ol5a and H3L0 =
7-(acetylthio)-2,2-bis(hydroxymethyl)heptan-1-ol,5b retain their
structure and electronic properties on a gold surface (Hdpm =
dipivaloylmethane). In fact, surface-supported complexes 1 and 2

exhibit a “memory effect”, which is more pronounced in 2 because
of its tendency to afford partially oriented layers.5b These magnetic
investigations on molecules at surfaces, covering both static and
dynamic properties, have largely relied on X-ray Magnetic Circular
Dichroism (XMCD). XMCD is a spectroscopic technique derived
from X-ray Absorption (XAS) and provides direct information on
the magnetic polarization at specific elements.6 Furthermore, when
operated in the Total Electron Yield detection mode it becomes
surface-sensitive and allows to probe the magnetism of monolayers
or submonolayers,4a,5,7 in a way not easily accessible to tradi-
tional magnetometry or magnetic resonance techniques.7c,8

Complexes of the Fe4 series feature a central Fe
3þ ion (Fec)

with spin si = 5/2 antiferromagnetically coupled to three peripheral
ones (Fep) to afford a ground statewith total spin S=5, as proved by
magnetic measurements and electron paramagnetic resonance
(EPR) spectroscopy.5,9 This peculiar spin arrangement, in which
uncompensation of antiparallel spins yields a large S value, is
referred to as a ferrimagnetic spin structure because of its
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ABSTRACT: Surface-supported arrays of Fe4-type Single-Molecule Mag-
nets retain a memory effect and are of current interest in the frame of
molecule-based information storage and spintronics. To reveal the spin
structure of [Fe4(L)2(dpm)6] (1) on Au, an isomorphous compound
[Fe3Cr(L)2(dpm)6] was synthesized and structurally and mag-
netically characterized (H3L is tripodal ligand 11-(acetylthio)-2,2-bis-
(hydroxymethyl)undecan-1-ol and Hdpm is dipivaloylmethane). The new
complex contains a central Cr3þ ion and has a S = 6 ground state as opposed
to S = 5 in 1. Low-temperature X-rayMagnetic Circular Dichroism studies at
Fe- and Cr-L2,3 edges revealed that the antiparallel alignment between Fe
and Cr spins is preserved on surfaces. Moreover, the different Fe-L2,3
spectral features found in the homo- and heterometallic species disclose the
opposing contribution of the central Fe3þ ion in the former compound, proving that its ferrimagnetic spin structure is retained on
surfaces.



2912 dx.doi.org/10.1021/ic102184n |Inorg. Chem. 2011, 50, 2911–2917

Inorganic Chemistry ARTICLE

resemblance with the magnetic configuration of bulk ferrimag-
nets. The large magnetic moment in the ground state results in a
XMCD signal at low temperature, which has the same intensity
and fine structure in bulk samples and in monolayers.5,10 The
consistency of the observed XMCD response with a ferrimag-
netic spin structure has found theoretical support from Ligand
Field Multiplet (LFM) calculations,10 but has never been experi-
mentally verified.

We herein show that the XMCD response of 1 at Fe-L2,3 edges
is specific of its ground state spin configuration. To this aim,
we have prepared a related compound, [Fe3Cr(L)2(dpm)6] (3),
in which the central Fe3þ ion has been replaced by a Cr3þ ion
(si = 3/2). According to previous work, such an isomorphous
substitution can be carried out without metal scrambling, though
residual Fe4 species are found in the crystal lattice.11 The
resulting differences in the dichroic signal, detected both on
bulk phase and on monolayer samples, disclose the field-oppos-
ing contribution of the central ion and demonstrate that 1 retains
its ferrimagnetic spin structure on Au(111) surfaces.

’EXPERIMENTAL SECTION

Synthesis. All operations were carried out with strict exclusion of
moisture, unless otherwise stated. All chemicals were reagent grade and
used as received, except for solvents, which were dried and distilled
under nitrogen before use. Methanol was treated with Mg(OMe)2
(prepared from Mg turnings, I2, and MeOH) and distilled; diethylether
and tetrahydrofuran (THF) were distilled from their blue Na/benzo-
phenone solutions. 1,2-Dimethoxyethane (DME) and acetonitrile were
treated with CaH2 and distilled, acetonitrile being stored over 3A
molecular sieves. The dimer [Fe2(OMe)2(dpm)4] (4) was prepared
according to the procedure of Rossman et al.,12a modified as described in
a previous publication.9b The compound CrCl3(THF)3 was prepared
from CrCl3 by prolonged Soxhlet extraction using anhydrous THF and
zinc powder, as reported byHerwig and Zeiss.12b H3L = 11-(acetylthio)-
2,2-bis(hydroxymethyl)undecan-1-ol was synthesized as previously
described.9c Sodium methoxide solution (3.08 M in methanol) was
prepared by careful addition of sodiummetal to anhydrous methanol under
nitrogen. The Fe and Cr contents were measured by complexometric
titrationwith EDTA (ca. 5� 10-3M), using back-titrationwith Pb(NO3)2
(ca. 5 � 10-3 M) and the technique of kinetic masking.12c

[Fe3Cr(L)2(dpm)6] (3).Compound 4 (0.5323 g, 0.5870mmol) was
suspended in a MeOH:Et2O mixture (1:2 v/v, 50 mL) and stirred for
10 min. Solid CrCl3(THF)3 (0.1466 g, 0.3913 mmol) was then added in
one portion, and the mixture stirred until complete dissolution of the
solids to give a clear, dark-red solution (ca. 15 min). NaOMe (3.08 M in
MeOH, 0.40 mL, 1.23 mmol) was introduced dropwise with vigorous
stirring, and the mixture stirred for additional 30 min (a dark-red
precipitate appeared). A MeOH:Et2O mixture (1:4 v/v, 165 mL) was
then added, and the reaction mixture was stirred for 1 h and left
undisturbed overnight. The precipitated NaCl was filtered off using
a G4 frit and washed extensively with Et2O until colorless washings
(ca. 50 mL). The liquid phase was evaporated at reduced pressure with
gentle heating (30-40 �C) to give a brown powder (0.579 g). A portion
of the solid (0.105 g, 0.0685 mmol Cr) and H3L (0.0600 mg,
0.196 mmol, 2.7 equiv) were refluxed in DME (2 mL) for 4 h to give
a dark brown solution. Slow evaporation of the solvent afforded
a microcrystalline solid which was collected and washed extensively
with methanol until colorless washings. The solid was suspended in
the minimum amount of acetonitrile:DME (1:1) at 85 �C. Slow
cooling of the clear solution afforded the desired product as red-black
prisms that were collected by filtration, washed with acetonitrile
and dried in vacuum (0.073 mg, 55% yield). Anal. Calcd. (%) for

Fe3.16Cr0.84C96H168O20S2: C, 59.85; H, 8.79; S, 3.33; Cr, 2.27; Fe, 9.16.
Found (average over two samples): C, 59.88; H, 8.80; S, 3.66; Cr, 2.33;
Fe, 9.38 (Fe:Cr atom ratio 3.75:1). Alternative room-temperature routes
were also tested, but they invariably afforded a lower Cr content.
X-ray Crystallography. The structure determination on 3 was

carried out at 120(2) K using a 4-circle Bruker-Nonius X8APEX
diffractometer, equipped with Mo-KR radiation and a Kryo-Flex nitro-
gen flow cryostat. The structure was solved by direct methods using the
SIR92 program.13a Full-matrix least-squares refinement on Fo

2 was
performed using the SHELXL-97 program13b implemented in the
WINGX suite.13c All non-hydrogen atoms were refined anisotropically,
with the exception of the terminal portion of the alkyl chain, which
was found disordered over three positions with 0.61, 0.21, and 0.18
occupancies and refined with restraints over geometrical and displace-
ment parameters. In particular the C-S-C(O)CH3 moiety was refined
as a rigid group with the same geometry found in 1,2-ethanedithiol
diacetate at 183 K.13d Hydrogen atoms were treated as riding contribu-
tors with isotropic displacement parameters. These were fixed to UH =
pUiso(C) where p = 1.2 for methine and methylene hydrogens, and p =
1.5 for methyl H atoms.
Magnetic Measurements. Direct Current (DC) magnetic data

for a polycrystalline sample of 3 (8.40 mg), pressed in a pellet, were
recorded on a Quantum Design MPMS SQUID magnetometer. Mag-
netic susceptibilities weremeasured in applied fields of 1 kOe from 1.9 to
35 K and 10 kOe from 35 to 300 K. Magnetization was also measured at
1.9, 2.5, and 4.5 K in fields up to 50 kOe. Data reduction was carried out
using a molecular weight of 1926 and a diamagnetic contribution
(estimated from Pascal’s constants) of -1148 � 10-6 emu/mol.
Alternating Current (AC) susceptibility in zero static field was measured
in the frequency range 100-25000 Hz on a microcrystalline powder
sample of 3 using an Oxford Instruments MAGLAB 2000 platform
equipped with a home-built inductive coil probe.

W-band (ca. 94 GHz) EPR spectra were recorded on a polycrystalline
powder sample of 3, embedded in wax, using a Bruker Elexsys E600 CW
spectrometer. Simulation of EPR spectra and spin-Hamiltonian calculations
were carried out using a dedicated software, as described elsewhere.9c,13e

Monolayer Preparation. All the procedures were carried out in a
portable glovebox inflated with nitrogen gas to avoid contamination of
the surface or damaging of the molecular deposits. Polycrystalline Au,
evaporated on a mica substrate (Agilent Inc.), was flame annealed with a
hydrogen flame to achieve Au(111) reconstruction and cleaned with
fresh ethanol (g99.8% purity Aldrich) and dichloromethane (g99.5%
purity, Aldrich). The substrate was plunged in a 2 mM dichloromethane
solution of 3 for 20 h so as to afford monolayer coverage. Overlayers of
physisorbed molecules not directly grafted to the gold surface were
removed by repeated washings with pure dichloromethane. A similar
procedure already described elsewhere5a was used for the preparation of
a monolayer of 1. We expect that molecules form an homogeneous
monolayer deposit, in analogy to our previous reports on 1,5a,14 with no
preferential orientation on the surface. The substrate was mounted on
the sample holder of the XMCD setup using a screwed copper mask.
Bulk reference samples were thick films obtained by drop casting of
2 mM solutions of 1 or 3 in dichloromethane on a gold support.
XMCD Experiments. The XAS and XMCD experiments on bulk

samples were carried out at the ID08 beamline of the European
Synchrotron Radiation Facility (ESRF), Grenoble (France),15a and at
the UE46-PGM beamline of BESSY II synchrotron, Helmholtz-
Zentrum Berlin f€ur Materialen und Energie (Germany).15b Monolayers
were measured at the SIM-X11MA beamline of Swiss Light Source
(SLS), Paul Scherrer Institut (PSI), Villigen (Switzerland).15c Drop cast
and monolayer samples were inserted in a sample holder attached to the
coldfinger of a 4He cryostat working down to 7 K. Spectra were recorded
at Fe- and Cr-L2,3 edges (2p-3d transitions). All the measurements were
carried out at very low X-rays photon flux, so as to avoid radiation
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damaging effects,10 and in the Total Electron Yield (TEY) detection
mode to achieve the required surface sensitivity.15d XMCD spectra were
evaluated as (σ - - σ þ), where σ - and σ þ are the measured cross
sections for right and left circularly polarized light, respectively (that is,
for photon helicity vector antiparallel and parallel, respectively, to the
applied magnetic field). To minimize systematic errors, each XMCD
spectrum was obtained from eight measurements taken by switching the
polarization and the field.15e In the experiments, we also checked
the absence of any preferential orientation of molecules on the surface
(no X-ray Natural Linear Dichroism) so that (σ þ þ σ -)/2 was
considered a good approximation to the isotropic spectrum in the
electric dipole approximation. All reported XMCD contributions are
normalized, that is, they are obtained by dividing the measured XMCD
signal by the edge-jump of the isotropic absorption spectra at the energy
of its maximum amplitude. Therefore, the XMCD spectra are propor-
tional to the XMCD response per metal atom.

’RESULTS AND DISCUSSION

Compound [Fe3Cr(L)2(dpm)6] (3) was synthesized by re-
acting [Fe2(OMe)2(dpm)4] with CrCl3(THF)3 and NaOMe in

a Et2O:MeOH mixture, removing the precipitated NaCl, eva-
porating the solvent completely, and refluxing the solid residue
with excess H3L in DME (eq 1). A final recrystallization from
acetonitrile:DME afforded 3 as red-black prisms in 55% yield.

ð3=2Þ½Fe2ðOMeÞ2ðdpmÞ4� þ CrCl3ðTHFÞ3 þ 3NaOMe

þ 2H3L f ½Fe3CrðLÞ2ðdpmÞ6� þ 3NaClþ 3THFþ 6MeOH

ð1Þ
Chemical analysis indicates that the Cr:Fe ratio (1:3.75) in the

solid is lower than used in the synthesis (1:3). As described
below, the location of the chromium(III) ions was clearly
revealed by structural data, EPR spectra and magnetic
measurements.

Single-crystal X-ray diffraction was used to determine the
crystal and molecular structure of 3 (see Figure 1 and Supporting
Information, Figure S1).16 Selected structural parameters for 3
are gathered in Table 1. Although 1 and 3 are isomorphous,
differences stand out clearly when examining the coordination
geometry of the metal ions. While the average M-O distances
for the peripheral ions in 1 and 3 are identical within experimental

Table 1. Selected Interatomic Distances (Å) and Interbond Angles (deg) in 3, with Estimated Standard Deviation in Parenthesesa

Cr1 3 3 3 Fe2 3.0100(10) Cr1 3 3 3 Fe3 3.0119(6) Fe2 3 3 3 Fe3 5.2250(8)

Fe3 3 3 3 Fe3
0 5.1970(9) Fe2 3 3 3Cr1 3 3 3 Fe3 120.37(2) Fe3 3 3 3Cr1 3 3 3 Fe3

0 119.25 (3)

Cr1-O1 1.961(2) Cr1-O2 1.957(2) Cr1-O3 1.956(2)

Fe2-O1 1.977(2) Fe2-O4 2.000(2) Fe2-O5 1.9943(19)

Fe3-O20 1.980(2) Fe3-O3 1.979(2) Fe3-O6 2.002(2)

Fe3-O7 2.001(2) Fe3-O8 2.003(3) Fe3-O9 2.003(2)

O2-Cr1-O1 90.15(9) O3-Cr1-O1 90.62(9) O3-Cr1-O2 90.65(9)

O10-Cr1-O1 80.70(12) O20-Cr1-O1 100.07(9) O30-Cr1-O1 166.16(9)

O20-Cr1-O2 166.63(14) O30-Cr1-O2 80.72(9) O30-Cr1-O3 99.80(13)

O10-Fe2-O1 79.89(12) O4-Fe2-O1 93.50(9) O5-Fe2-O1 96.92(9)

O5-Fe2-O4 86.28(9) O50-Fe2-O5 168.75(14) O40-Fe2-O1 172.82(9)

O50-Fe2-O1 91.71(9) O40-Fe2-O4 93.23(14) O50-Fe2-O4 86.00(9)

O3-Fe3-O20 79.60(9) O3-Fe3-O7 169.96(11) O20-Fe3-O7 92.19(10)

O3-Fe3-O6 89.56(9) O20-Fe3-O6 97.94(10) O7-Fe3-O6 85.84(10)

O3-Fe3-O9 97.48(9) O20-Fe3-O9 89.66(10) O7-Fe3-O9 88.16(10)

O6-Fe3-O9 170.49(9) O3-Fe3-O8 95.93(10) O20-Fe3-O8 172.89(10)

O7-Fe3-O8 92.79(11) O6-Fe3-O8 87.49(10) O9-Fe3-O8 85.43(10)

Cr1-O1-Fe2 99.71(10) Cr1-O2-Fe30 99.80(10) Cr1-O3-Fe3 99.88(10)
a Primed atoms are related to unprimed ones by a 2-fold rotation along Cr1 3 3 3 Fe2.

Figure 1. Core structure (a) and complete molecular structure (b) of 3
determined by X-ray diffraction at 120(2) K, omitting H atoms and
disorder on alkyl chains. Primed atoms are related to unprimed ones by a
2-fold rotation around Cr1 3 3 3 Fe2.

Figure 2. Experimental and simulated EPR spectra of 3 at 94.24 GHz.
Asterisks and crosses mark the parallel type bands assigned to Cr-
centered Fe3Cr (S = 6) and Fe4 species (S = 5), respectively.
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error (1.993(11) vs 1.991(13) Å), the central ion in 3 forms
shorter bonds with the bridging O atoms of the tripod (1.958(3)
vs 1.983(5) Å). In addition, the pitch of the helical structure,
defined as the average dihedral angle between the M1(O)2Fe2
and M1(O)2Fe3 moieties (M = Fe, Cr) and the metal ion plane,
is distinctly smaller in 3 (62.2� vs 67.3�).9,11 These differences
suggest that the central ion in 3 is smaller than in 1 by about
0.02 Å, as expected for a Cr-centered species.17

The EPR spectra of a polycrystalline sample of3were recorded at
ν = 94.24 GHz in the temperature (T) range 5-20 K (Figure 2).
Below the central fieldH0 = hν/(2μB) = 33.66 kOe the spectrum at
5 K exhibits a pattern of almost equally spaced signals (marked with
asterisks in Figure 2). Their intensity variation with field (H) and
T is typical for parallel-type bands in a high-spin system with
easy-axis anisotropy (D < 0).18 From the position of the five
visible lines, it can be inferred that six such transitions appear
belowH0. This indicates that the ground state has total spin S = 6,
which is the value expected for a Cr-centered Fe3Cr species with
antiferromagnetic Fe-Cr interactions. The line-to-line separa-
tion also provides |D| about 0.16-0.17 cm-1, while the broad-
ening of perpendicular bands at H > H0 is suggestive of a very
weak rhombic anisotropy.18 A further series of weaker signals,
marked by crosses in Figure 2 and spanning a wider field range at
H <H0, is easily assigned to Fe4 species on the basis of the line-to-
line separation and of the observed temperature and field
dependence.9 If the compound is taken as a solid solution of
Cr-centered Fe3Cr and Fe4, the observed Fe:Cr ratio implies the
presence of 84% Fe3Cr and 16% Fe4. Notably, very similar results
were obtained using a different tripodal ligand.11 The given
composition allowed an accurate reproduction of the spectra
using the spin-Hamiltonian9c,13e

ĤEPR ¼ μBŜ 3 g 3 ĤþD½Ŝ2z - SðSþ 1Þ=3� þ EðŜ2x - Ŝ2yÞ

þ B04Ô
0
4 ð2Þ

where Ŝ is the total spin operator (with components Ŝx, Ŝy, and
Ŝz), Ô4

0 is the fourth-order axial anisotropy operator, and the
other symbols have their usual meaning. The best-fit parameter
set was (for Fe3Cr) S=6,D=-0.165(2) cm-1,E=0.005(1) cm-1,
B4
0 = 0.0(1) 3 10

-5 cm-1, gx,y = 1.990(2), gz = 2.000(2); (for Fe4)
S = 5, D = -0.405(2) cm-1, E = 0.018(4) cm-1, B4

0 = 1.5(2) 3
10-5 cm-1, gx,y = 1.995(2), gz = 2.005(2).

DCmagnetic data of 3, recorded in the form of low-field χm vs
T and isothermal Mm vs H curves, are in accordance with the
proposed composition and spin ground state. Low-field χmT vsT
data, displayed in Figure 3, are typical for antiferromagnetic
systems featuring a high-spin ground state.11 After correction for
the presence of 16% Fe4, based on the known susceptibility
values for 1,9a the χmT value at low temperature is very close
to the Curie constant for a S = 6 state with g = 2.00 (21 emu
K mol-1). Data at T g 5 K were accurately fitted using an iso-
tropic Heisenberg plus Zeeman spin-Hamiltonian with nearest-
neighbor (JFe-Cr) and next-nearest-neighbor (JFe-Fe) coupling
constants (eq 3).

Ĥ ¼ JFe-Crŝ1 3 ð̂s2 þ ŝ3 þ ŝ30 Þ þ JFe-Feð̂s2 3 ŝ3 þ ŝ3 3 ŝ30 þ ŝ30 3 ŝ2Þ

þ μBgŜ 3 Ĥ ð3Þ
(1 is the central Cr3þ ion, with spin s1 = 3/2; 2, 3, and 30 label

the peripheral Fe3þ ions, each with spin si = 5/2). The best fit
parameters were JFe-Cr = 16.34(10) cm-1, JFe-Fe = 0.57(3) cm-1,
and g = 1.9868(11)). Isothermal Mm vs H data, also reported in
Figure 3, were corrected as above and fitted using an axial zero-
field splitting Hamiltonian (eq 4)9c

Ĥzfs ¼ μBgŜ 3 ĤþD½Ŝ2z - SðSþ 1Þ=3� ð4Þ

with S = 6, D = -0.154(3) cm-1, and g = 1.964(3).
On the basis of the D value determined by EPR, we obtain the

expected anisotropy barrier as U/kB = |D/kB|S
2 = 8.5(1) K,

hence smaller than in 1 (ca. 16 K)9a but still large enough to
induce the slow relaxation of the magnetization typical of SMMs.
The frequency dependence of the real and imaginary compo-
nents of AC susceptibility was measured in zero static field, in the
frequency range ν = 100-25000 Hz and at temperatures down
to 1.8 K (Supporting Information, Figure S2). The tempera-
ture dependence of the relaxation time follows Arrhenius
law τ = τ0 exp(Ueff /kBT) with τ0 = 1.5(4) � 10-7 s and
Ueff /kB = 8.1(5) K and is thus indicative of a thermally activated
relaxation process (Supporting Information, Figure S3). The
value of the effective barrier, Ueff /kB, is in good agreement with
the total splittingof theS=6multiplet in zerofield (U/kB=8.5(1) K).

Figure 3. Raw and corrected DC magnetic data for 3, with best fit
calculated curves (solid lines). The main panel displays χmT vs T data,
while the inset shows Mm vs H/T data recorded at three temperatures.
For the sake of clarity, raw magnetization data are omitted.

Figure 4. XAS and XMCD spectra obtained at 30 kOe and 7 K for
monolayer and bulk samples of 3, along with Ligand Field Multiplet
simulations. XAS is presented in the isotropic form (σ - þ σ þ)/2;
XMCD is evaluated as (σ -- σ þ) and is normalized with respect to the
isotropic signal (see Experimental Section). A vertical offset has been
applied to the spectra for a better presentation.
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A slower relaxation process is also visible which we attribute to
the minority Fe4 component.

All magnetic data coherently indicate that compound 3 has
the same ferrimagnetic spin structure of 1. However, it is an
heterometallic system, and its central Cr3þ ion was exploited as
an additional internal spectroscopic probe for combined XAS/
XMCD studies at Fe-L2,3 and Cr-L2,3 edges. Monolayer deposits
of 3 on Au(111) were assembled from dichloromethane solution,
as described for 1 and 2.5,14 Their XAS and XMCD spectra at
30 kOe and 7 K are similar to those recorded on bulk references,
obtained by drop casting (Figure 4 and Supporting Information,
Figure S4). In both cases, the XMCD signal reaches its maximum
amplitude at 709.1 eV (Fe-L3 edge) and 577.5 eV (Cr-L3 edge)
and displays the same fine structure, indicating a similar electro-
nic structure for the monolayer and for the bulk phase (small
intensity differences may arise from the relevant baseline signal of
the gold surface in the monolayer deposit, which influences
the normalization procedure). Moreover, whereas the features
observed at Fe-L2,3 edges are characteristic for field-polarized
high-spin Fe3þ ions,19 the signal at Cr-L2,3 edges is of opposite
sign than for an isolated Cr3þ ion. This suggests that the
magnetic polarization of Cr opposes the applied field and that
Fe and Cr spins are antiparallel in both bulk and monolayer
samples. To check the consistency between the measured XAS/
XMCD spectra and the electronic structure of 3, as determined
by EPR and magnetic investigations, we have carried out Ligand
Field Multiplet (LFM) calculations (see Supporting Information
for details). The simulated spectra, reported in Figure 4 and
Supporting Information, Figure S5, compare well with the
observed ones in both intensity and fine structure and lend
quantitative support to the above analysis.

Since the Fe3þ ions in 1 and 3 have very similar coordination
environments, a meaningful comparison can be made between
the XMCD features shown bymonolayers of the two compounds
at the Fe-L2,3 edges (Figure 5). At the same T and H values, the
amplitude of the dichroic component at 709 eV increases from
39% to 63%when replacing the central Fe3þwith Cr3þ (a similar
trend was observed on bulk samples, with percentages of 40%
and 76%; see Supporting Information, Figure S4). If the con-
tribution of Fe4 complexes is subtracted, assuming that their
molar fraction in the monolayer is the same as in the bulk, the
XMCD signal indeed reaches 70%. We checked whether such a
large increase in the magnetic polarization at iron sites can be

ascribed to the suppression of the opposing contribution of the
central Fe3þ so as to provide direct proof of the ferrimagnetic
ground state spin structure in 1. To this aim, we have calculated
the spin component in the applied field direction (z) at each
metal site (sz(i)), using the solid-state J-values with g = 2.000,H =
30 kOe, T = 7 K and disregarding magnetic anisotropy for
simplicity. Notice that the first-excited exchange multiplets in 1
and 3 lie 37.5 and 20.2 cm-1, respectively, above the ground
state, so that their thermal population is negligible in the
temperature range of interest. A rigid-spin behavior is then
followed and the sz(i) values are simply proportional to the
molecular Sz as given by the appropriate Brillouin function.20 The
numeric values of sz(i) calculated at iron sites of 1 and 3 are
presented in the inset of Figure 5 and in Supporting Information,
Table S1. The average spin component per iron site is then given by
[3sz(Fep) þ sz(Fec)]/4 =-0.934p in 1 and as sz(Fep) =-1.905p
in 3. Assuming the XMCD signal to be the same for Fep and Fec and
proportional to the local magnetic moment, the normalized XMCD
signal is expected to undergo an approximately 2-fold increase on
passing from 1 to 3, as experimentally observed.

A deeper comparison between the XMCD signals of 1 and 3 at
the Fe-L3 edge reveals another relevant difference. At an energy
of about 707.9 eV (marked by an asterisk in Figure 5) the
dichroic signal is negative in 3 but close to zero in 1. The former
behavior is typical for octahedral high-spin FeO6 complexes.
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Since the coordination geometry of Fep ions in the two com-
pounds is virtually identical, the feature observed in 1 at 707.9 eV
may reflect differences in the energy dependence of the XMCD
contribution for Fep and Fec, because of their inequivalent
coordination spheres.

’CONCLUSIONS

XMCD is becoming of widespread use to reveal the electronic
structure of magnetic molecules at surfaces. Many studies
focused on simple metal-ion complexes, such as metal-
porphirinato7a,b and metal bis(phthalocyaninato) species,7c

whose crystal field parameters and magnetic properties were
found to be robust upon adsorption on a metal substrate. With
their complex and fragile architectures, polynuclear SMMs pose
new challenges in XMCD analysis. We have shown here that the
XMCD spectrum of a tetrairon(III) SMM at Fe-L2,3 edges
contains fingerprints of its spin structure. Upon isomorphous
replacement of the central iron(III) with a chromium(III) ion,
the intensity and shape of the signal change significantly, in
agreement with the field-opposing magnetic contribution of the
central ion. Substitution has the same effect in both bulk and
monolayer samples, confirming that Fe4 complexes have a
ferrimagnetic spin structure on surfaces. It also follows that,
althoughmuch weaker than crystal field splittings, superexchange
interactions between metal ions can maintain the same sign in
bulk samples and on surfaces.7d The herein-demonstrated spe-
cificity of Fe4 XMCD response is now expected to have a far-
reaching usefulness in the development of more demanding
deposition methods, including thermal evaporation in high
vacuum and deposition on more reactive substrates, like ferro-
magnetic metals.

’ASSOCIATED CONTENT

bS Supporting Information. Additional crystallographic
diagrams for 3 (showing thermal ellipsoids), crystallographic

Figure 5. XMCD contribution at the Fe-L2,3 edges (evaluated as a
fraction of the isotropic signal) measured onmonolayers of 1 and 3 at 30
kOe and 7 K. A schematic view of the metal core in 1 and 3 is also
provided; numbers give the calculated spin component sz(i)/p along the
applied fieldH at each metal site; black arrows depict the corresponding
magnetic moment,-gμBsz(i); the asterisk marks the feature at 707.9 eV
dicussed in the text.
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data in CIF format, details of AC magnetic characterization, of
XAS and XMCD data treatment and of LFM calculations. This
material is available free of charge via the Internet at http://pubs.
acs.org.
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