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Introduction

Single-molecule magnets (SMMs) have fuelled an impres-
sive number of studies on quantum magnetism at the nano-

scale. Their unique physical behaviour[1] can potentially be
exploited to realise molecule-based devices for information
storage and processing.[2]

The magnetic addressing of individual SMMs, which is re-
quired for many of the above-mentioned applications, is
now regarded as a realistic goal given the latest develop-
ments of scanning probe microscopies[3] and nano-gap fabri-
cation.[4,5] Among the most promising tools for addressing
the magnetism of individual molecules are spin-polarized
scanning tunnelling microscopy (SP-STM)[6] and electron
spin noise STM (ESN-STM).[7] For both techniques to be
applicable, magnetic molecules need to be organised on con-
ducting surfaces.

So far attention has mainly concentrated on the archety-
pal SMM, the dodecamanganese acetate cluster [Mn12O12-
ACHTUNGTRENNUNG(OAc)16ACHTUNGTRENNUNG(H2O)4] (1) and its derivatives, because of their
large anisotropy barrier and very-slow spin dynamics at low
temperature.[8,9] The basic structure of [Mn12O12ACHTUNGTRENNUNG(O2CR)16-
ACHTUNGTRENNUNG(H2O)4] complexes is sketched in Figure 1. Three main strat-
egies of deposition have been devised to graft Mn12-type
complexes on gold substrates:[10] direct deposition of suita-
bly-functionalised molecules on native metal surfaces,[11–13]

deposition of native clusters on pre-functionalised
metals,[13–15] and pre-functionalization of both partners with
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complementary groups.[16] A crucial point is to demonstrate
that SMMs remain intact on the surface. Molecular size and
bidimensional arrangement are often estimated by
STM.[11–15] The chemical composition of the adsorbates can
be obtained by X-ray photoelectron spectroscopy
(XPS),[11,12] although an unambiguous determination of man-
ganese oxidation states is difficult using this technique
alone.[13] Other approaches to gain information on the elec-
tronic structure of the adsorbates have been suggested, in-
cluding scanning tunnelling spectroscopy (STS)[14] and reso-
nant photoelectron spectroscopy (RPES).[13,17] However the
key property to be measured is the magnetisation, which in
the case of (sub)monolayers of SMMs is not accessible to
standard magnetometry and therefore requires other tech-
niques to be employed for deposition.

We wish to show here that low temperature (including
also the sub-Kelvin range) X-ray magnetic circular dichro-
ism (XMCD), is sensitive enough to read the magnetism of
single layers. Combined with X-ray absorption spectroscopy
(XAS), it provides a unique tool to investigate the electronic
structure of magnetic molecular clusters at surfaces. XMCD
exploits the different absorption of X-ray photons of differ-
ent helicities to gain insight into the local magnetic moment.
The technique retains the chemical specificity and sensitivity
of XAS, and has been used to study the magnetism of atoms
and molecules on surfaces.[18,19] Two reports on the XAS of
Mn12 complexes at surfaces have appeared in the recent lit-
erature,[13,17] but XMCD studies have never been carried out
on Mn12 adsorbates. In particular we show that a semi-quan-
titative treatment of XAS and XMCD data provides evi-
dence of a significant modification of the electronic and
magnetic structure of the clusters that occurs during the
grafting on the surface and depends on the procedure em-
ployed.

Results and Discussion

Two sulphur derivatives of 1, especially designed to be graft-
ed on gold, have been studied in this work, both as powder
samples and as adsorbates on Au ACHTUNGTRENNUNG(111) surfaces: 2
(RCO2H=16-acetylthio-hexadecanoic acid) and 3
(RCO2H=4-(methylthio)benzoic acid) as explained in
Figure 1. In the bulk phase, the XAS and XMCD spectra of
2 and 3 at Mn L2,3 edges (2p!3d transitions) are very simi-
lar to those reported for microcrystalline 1 (see
Figure 2)[20,21] and are consistent with the presence of anti-
ferromagnetically-coupled MnIII and MnIV centres.

The lack of a MnII signal over the entire irradiation time
(up to 24 h) suggests that the set-up has been successfully
optimised so as to minimise any sample damage by photo-
reduction in Mn12 clusters. However, great care was taken to
ascertain the ability of XAS and XMCD to detect subtle
changes in the electronic structure of the clusters, such as a
one-electron reduction. To this aim, we have also investigat-
ed a monoanionic Mn12 derivative (PPh4) ACHTUNGTRENNUNG[Mn12O12-
ACHTUNGTRENNUNG(O2CPh)16ACHTUNGTRENNUNG(H2O)4] (4) in the bulk phase.[22] The extra elec-
tron is localised on a former MnIII site and this complex can
therefore be formulated as MnIIMnIII

7MnIV
4. The XAS and

XMCD spectra of a microcrystalline sample look quite simi-
lar to those of “neutral” Mn12, with a small enhancement of
the dichroic signal around 639 eV, consistent with the pres-
ence of a MnII component (Figure 3).

To get more quantitative information, the experimental
energy dependence of XAS spectrum intensity, I(E), can be
reproduced through a linear combination of model spectra
Ia(E) obtained on suitable reference compounds containing
the Mn ion in the three oxidation states (a = II, III, IV) and
in similar chemical environments [Eq. (1)]:

IðEÞ ¼ Sac
aIaðEÞ ð1Þ

From the ca parameters the percentages of different va-
lence states can be extracted as (%)a =100ca/ ACHTUNGTRENNUNG(Sic

i). As de-

Figure 1. Molecular structure of the Mn12 derivatives studied in this work.

Figure 2. Normalised XAS spectrum (top) and XMCD component
(bottom) at Mn L2,3 edges recorded on a bulk sample of 3.

Chem. Eur. J. 2008, 14, 7530 – 7535 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7531

FULL PAPER

www.chemeurj.org


tailed in the Supporting Information, previously recorded
spectra have been used to model the contributions of
MnII[23] and MnIV.[21] For MnIII we checked two different pro-
cedures: i) using a standard MnIII spectrum;[21] ii) extracting
a model MnIII spectrum from the experimental data of 3 in
the bulk phase. Very similar percentages were obtained in
the two cases (see the Supporting Information). However,
as far as small features in the L3 edge are concerned, the
simulation is significantly better using the latter approach.
This semi-quantitative analysis of XAS data of 4 provided a
MnII:MnIII :MnIV ratio (5:60:35) that is in complete agree-
ment with the expected one (8:58:33, see Table 1), thus con-
firming that a one-electron reduction can be clearly detected
in our experimental setup.

An analogous approach can be employed to extract from
the XMCD spectra semi-quantitative information on the ori-
entation of the magnetic moments in each oxidation state.
The energy dependence of the dichroic signal, S(E), is ex-
pressed as a linear combination
of model spectra, Sa(E), at the
same field and temperature
values [Eq. (2)]:

SðEÞ ¼ Sac
adaSaðEÞ ð2Þ

In which a runs over the oxi-
dation states, ca are the coeffi-
cients resulting from the de-
convolution of XAS spectra,
and da accounts for the aver-
age polarization of the local
magnetic moment in the ap-

plied field (positive if parallel to the field). This analysis of
the XMCD data provided the following values for the polar-
ization: dII=++3, dIII=++1 and dIV=�1. These values are
very rough estimates (in particular for dII, owing to a very
small cII value), but their sign is in agreement with the spin
structure of 4 suggested by the large spin of the ground
state.[22]

The surface sensitivity of XAS/XMCD, combined with
the method of analysis developed above, allowed us to ex-
plore the nature of the molecular adsorbates. Deposition of
a monolayer of 2 on AuACHTUNGTRENNUNG(111) was carried out from a THF
solution as previously described.[11] An excellent agreement
was found between XPS data and the expected composition,
but the oxidation states of the metals could not be reliably
determined. STM studies provide evidence of the presence
of a homogeneous layer of objects with size comparable to
the estimated molecular size[11] as shown in Figure 4a.

Figure 3. Normalised XAS spectrum (top) and XMCD component
(bottom) at Mn L2,3 edges recorded on a bulk sample of 4, the one-elec-
tron reduced Mn12 derivative: the isotropic and the dichroic spectra ob-
tained from the experimental data (black lines) are compared to the cal-
culated ones (grey lines).

Table 1. Summary of XAS and XMCD results. Reported percentages are
extracted from XAS spectra, whereas the arrows indicate the average po-
larization of each component deduced from XMCD spectra. The black
arrows (pointing up) correspond to a polarization parallel to the applied
magnetic field, and light grey arrows (pointing down) to the antiparallel
case. The length of the arrows provides the approximate polarization in-
tensity [d in Eq. (2)]. The unit polarization (d=�1) corresponds to the
length of the arrows for 3 in the bulk phase. See also the Table in Sup-
porting Information.

Oxidation state
Sample MnII [%] MnIII [%] MnIV [%]

3 bulk[a] n.d.
67 33

4 bulk[b]

5
60 35

2 monolayer
from THF

20 65 15

3 submonolayer
from THF

20 40 40

3 monolayer
from CH2Cl2

30 50 20

[a] Oxidation states percentages and polarizations for 3 bulk are imposed
as demonstrated in Ref. [21]. [b] The expected MnII:MnIII :MnIV ratio in 4
is 8:58:33.

Figure 4. STM characterisation of the three different deposits of Mn12 derivatives studied in this paper. a) ho-
mogeneous full monolayer of 2 deposited from THF; b) submonolayer of 3 deposited from THF; c) homoge-
neous full monolayer of 3 deposited from CH2Cl2. The upper part of image c) had been previously scanned at
low bias voltage, so as to remove the monolayer
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The XAS spectra (Figure 5) of this deposit have some
similarities to those of bulk Mn12 derivatives, though a sig-
nificant fraction of MnII is detectable. A fit of the observed
intensities by using the method described above provides a
20:65:15 ratio between MnII, MnIII and MnIV contributions
(see the Supporting Information). This suggests a significant
modification of the electronic structure, with an alteration
of the average oxidation state from +3.33 in neutral Mn12 to
+2.95. Comparison with the data obtained on 4 clearly indi-
cates that the process cannot be described as a one electron
reduction. Furthermore, comparison with the bulk composi-
tion (0:67:33) suggests that the reduction involves mainly
the MnIV sites, in contrast with the established redox behav-
iour of bulk Mn12 complexes.[24]

XAS spectra have been obtained also for adsorbates of 3
prepared from THF solution (Figure 6). This derivative,
which is characterised by a much shorter and conjugated
linker between the grafting group and the metal core, af-
fords a submonolayer deposit as evidenced by STM studies
(Figure 4b).[12]

In this case, our semi-quantitative analysis provided a
20:40:40 ratio of oxidation states (av. +3.20). Even if the
percentage of MnII is substantially the same as in 2, the re-
duction now occurs at the expenses of MnIII. The higher
MnIV/MnIII ratio in 3 as compared with 2 is clearly reflected
in the greater extension of the L3 edge on the high-energy
side. We argue that reduction of the Mn12 core upon direct
deposition on gold substrates from THF solution occurs irre-
spective of the particular ligand used to promote the graft-
ing. In particular, according to the average oxidation states
evaluated for 2 and 3, the long alkyl spacer of 2 does not
provide any shielding effect. We notice that a XAS spectrum
similar to that reported in Figure 6 and quite distinct from

that of bulk Mn12 was obtained by Voss et al. for another
Mn12 derivative (R=Ph-Ph) deposited on Au ACHTUNGTRENNUNG(111) using a
completely different procedure, that is, ligand exchange on a
preformed monolayer of 4-mercapto-2,3,5,6-tetrafluoroben-
zoic acid.[13] Although a quantitative data analysis was not
attempted by those authors, this similarity suggests that core
reduction cannot be considered a specific consequence of
the adopted herein direct deposition procedure.

Recently[12b] we investigated in detail the role played by
different experimental parameters in the deposition of 3 on
gold surfaces. In particular we found that by replacing THF
with CH2Cl2 a full monolayer is obtained instead of a sub-
monolayer, as shown also in Figure 4b,c. According to STM
experiments, the interaction of the adsorbates with the gold
surface is also significantly reduced by using CH2Cl2 as sol-
vent. In fact, by operating in constant current mode and de-
creasing the bias voltage of the tunnelling junction (and thus
approaching to the surface) the layer of clusters deposited
from CH2Cl2 could be swept away by the STM tip. A similar
weak interaction with the surface was found in monolayers
of 2 deposited from THF.

The XAS and XMCD spectra of monolayer deposits of 3
obtained from CH2Cl2 are shown in Figure 7. The analysis of
the XAS spectrum provided MnII:MnIII :MnIV=30:50:20
with an average oxidation state of +2.90. The significant re-
duction of the MnIV contribution bears strong resemblance
with the results obtained for monolayers of 2 deposited
from THF. The type of transformation that Mn12 clusters un-
dergo upon grafting on gold seems therefore to parallel the
strength of interaction with the surface evidenced by STM
experiments (Figure 4).

To get a deeper insight into this complex phenomenon we
have also analyzed the dichroic spectra for the three mono-

Figure 5. Normalised XAS spectrum (top) and XMCD component
(bottom) at Mn L2,3 edges recorded on a monolayer sample of 2 deposit-
ed from THF: the isotropic and the dichroic spectra obtained from the
experimental data (black lines) are compared to the calculated ones
(grey lines).

Figure 6. Normalised XAS spectrum (top) and XMCD component
(bottom) at Mn L2,3 edges recorded on a submonolayer sample of 3 de-
posited from THF: the isotropic and the dichroic spectra obtained from
the experimental data (black lines) are compared to the calculated ones
(grey lines).
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layer preparation, using the method previously described.
The results of the XAS and XMCD analysis are summarised
in Table 1 where the length and direction of the arrows rep-
resent the polarization coefficients d we have previously in-
troduced. These values are only indicative but allow us to
extract some additional information compared to XAS only.
First of all, an apparent reduction of magnetic polarization
is observed when monolayers of 2 and 3 are deposited from
THF. In the temperature and field conditions of the experi-
ments full fragmentation of the clusters to give isolated par-
amagnetic ions would afford full polarization dII= dIII=dIV=

+1 and can consequently be ruled out. This limiting case of
a complete degradation to isolated ions has been simulated
and found to show a much poorer agreement with experi-
mental spectra (see the Supporting Information). Moreover
MnII ions feature a small magnetic polarization and are pre-
sumably part of exchange-coupled species. It is also interest-
ing to point out the disappearance of the negative polariza-
tion for MnIV, which can be regarded as a fingerprint of the
Mn12 core.

The differences observed for the monolayer of 3 prepared
from CH2Cl2 are intriguing: in this case, larger polarizations
are detected and the magnetic moment residing on MnIV

ions is antiparallel to the applied field. This result cannot be
attributed to the lower temperature employed for this last
experiment (see the Experimental Section). The observed
behaviour is therefore reminiscent of the spin structure of
Mn12 clusters, although with a significant fraction (30%) of
MnII ions.

We have therefore decided to focus our efforts and beam-
time to further investigate the low temperature magnetic be-
haviour of this particular monolayer, in which the presence
of intact Mn12 complexes cannot be completely ruled out.

The XCMD signal at 641 eV was recorded as a function of
applied field, as at 641 eV the XMCD amplitude of Mn12

clusters is maximum. By sweeping the field between �5 T,
no hysteresis was observed down to the lowest temperature
reached in our experiment (T= �500 mK). The failure to
detect a hysteresis loop shows that, in the most favourable
scenario, the magnetic properties of Mn12 complexes are
strongly influenced by the surface environment so as to
loose their hysteretic behaviour, as already suggested by
magneto-optical investigations.[25]

Conclusions

In conclusion, the present investigation confirms that graft-
ing large molecular clusters on conducting surfaces is not a
straightforward process and is accompanied by significant
modification in electronic and spin structures, which are not
detected by standard surface characterization. In particular,
although XPS and STM investigations suggest that intact
Mn12 clusters are present as monolayers on the gold surface,
the XAS reveals a systematic, partial reduction to MnII. The
XMCD analysis suggests that these MnII ions are not pres-
ent as isolated paramagnetic species and that the magnetic
polarization at metal sites is decreased as compared with
bulk complexes. Our results are therefore still compatible
with the hypothesis that reduction of deposited clusters does
not dramatically alter their chemical composition and size.
A tendency of Mn12 clusters to undergo reduction at gold
surfaces has indeed been recently predicted by density func-
tional theory calculations.[26] The observed XAS and XMCD
spectra, however, indicate that the involved process is not a
simple one-electron transfer from the substrate. Further-
more, the details of the reduction (average oxidation state
and ratio of oxidation states) are very sensitive to the adopt-
ed deposition protocol. Finally, a deeper investigation of the
best available sample failed to reveal any magnetic hystere-
sis. Though additional investigations are required to fully as-
certain the structural and electronic features of Mn12 adsor-
bates on gold, the analysis reported herein demonstrates the
potential of a combined use of XAS and XMCD to charac-
terise magnetic molecular materials at surfaces. Studies can
be carried out without significant sample damage, while re-
taining sufficient sensitivity to probe monolayers and even
submonolayers of molecules. The possibility to work in high
magnetic fields and at sub-Kelvin temperatures contributes
to include the described approach and experimental setup
into the available state-of-the-art investigation tools in mo-
lecular magnetism.

Experimental Section

Details concerning the experimental setup are presented in the Support-
ing Information. Spectra on powder samples have been obtained by
pressing the freshly prepared crystalline material over a copper plate as
sample holder. Ultra-thin film samples were freshly prepared under con-

Figure 7. Normalised XAS spectrum (top) and XMCD component
(bottom) at Mn L2,3 edges recorded on a monolayer of sample of 3 de-
posited from CH2Cl2: the isotropic and the dichroic spectra obtained
from the experimental data (black lines) are compared to the calculated
ones (grey lines).
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trolled environment following preparation methods described else-
where.[11,12] STM imaging was carried out by using a NT-MDT Solver
P47-Pro setup (NT-MDT, Zelenograd, Moscow, Russia; http://
www.ntmdt.ru/) equipped with custom low-current pre-amplifier. All the
STM measurements were carried out in constant current mode. Tips
were prepared by mechanical sharpening of a Pt/Ir (90:10) wire; all
measurements were carried out in air. Typical acquisition parameters
used U=1.8 V, I=4.5 pA for monolayers of 2, U=0.4 V, I=15 pA for
submonolayers of 3 from tetrahydrofuran solutions and U=0.8 V, I=

6 pA for monolayers of the same complex from dichloromethane solu-
tions. The removal of the adsorbate in the upper part of Figure 4c was
achieved by a previous scanning with U=0.1 V, I=20 pA. All the XAS
spectra were acquired at BESSY II synchrotron in the UE46-PGM inser-
tion device beamline by using the low temperature TBT XMCD set-up
in the total electron yield detection mode. Special care was taken to min-
imise photoreduction effects (e.g. working at low photon flux). In the
adopted conditions, the spectra showed no time dependence. The XMCD
signal for a monolayer sample of 2 has been measured at T=4.2 K and
in a magnetic induction of 2 T. The XMCD signal for 3 as a submonolay-
er deposit from THF and in the bulk phase has been measured at T=

4.2 K and in a magnetic induction of 4 T. The XMCD signal for 3 as mon-
olayer deposit from CH2Cl2 has been measured in a magnetic induction
of 4 T at T=0.5 K by using the dilution setup described in ref. [27]. The
analysis has been carried out taking into account these differences as re-
ported in the Supporting Information. The analysis of the XAS and
XMCD spectra has been performed by linear combination of experimen-
tal reference spectra with magnetic polarization parallel to the external
magnetic field; we normalised the integrals of the reference signals fol-
lowing the sum rules for the number of holes as explained in ref. [28];
further details are provided in the Supporting Information; the reported
percentage of oxidation states have an estimated error of �5%.
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