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synchrotron light sources.

Abstract: The phenomenon of single molecule magnet (SMM)
behavior of mixed valent Mn12 coordination clusters of
general formula [MnIII

8Mn
IV
4O12(RCOO)16(H2O)4] had been

exemplified by bulk samples of the archetypal
[MnIII

8Mn
IV
4O12(CH3COO)16(H2O)4] (4) molecule, and the molec-

ular origin of the observed magnetic behavior has found
support from extensive studies on the Mn12 system within
crystalline material or on molecules attached to a variety of
surfaces. Here we report the magnetic signature of the
isolated cationic species [Mn12O12(CH3COO)15(CH3CN)]

+ (1) by
gas phase X-ray Magnetic Circular Dichroism (XMCD) spectro-
scopy, and we find it closely resembling that of the
corresponding bulk samples. Furthermore, we report broken

symmetry DFT calculations of spin densities and single ion
tensors of the isolated, optimized complexes
[Mn12O12(CH3COO)15(CH3CN)]

+ (1), [Mn12O12(CH3COO)16] (2),
[Mn12O12(CH3COO)16(H2O)4] (3), and the complex in bulk
geometry [MnIII

8Mn
IV
4O12(CH3COO)16(H2O)4] (5). The found

magnetic fingerprints – experiment and theory alike – are of
a remarkable robustness: The MnIV

4 core bears almost no
magnetic anisotropy while the surrounding MnIII

8 ring is
highly anisotropic. These signatures are truly intrinsic proper-
ties of the Mn12 core scaffold within all of these complexes
and largely void of the environment. This likely holds
irrespective of bulk packing effects.

Introduction

Single Molecule Magnets (SMMs) are recognized as promising
and novel magnetic entities which could be used in high
density data storage devices[1] and for quantum computing.[2,3]

SMMs are characterized by a non-zero spin state and a
significant magnetic anisotropy barrier, which results in slow
relaxation of magnetization.[4] The archetypal

[MnIII
8Mn

IV
4O12(CH3COO)16(H2O)4] (4) coordination cluster[5,6] has a

non-zero spin ground state, which arises from an effective
antiferromagnetic (spin antiparallel) coupling between an outer
ring of 8 ferromagnetically (spin parallel) coupled MnIII ions (S=

16) and an inner distorted tetrahedron of 4 ferromagnetically
arranged MnIV (S=6) ions (Scheme 1) resulting in a net spin of
S=10.[7] Uniaxial magnetic anisotropy is induced by the Jahn-
Teller distorted MnIII sites, which leads to a barrier for spin
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reversal between the MS= �10 ground states as evidenced, for
example, by low-temperature hysteresis in magnetization
measurements.[6] The molecular origin of the observed mag-
netic behavior finds support from extensive studies on the Mn12
system[8] within crystalline material[9,10] or on molecules attached
to a variety of surfaces.[11–14] It was found, for example, that the
magnetic relaxation exhibits Arrhenius like behavior with an
effective anisotropy energy barrier DE=kB ¼ 61K (or
45 cm� 1)[15,16] and a prefactor of t0 ¼ 2:1 � 10� 7s, leading to a
magnetic relaxation time of approximately 250 ns at room
temperature.[17] At low temperatures deviations from this
behavior occur, which are due to quantum tunnelling of the
magnetization.[18–20] Further properties of this coordination
complex, for example, the magnetic spin ground state value S=

10, have been extensively characterized by SQUID
magnetometry,[9] EPR spectroscopy[6] and X-ray Magnetic Circu-
lar Dichroism (XMCD) spectroscopy measurements of bulk
samples.[5,6]

Based on these results it is generally assumed that the
magnetic moment and the anisotropy energy are intrinsic
properties of the isolated, single molecules and do not result
from any bulk effect like long range magnetic ordering. The
environment of the molecules can have an influence, though,[8]

which is most clearly seen in the case of surface deposited
molecules, where charge transfer from the surface to the
molecule may lead to a partial reduction of the MnIII ions and a
resulting strong change of the magnetic properties of the
molecule.[11,21]

In order to elucidate its intrinsic magnetic behavior, we
have performed XMCD studies of a gas phase ionic
[Mn12O12(CH3COO)15(CH3CN)]

+ complex (abbreviated as
[Mn12ac]

+ (1)) when isolated in a cryogenic ion trap.[22–24] We
compare our data with those from previous XMCD studies on
related bulk phase neutral complexes
[MnIII

8Mn
IV
4O12(CH3COO)16(H2O)4]

[8] (abbreviated as
[Mn12ac](H2O)4

(bulk) (4)) and others, and we discuss the like and
unlike features found. We further continue and extend a
previous study[25] by reporting broken symmetry DFT calcula-

tions of the isolated complexes [Mn12ac]
+ (1),

[Mn12O12(CH3COO)16] (abbreviated [Mn12ac] (2)),
[Mn12O12(CH3COO)16(H2O)4], (abbreviated [Mn12ac](H2O)4 (3), and
isolated [MnIII

8Mn
IV
4O12(CH3COO)16(H2O)4] in bulk geometry (ab-

breviated [Mn12ac](H2O)4
(bulk geo) (5)), and we discuss the found

magnetic fingerprints of these species (Table 1) – experiment
and theory alike – in terms of their intrinsic robustness.

Experimental and Computational Details
XAS and XMCD experiments. Gas phase XMCD spectra of
[Mn12O12(CH3COO)15(CH3CN)]

+ complex, in short [Mn12ac]
+ (1), were

obtained through measurement of the X-ray Absorption Spectra
(XAS) of left (lcp,-) and right (rcp,+) handed circularly polarized
synchrotron radiation.[22,24,26] Subtraction of these XAS spectra
unravels any dichroic effect known as XMCD spectrum. We used
the combination of an Electro Spray Ionization source (ESI) with the
Ion Trap end-station operated at the UE52-PGM beamline at the
BESSY II (Helmholtz Zentrum Berlin) synchrotron facility.[22,27] The
Ion Trap end-station has proven suitable to record XMCD spectra of
isolated species in the gas phase during the investigation of
magnetic moments of isolated transition metal clusters[22] and
complexes.[27] A detailed description of the setup is given
elsewhere.[28] In brief, after generating isolated [Mn12ac]

+ (1) from
solution in the electrospray ion source the investigated ion is mass
selected in a quadrupole mass filter and is transferred into a liquid
helium cooled linear quadrupole ion trap. The ion [Mn12ac]

+ (1) is
formed by replacing a negatively charged acetate ligand with a
neutral acetonitrile solvent molecule. The four coordinating water
molecules present in the crystal structure cannot be observed in
the gas phase mass spectrum. The quadrupole ion trap is located
within the high field region of a superconducting solenoid (Bext=
5 T). The magnetic field axis, the trap axis and X-ray beam path are
in a parallel arrangement. The ion trap is cooled to a temperature
of 3–4 K, and the molecular ions are thermalized by a constant flow
of precooled He-buffer gas to a temperature of roughly 10–30 K.[26]

The cooled ions are irradiated for up to 10 seconds with circularly
polarized X-ray radiation in the range of 630–665 eV which covers
the manganese L2,3-edges. After photon absorption, the ions start
to fragment following multiple consecutive Auger processes. An in
line reflectron time of flight mass spectrometer serves to record the
resulting fragment mass spectra. Ions are constantly refilled from
the cluster source and analyzed after irradiation periodically at a
repetition rate of 20 Hz. With this Partial Ion Yield (PIY) action
spectroscopy we gain X-ray absorption spectra by recording the
amount of fragment ions as a function of X-ray energy and helicity.
The spectra were recorded with a spectral resolution of 370 meV at
643 eV and an increment size of 200 meV, averaging over multiple
scans across the spectral range.

All spectra of the present study were recorded at the highest
possible magnetic field and lowest achievable trap temperature to
ensure significant magnetization of the free ions. The structural
alignment of the of [Mn12ac]

+ (1) samples within the Ion Trap end-
station is evaluated and put into perspective, see Text S6 and
Figures S7 through S11 in the Supporting Information. Due to the
low ion density within the ion trap, magnetization curves by either
scanning magnetic field or trap temperature were beyond the
scope of the current explorative study. The quite new conduct of
gas phase XMCD experiments is by now a well-established
procedure at the Ion Trap end-station at the BESSY II synchrotron in
Berlin, and it was also conducted at the GAMBIT setup before.[22–24]

Nevertheless, experiments remain challenging which is due to the
low density of the target that merely comprises of a cloud of
guided ions.

Scheme 1. 2D schematic depiction of the Mn� Mn scaffold (1–4, see
Supporting Information Tables S1 and S2) for the three kinds of Mn atoms
with different coordination (blue, orange and green spheres) within the 3D
[Mn12O12(CH3COO)16] complexes. Previous, widely accepted analysis assigns
the oxidation state III to all of the four blue and four orange Mn atoms,
which from an outer ring, and the oxidation state IV to the central four
green Mn atoms, which form an inner core.[6]
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Data analysis. Onsets of resonant absorptions at the L2 and L3 edge
and uncertainties were determined as reported before,[22,26] and the
obtained data were normalized to the photon flux of the beamline.
The linear absorption spectra (Figure 1b) originate from an average
of the X-ray absorption spectra for parallel (σ� ) and antiparallel (σ+)
alignment of photon helicity with respect to the magnetization
axis. These spectra were corrected for their direct ionization
background by subtraction of a two-step function,[29] and they were
subsequently normalized to the maximum intensity of the L3
absorption edge. Eventually, we scaled our XMCD spectrum by a
factor of 0.98 to match the maximum of the positive dichroic signal
at the L3 edge of the bulk spectrum (Figure 2).

Quantum Chemical calculations. All geometry optimizations were
performed using density functional theory, using the TURBOMOLE
6.5 package.[30,31] We chose the hybrid exchange correlation func-
tional PBE0,[32] the basis set def2-TZVP,[33,34] and the D3 dispersion
correction.[35] No relativistic effects were included in the geometry
optimizations, and the geometry optimizations were done for the
broken-symmetry configuration where the number of alpha-spin
electron exceeds the number of beta-spin electrons by 20. For
[Mn12ac](H2O)4

(bulk geo) (5), only the hydrogen positions were
optimized while the non-hydrogen positions were taken from the
experimental X-ray geometry. For the other three species, a full
geometry optimization of all atomic positions was done. We
investigated different high (HS) and low spin (LS) states with broken
symmetry configurations, thereby checking for ferromagnetic and
antiferromagnetic coupling between the outer MnIII

8 ring and the
inner MnIV

4 core. This was done for the neutral [Mn12ac](H2O)4
(bulk geo)

(5) in the known bulk geometry without structural relaxation of the
non-hydrogen atoms, and for the cationic [Mn12ac]

+ (1) species
with full structural relaxation. For details on computed geometries
refer to Supporting Information Figure S1 and Supporting Informa-
tion Tables S1-S4, which also encompass further results on fully
optimized [Mn12ac] (2) and [Mn12ac](H2O)4 (3) species.

Calculation of single ion tensors. The microscopic origin of the
zero-field splitting or magnetic anisotropy is the spin-orbit coupling
and spin-dipolar coupling, both these contributions are calculated
by leading-order perturbation theory starting from scalar-relativistic
calculations. While the spin-orbit contribution is a second order
(response) property, the spin-dipolar contribution is a first-order
property, that is, the expectation value of the electron-electron
spin-dipolar interaction with the scalar-relativistic wave function.
The calculation of the zero field splitting tensors was performed

with our in-house variant of the TURBOMOLE program.[36] The
quasirelativistic ZORA operator[37,38] provides the scalar and spin-
orbit parts of the Hamiltonian, and the spin-dipolar and spin-orbit
contributions to the zero field splitting tensors were calculated as
described in Ref.[25,39] The ZORA calculations were performed using
the PBE0 exchange-correlation functional[32] and TZVP basis sets,[40]

where the Mn TZVP basis sets has been recontracted for use with
the ZORA Hamiltonian. The breakdown of the global zero field
splitting tensor into single-ion contributions was performed as
described in Ref.[41] For the spin-orbit part, we use localized
occupied orbitals to decompose the magnetic anisotropy into
single-ion contributions, for the spin-dipolar part we use a real-
space cut-off of 2 Bohr (105.8 pm), that applied to the distance of a
spin center and the center of gravity of the product of basic
functions. In principle one then has to average over the results
from all possible broken symmetry configurations, but in the
present cases, the single-ion tensors extracted from different
broken-symmetry configurations differ only marginally, which also
indicates that pseudo dipolar exchange interactions are negligible.

Figure 1. Gas phase X-ray absorption spectra at the Mn L3 and L2 absorption edge of a) [Mn12ac]
+ (1) recorded with parallel (σ� , blue) and antiparallel (σ+, red)

alignment of X-ray photon helicity and magnetization (Ttrap=15 K and Bext=5 T), b) the linear X-ray absorption spectra (average of σ� and σ+) of this work
(red) and the bulk phase data on [Mn12ac](H2O)4

(bulk) (4) by Mannini et al. (black).[14]

Figure 2. Gas phase XMCD spectrum of [Mn12ac]
+ (1) at Ttrap=15 K and

Bext=5 T (this work, red circles) and solid-state data on [Mn12ac](H2O)4
(bulk) (4)

by Mannini et al.[11] (black squares). The minor differences around 639 eV are
discussed in the context of the XAS data; see text for details. The residuum
of both spectra almost diminishes otherwise.
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Results and Discussion

Results of gas phase XMCD experiments. We recorded X-ray
absorption spectra of [Mn12ac]

+ (1) in the gas-phase using
circularly polarized synchrotron radiation (Figure 1a), and the
chosen experimental conditions (Ttrap=15 K and Bext=5 T) are
sufficient to achieve a magnetization of 82%. Absorption edges
were assigned to L3 at 641 eV and L2 at 655 eV, corresponding
to the 2p3/2 !3d and 2p1/2 !3d resonant excitations (Fig-
ure 1a). Both excitation bands are structured due to the
presence of two formal oxidation states of the Mn-atoms within
the Mn12-complex.

The averaged XAS spectrum, corresponding to linear polar-
ization XAS, closely resembles the solid-state XAS of
[Mn12ac](H2O)4

(bulk) (4) (Figure 1b). Both spectra agree on both
absorption edges in almost quantitative manner. We observe in
the gas phase spectrum a reduction of the absorption peak at
639.8 eV which is more pronounced in the solid-state spectrum.
This peak was assigned by Mannini et al.[11,26] to the absorption
of Mn(II),[42] and it might arise either from charge transfer with
the conductive surface as predicted before[43] or from some
radiation damage of about 5%. The present study utilizes
samples in the form of trapped ions which are continuously
renewed such that radiation damage may not accumulate.
Moreover, the sample preparation involves mass selection and
thus a determination of mass to charge ratio prior to irradiation,
which renders initial redox processes impossible. Finally,
samples of this study are isolated and not in contact with any
surface.

From the lcp and rcp X-ray absorption spectra we deduce
the XMCD spectrum (Figure 2), which reveals a complicated
pattern of several positive and negative dichroic effects within
the L2 and L3 bands that originate from individual contributions
of MnIII and MnIV species superimposing. The gas phase XMCD
spectrum of [Mn12ac]

+ (1) agrees well with the previously
reported XMCD spectrum of crystalline [Mn12ac](H2O)4

(bulk)

(4).[11,44] For comparison to further bulk spectra see Supporting
Information Figure S3. Note, that variations around 638 eV
amongst the bulk spectra are larger than the deviation of the
present gas phase and the depicted bulk spectrum. Further
minor differences in the XAS and XMCD spectra of bulk and gas
phase samples might arise from small changes in ligand fields,
for example due to the four coordinating water molecules of
the bulk sample [Mn12ac](H2O)4

(bulk) (4), which are absent in
investigated gas phase samples of [Mn12ac]

+ (1).
The magnitude of the dichroic effect observed in the XMCD

spectrum indicates a significant spin moment of [Mn12ac]
+ (1)

(Figure 2), which is in accordance with the reported spin state
S=10 of [Mn12ac](H2O)4

(bulk) (4). Application of the orbital
moment sum rule[45] yields a total orbital magnetic moment of
mL=1.4�1.7 μB, which is zero within obtained error bars, and
compatible with the small negative orbital magnetic moment
of about � 0.5 μB from XMCD and ESR studies of
[Mn12ac](H2O)4

(bulk) (4) in solid state.[6]

All of the above observed minor differences do not detract
from the fact that the magnetic signatures of bulk and gas
phase spectra are essentially identical. This proves that XAS/

XMCD spectral fingerprints are governed by intrinsic properties
of the [Mn12ac] complexes. Nevertheless one has to keep in
mind that our XMCD study has been performed on a [Mn12ac]

+

complex cation in the gas phase, where an anionic acetate
ligand of [Mn12ac](H2O)4

(bulk) is exchanged for a neutral
acetonitrile solvent molecule, and no water ligands are present.
In principle, such auxiliary ligands and other crystal packing
effects could contribute to the observed spectra, which poses
the fundamental question of the [Mn12ac] scaffolds magnetic
robustness, and whether the observed spin properties of
[Mn12ac]-type complexes are influenced by the local environ-
ment. We will further elucidate these questions by the
subsequent quantum chemical modelling.

Broken symmetry DFT modelling and single ion tensors.
The SMM behavior of a polynuclear complex is governed by the
zero field splitting of the individual spin centers and by their
interactions. We chose for our modelling the isolated complexes
[MnIII

8Mn
IV
4O12(CH3COO)16(H2O)4] in the bulk phase geometry –

labelled [Mn12ac](H2O)4
(bulk geo) (5), isolated [Mn12ac]

+ (1), fully
optimized [Mn12ac] (2), and fully relaxed [Mn12ac](H2O)4 (3). We
performed broken symmetry density functional theory (BS-DFT)
calculations (See Experimental section) on all of these species.
We calculated both the high-spin (HS) configuration where all
44 unpaired electrons are spin-up (<Sz> =22) and a low-spin
(LS) configuration with <Sz> =10. In the latter case, the 12
unpaired electrons on the four central MnIV ions are spin-down
and the 32 unpaired electrons at the eight outer MnIII ions are
spin-up. The LS configuration turned out more stable, and we
obtained its spin density as depicted (Figure 3). In the cases of
both [Mn12ac](H2O)4

(bulk geo) (5) and [Mn12ac]
+ (1), the spin density

leaks from the Mn sites to the oxygen atoms of the Mn12O12

core in a very similar way, and very little spin density is found
either on the acetate ligands or on the sole acetonitrile ligand.
Transforming [Mn12ac](H2O)4

(bulk geo) (5) into [Mn12ac]
+ (1) thus

leaves spin densities – and even more so the geometries of the
Mn12O12 cores – virtually unchanged (see Supporting Informa-
tion Tables S1, S2 and S3). This holds as well for the spin
densities and scaffold geometries of [Mn12ac] (2) and
[Mn12ac](H2O)4 (3) complexes (see Supporting Information Fig-
ure S4, and Tables S1, S2, and S3). The calculated energy
differences between the HS and LS configurations of all four
species are almost the same (on the order of 30 kJmol� 1, see
Supporting Information Table S4). This indicates that the
isotropic exchange coupling between the spin centers is not
much different in all calculated complexes and the nature of
the spin ground state should be the same.

Furthermore, we extracted the single-ion tensors for all four
species, and we found that they are only marginally affected by
the structural changes. These tensors reveal local anisotropy
axes’, which signify the easy axis direction and the magnitude
of the single-ion D value, of each of the 12 Mn centers, as
indicated for [Mn12ac](H2O)4

(bulk geo) (5) and [Mn12ac]
+ (1) by

arrows in Figure 4 (see the Supporting Information, Figure S5
for the results on [Mn12ac] (2) and [Mn12ac](H2O)4 (3). All of the
eight outer MnIII ions reveal much parallel anisotropy axes’, and
the contributions of the four nearly isotropic MnIV ions in the
inner core are smaller by an order of magnitude and thus not
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Figure 3. Spin density plots by broken symmetry – DFT calculations of α (light blue) and β (green) spin densities in [Mn12ac](H2O)4
(bulk geo) (5), (a) and (b), and in

[Mn12ac]
+ (1), (c) and (d); H-atoms omitted for clarity; (b) and (d) providing side on views of (a) and (c). Identify the sole CH3CN ligand by its dark blue N atom

in the top right of (c) and in the top left of (d), respectively, and as emphasized by the arrows. Spin density plots of [Mn12ac] (2) and [Mn12ac](H2O)4 (3)
complexes are virtually identical (see Supporting Information Figure S4).

Figure 4. Single ion magnetic anisotropy tensors in (a) [Mn12ac](H2O)4
(bulk geo) (5) and (b) [Mn12ac]

+ (1) . Blue vectors indicate the largest eigenvectors of the
single ion tensors at each Mn atom, with light green and orange vectors identifying those tensors which are directly affected by the ligand swap of an
acetonitrile for an acetate. The red arrow indicates the direction of the eigenvector sum which is the easy axis of magnetization. Note, that the inner four Mn
centers do not contribute; their individual magnetic anisotropy is vanishingly small.
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discernible; for their values see Tables S5 and S6 in the
Supporting Information. The anisotropic interactions between
the spin centers are dominated by two-center spin-dipolar
couplings which depend on the scaffolds geometry and are
thus also similar for [Mn12ac](H2O)4

(bulk geo) (5) and [Mn12ac]
+ (1)

species, and for [Mn12ac] (2) and [Mn12ac](H2O)4 (3) as well.
Comparing [Mn12ac](H2O)4

(bulk geo) (5) and [Mn12ac]
+ (1), we

see changes in the magnitude of the single-ion magnetic
anisotropy of about 10% (see Figure 4, and Tables S5-S8), and
no reorientation of single ion tensors but the one of the MnIII

center in [Mn12ac]
+ (1) that comes with one coordinating ligand

less (orange arrow). For the eight peripheral MnIII centers of the
outer ring, the main local anisotropy axis always aligns with the
“long” axis of the local tetragonally distorted environment – but
for the orange one. However, this tilt of the orange vector has a
negligible effect on the orientation of the easy magnetization
axis (red arrows).

Note that in the three neutral Mn12-complexes the single-
ion tensors have non-zero but small rhombicity. Because of the
high symmetry of these three complexes the total zero field
splitting tensor is axial anyway. In [Mn12ac]

+ (1), a small
rhombicity of the (overall) zero field splitting tensor has to be
expected due to the lower symmetry, and in this regard it is
inferior to the high symmetry Mn12-complexes. Nevertheless, it
served well to elucidate the robustness of the Mn12 scaffold.

The computational results thus suggest that removal of the
water ligands and replacing one acetate by an acetonitrile
molecule should neither alter the isotropic coupling between
the Mn centers as well as their single-ion magnetic anisotropy;
together this suggests very similar spin textures – in accord
with the conclusions from experiment.

Conclusions

We reported the XAS and XMCD spectra of isolated cationic
[Mn12] acetate complexes in the gas phase. The observed
spectral characteristics of the L2 and L3 edges agree with the
reported data for bulk samples. Density functional theory
calculations predict single ion zero field splitting tensors which
help us to conclude that structural changes of the ligand
environment have only small influence on the magnetic texture
of the Mn12 core: While there is a strong local influence of a
ligand substitution as shown by our DFT calculations, the
overall properties are preserved as shown by the close
correspondence of our XAS/XMCD spectra of isolated com-
plexes to those of various bulk samples. The Mn12 core scaffold
is quite robust, and its observed single molecule magnet (SMM)
properties are intrinsic properties which prevail in isolated
complexes as well as in bulk samples.

We thus confirm that the reported bulk studies on the
Single Molecule Magnet [Mn12ac](H2O)4

(bulk) (4) addresses the
single molecule characteristics even when these are organized
into crystalline arrays. This opens the prospect that future
studies can use the results of gas phase measurements as a
benchmark for both solid state and surface deposited systems

by making it possible to clearly identify additional intermolecu-
lar interactions as well as couplings to an environment.
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