
Toward Multifunctional Single-Molecule Magnets: Characterization of Dodecanuclear Manganese
Complexes by Electrospray Ionization Mass Spectrometry

Eugenio Coronado,*,1a Marta Feliz,1b Alicia Forment-Aliaga,1a Carlos J. Gómez-Garcı́a,1a Rosa Llusar,1b and
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A lot of excitement surrounds the chemistry and physics of
dodecanuclear manganese complexes (Mn12) of formula [Mn12-
O12(O2CR)16(H2O)4].2,3 The interest stems from the fact that these
compounds have large-spin ground states and a significant
magnetic anisotropy. The anisotropy splits in zero-field the (2S
+ 1) energy levels corresponding to differentMS, and, asS
becomes large, this provides an energy barrier for the reorientation
of the spins at low temperatures. As the magnetic field is cycled,
the conversion between+MS and -MS sublevels is very slow
and typical relaxation phenomena, like a frequency-dependent out-
of-phase signal in the ac susceptibility, appear.4 Magnetic
hysteresis loops of purely molecular origin are also characteristic
of these kinds of materials. A single molecule can thus be
addressed with its spin “up” or “down”, and this opens the way
to information storage at the molecular level.5 Besides its possible
applications, Mn12 has attracted the attention of many physicists
since it provides model systems for the study of macroscopic
quantum tunneling of magnetization.6

The synthesis of the first Mn12, [Mn12O12(O2CCH3)16(H2O)4]‚
2CH3COOH‚4H2O (1), was reported by Lis in 1980.7 Later, 1
was found to be a useful starting material for the synthesis of
different Mn12 complexes via ligand-exchange reactions involving
other carboxylate groups. Characterization of the expected Mn12

usually involves X-ray crystallography. NMR studies in solution
have also been reported for some simple systems.8

As part of a project aimed toward the synthesis of cationic
single-molecule magnets that can combine with electronically
active anions, we have synthesized Mn12 bearing quaternary
ammonium substituents in the periphery. This cationic Mn12 has
been prepared by reaction between1 and the carboxylic acid
ZH (PF6)9 (Chart 1). As the complexity of the incoming carboxylic
acid increases, the techniques of characterization mentioned above
are not very appropriate and there is a need for a simple method
that can allow identification of isolated species and monitoring
of the ligand exchange.

Electrospray ionization mass spectrometry (ESI-MS) is a soft-
ionization technique that provides an accurate determination of

the molecular mass of relatively large and fragile molecules.11 It
is well suited for the analysis of ionic compounds and has been
applied in the characterization of simple cationic complexes12 and
in the study of metal-ion-induced self-assembly processes.13

Clusters like the anionic metal carbonyls [M6C(CO)16]2- (M )
Ru, Os) and oligonuclear metal complexes have also been
studied.14 Particularly interesting in our context is the identification
of the trinuclear complexes [Cr3O(RCOO)6(L)3]+. Fragmentation
of these carboxylate-bridged compounds can be induced by
increasing the cone voltage (VC). Successive loss of terminal
ligands can be detected, thus providing further structural informa-
tion.15

[Mn12O12(O2CR)16(H2O)4] compounds are neutral, but they can
easily undergo reduction processes to form multiply charged
anionic species.8,16 Since the ESI spectrometer acts as an
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Chart 1. CompoundZH (PF6)
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electrochemical cell, neutral Mn12 could, in principle, be reduced
in situ and detected in the negative mode.

Figure 1 shows that this is indeed the case. The ESI-MS
(negative mode) analysis17 of a solution of1 in CH3CN shows
the presence at 1794 Da of the molecular peak corresponding to
[Mn12O12(O2CCH3)16]. Fragmentation of this entity by successive
loss of acetate ligands is accompanied by one-electron reduction
to give peaks at 1735 and 1676 Da. A signature for a doubly
reduced species of the type [Mn12O12(O2CCH3)16]2- is present at
897 Da.

Characterization of1 is also possible in the positive mode
(Figure 2). Interestingly, the main peaks (1833.2 and 1817.3 Da)
correspond to species containing potassium and/or sodium ions,
presumably from traces of these alkali metals in the solutions
undergoing electrospray ionization. Assignments of other peaks
observed in the spectrum are gathered in Table S2 (Supporting
Information). The majority of the peaks arise from species in
which the core, [Mn12O12(O2CCH3)16], has remained intact. Loss
of acetate ligands accounts for the other minor peaks observed
in the spectrum. These fragmentations are favored at high cone
voltages.

ESI-MS is also a valuable method for monitoring the course
of the ligand-exchange reaction. Treatment of1 with an excess
of ZH (PF6) yields a distribution of species of the type
[Mn12O12(O2CCH3)16-n(Z)n](PF6)n (n ) 13-15). These species

can be precipitated and retreated with an excess ofZH (PF6) to
afford a completely substituted compound. The spectrum of pure
[Mn12O12(Z)16](PF6)16‚2ZH (PF6) (Figure 3) is more complicated
than that of the parent compound,1. At low cone voltages,
formation of adducts with the free acid can be detected. Besides
redox processes, multiple fragmentations due to loss of the
zwitterionic ligand (Z) and/or hexafluorophosphate anions are also
seen. The peak at higherm/z ratio (2567 Da) corresponds to a
reduced species of the type [[Mn12O12(Z)16](PF6)12]3+. Successive
loss ofZ(PF6) anions gives peaks at 2412 and 2258 Da. The mass
range between 1600 and 1900 Da is dominated by the presence
of tetrapositive ions derived from a [[Mn12O12(Z)16](PF6)11]4+

fragment. Loss of hexafluorophosphate yields another series of
peaks that is visible in the 1100-1500 Da region of the spectrum.
Significant values corresponding to the different pseudomolecular
peaks are given as Supporting Information.

Preliminary measurements of the ac magnetic susceptibility of
[Mn12O12(Z)16](PF6)16‚2ZH (PF6) have been performed in the
2-10 K temperature range. The frequency-dependent out-of-phase
signal observed around 4 K confirms the presence of the
dodecanuclear complex. From the magnetic measurements at
different frequencies, an activation barrier of 53 K has been
estimated. This value is in good agreement with the previously
reported systems. The field dependence of the magnetization at
2 K shows the presence of a hysteresis loop with a very small
coercive field,HC ) 25 G.

Finally, it is worth noting that these cationic Mn12 compounds
can be useful precursors for the deposition of single-molecule
magnets onto metal and metal oxide surfaces.
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Figure 1. ESI-MS spectrum (negative mode) of a CH3CN solution of1.
The cone voltage is-25 V.

Figure 2. ESI-MS spectrum (positive mode) of a CH3CN solution of1.
The cone voltage is 25 V.

Figure 3. ESI-MS spectrum (positive mode) of a CH3CN solution of
[Mn12O12(Z)16](PF6)16. The cone voltage is 75 V.

Communications Inorganic Chemistry, Vol. 40, No. 24, 20016085




