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Summary. A new modified approach for the synthesis of Mn12 clusters, based on the use of complex

[Mn12O12(O2CtBu)16(H2O)4] (2) as starting material to promote the acidic ligand replacement, is pres-

ented here. This new synthetic approach allowed us to obtain complex [Mn12O12(O2CC6H4N(O�)
tBu)16(H2O)4] (3), whose preparation remained elusive by direct replacement of the acetate groups of

Mn12Ac (1). Complex 3 bearing open-shell radical units, was prepared to increase the total spin number

of its ground state, and consequently, to increase TB, with the expectation that the radical ligands may

couple ferromagnetically with the Mn12 core. Unfortunately, magnetic measurements of complex 3

revealed that the sixteen radical carboxylate ligands interact antiferromagnetically with the Mn12 core to

yield a S¼ 2 magnetic ground state.
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Introduction

The rapid growth of high-speed computers and the miniaturization of magnetic
technology have led to much interest in the field of nanoscale magnetic materials
[1–3]. In the past decade, the data density for magnetic hard disk drives has
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increased at a phenomenal pace: doubling every 18 months and, since 1997, dou-
bling every year, which is much faster than the Moore’s Law for integrated circuits.
To maintain such miniaturization rates constantly, the development of new tech-
nologies based on lithographic and scanning probe microscopies, the so-called top-
down approach, have been greatly enhanced. However, the ever-increasing demand
of higher areal density magnetic storage media may find technological and eco-
nomical limitations in a near future. Moreover, the continuous miniaturization of
magnetic materials may lead to the observation of new phenomenologies such as
superparamagnetic effects or quantum behavior.

The use of synthetic methodologies, the so-called bottom-up approach, offers a
potential alternative to obtain monodispersed nanoscale magnetic materials of a
sharply defined size. The discovery of large metal cluster complexes with interest-
ing magnetic properties characteristic of nanoscale magnetic particles, such as out-
of-phase ac magnetic susceptibility signals and stepwise magnetization hysteresis
loops, represented an exciting breakthrough to access ultimate high-density infor-
mation storage devices and quantum computing applications.

In 1993 it was discovered for the first time that [Mn12O12(O2CCH3)16

(H2O)4] � 4H2O � 2CH3CO2H (1), functions as a nanoscale molecular magnet and
for this reason the term of Single-Molecule Magnet (SMM) was coined [4, 5].
Since then, a few more families of complexes that function as SMM’s have been
obtained including several other structurally related neutral or negatively charged
dodecanuclear manganese complexes, [Mn12O12(O2CR)(16-X)LX(H2O)4], common-
ly known as Mn12, where R can be a saturated or an unsaturated organic group and
L a diphenylphosphinate ligand or a nitrate anion [6–11], Mn4 mixed-valence
cubane molecules [12, 13], tetranuclear vanadium(III) complexes with a butterfly
structure [14, 15] and iron(III) complexes such as [Fe8O2(OH)12(tacn)6]8þ [16, 17]
and [Fe4(OMe)6(dpm)6] [18] where tacn and dpm stand for 1,4,7-triazacyclono-
nane and dipivaloylmethane respectively.

Even though different families of SMMs have been synthesized (vide supra),
all of them show low blocking temperatures (TB) above which they behave as
superparamagnets. The highest TB (ca. 6 K) so far reported corresponds to the
Mn12 family. Mn12 complexes can be described as a [Mn12(m3-O)12] core compris-
ing a central [MnIV

4O4]8þ cubane unit held within a nonplanar ring of eight MnIII

ions by eight m3-O2� ions. Peripheral ligation is provided by sixteen carboxylate
groups and three or four H2O ligands. As a consequence, Mn12 complexes have a
high-spin ground state S¼ 10, which can be understood assuming that the MnIV

(S¼ 3=2) of the central [MnIV
4O4]8þ cubane are aligned with all the spins down

that interact antiferromagnetically with all the MnIII (S¼ 2) of the external ring
with all spin aligned up. Moreover, the strong uniaxial magnetic anisotropy of the
molecule originated by the single-ion zero field splitting experienced by the MnIII

ions splits the S¼ 10 ground state into the different ms¼ � 10, � 9, � 8, � 7, . . . 0
levels. In zero field, the ms¼ 10 levels are the lowest in energy followed by 9, 8,
7, . . . at higher energies and ms¼ 0 is the highest energy. Then, an energy barrier
for the interconversion from the spin up to the spin down state of the complex
appears and slow magnetization relaxation processes are observed. Such barrier is
the responsible of the SMM behavior of the Mn12 family.

There are basically two different synthetic procedures available for mak-
ing new [Mn12O12(O2CR)16(H2O)4] complexes [19]. The first involves the
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comproportionation between a MnII source and MnVII from MnO�
4 in the presence

of the desired carboxylic acid (RCOOH). This was the original method used by Lis
[20] to synthesize complex 1.

44 Mn2þ þ 16 Mn7þ ! 5½Mn12
40þ ð1Þ
In the second synthetic approach, a variety of derivatives have been prepared by
ligand substitution reactions, which are driven by the greater acidity of the added
carboxylic acids RCO2H and=or the removal by distillation of an azeotrope of
acetic acid and toluene (see Eq. 2).

½Mn12Ac
 þ 16 RCO2H ! ½Mn12O12ðO2CRÞ16ðH2OÞ4
 þ 16 MeCO2H ð2Þ
It has to be emphasized that several treatments with the new carboxylic acid are
sometimes needed to replace all acetate groups. The advantage is that reaction
yields are generally larger than those obtained in the first approach.

More recently, a new functionalization of Mn12 SMM with ligands other than
carboxylate or site-specific modifications to yield mixed-carboxylate [Mn12O12

(O2CR)8(O2CR0)8H2O)4] complexes, have been achieved [8, 9]. The interest for the
development of these new synthetic methodologies lies in the variety of reactivity
studies and applications that can be achieved with an intrinsic SMM behavior.

In this work, we present a modification of the synthetic route shown in Eq. 2
for the convenient synthesis of a large variety of already known and new man-
ganese complexes. Such modification, which is based on the use of complex
[Mn12O12(O2CtBu)16(H2O)4] (2), as starting material for the substitution reaction,
may possess several advantages: i) the presence of tert-butyl groups instead of
methyl groups at the periphery of the Mn12 core should increase significantly its
solubility in organic solvents, ii) the steric compression afforded by the presence of
the bulky tert-butyl groups should help the substitution by less bulky acids, and iii)
when compared with other carboxylic acids, the dissociation constant of the pivalic
acid also should favor the displacement of the substitution equilibrium to comple-
tion [21]. In short, this approximation is expected to favor the formation of new and
exotic Mn12 SMMs otherwise unrealizable by direct replacement of the acetate
groups of Mn12Ac (1). As an experimental example for the convenience of this new
synthetic route we report here the synthesis and characterization of the new Mn12

complex [Mn12O12(O2CC6H4N(O�)tBu)16(H2O)4] (3), which has the 1-[N-tert-
butyl-N-(oxyl)amino]-4-benzoic acid radical (4) in the peripheral ligation. All
the attempts to synthesize complex 3 by direct replacement of the acetate groups
of Mn12Ac (1) invariably afforded ill-defined products whose preliminary analyses
showed large amounts of Mn2þ ions. The interest to obtain such complex is clear;
the open-shell character of the radical carboxylate ligands was expected to increase
the high-spin ground state value in the most favorable case of a ferromagnetic
interaction between the ligands and the Mn12 core, and consequently, to increase
the blocking temperature TB of the SMM.
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Results and Discussion

Synthesis

Complex 2 was synthesized according to the conventional synthetic approach
shown in Eq. 2 and fully characterized by elemental analysis, LDI=MALDI-TOF
mass spectroscopy, FT-IR and UV-Vis spectroscopy, and SQUID measurements.
To a slurry of complex 1 was added an excess of pivalic acid (HO2CtBu) and the
resulting solution was allowed to stir overnight. Then, the mixture was concen-
trated under vacuum to remove the acetic acid. To fully substitute the acetate
ligands, this procedure was repeated once more, yielding a microcrystalline mate-
rial that was satisfactorily characterized as complex 2. In contrast to 1, which is
poorly soluble, complex 2 is quite soluble in non polar organic solvents such as
hexane, although it may be recrystallized from polar solvents such as acetonitrile.
However, in spite of repeated efforts, no crystals suitable for X-ray structural
determination were obtained.

1H NMR spectroscopy was used to follow the formation of complex 2. The 1H
NMR spectrum of a solution of complex 1 in deuterated acetonitrile, displays
resonances at �¼ 48.2, 41.8 and 13.9 ppm with a 1:2:1 relative intensity. These
signals have been ascribed to axial methyl groups linked to two MnIII, equatorial
methyl groups linked to one MnIII and axial methyl groups linked to one MnIV,
respectively. In the same solution, an excess of pivalic acid (1:40) was added and
its evolution with time was monitored. According to the spectrum recorded after
20 min of reaction, an extensive ligand exchange reaction took place. The ligand
exchange reaction was continued for 10 additional hours although no further
changes were noticed in the corresponding 1H NMR spectra, indicating that the
exchange equilibrium has been reached at an early stage of the reaction.

The spectrum of a solution of complex 2 is shown in Fig. 1. The tert-butyl groups
are split into three sets of resonances centered at �¼ 11.6, 5.0, and � 2.0 ppm in a
relative ratio of 1:1:2, the latter being further split into a triplet. The additional
resonance at �¼ 15.3 ppm was ascribed to the coordinated water molecules.

Fig. 1. 1H NMR spectrum of a CD3CN solution of complex [Mn12O12(O2CtBu)16(H2O)4] 2.

Signals associated to solvent and TMS, when present, are marked with an asterisk; a¼ axial,

e¼ equatorial
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As described recently this spectrum is consistent with an effective D2d molecular
symmetry in solution [9]. This makes the eight equatorial tBuCO2 groups virtually
equivalent, but the axial groups are of two types. Therefore, the singlets at
�¼ 11.6 and 5.0 ppm are assigned to axial tert-butyl groups whereas the triplet
at �¼ � 2.0 ppm is ascribed to equatorial ones. The multiplicity of the latter peak
should arise from the fact that the equatorial groups of Mn12 complexes are diaster-
eoscopic [9] giving a 1:2:1 distribution for a tert-butyl group. From these experi-
ments, one can firstly assess that the ligand exchange reaction should start with the
replacement of the more labile axial carboxylates. Moreover, if we consider both
the relative intensity of the peaks at �¼ 9.6 and 5.1 ppm (axial tBu) observed
after 20 min of reaction, and the structures of the mixed ligand [Mn12O12

(NO3)4(O2CCH2
tBu)12(H2O)4] and [Mn12O12(O2CCH3)4(O2CCH2CH3)12(H2O)4]

complexes [9], one can secondly assess that the resonance at ca. 10 ppm, which is
the more prominent, should be ascribed to the axial pivalate ligands linked to two
MnIII. Finally, if we consider that these four axial positions are fully occupied by
pivalate ligands, this gives for the pivalate ligands an occupancy of 0.25 for the four
remaining axial positions (linked to one MnIII and one MnIV) and an occupancy of
0.50 for the eight equatorial positions at the exchange equilibrium.

As previously mentioned, direct reaction of the acidic radical 4 with the
Mn12Ac complex yielded different ill-defined Mn(II)-based products, most prob-
ably due to a thermal=acidic-promoted side reaction. So, once complex 2 was
obtained and fully characterized, the next step was the reaction of complex 2 with
radical 4. However, prior to the reaction and to fully assess the stability of radical 4
in front complex 2, a methylene chloride solution of radical 4 and complex 2 (1:1)
was prepared and its evolution wit time was followed by cyclic voltammetry. After
1 min, the cyclic voltammogram displays three electrochemical processes: two
quasi-reversible processes at 350 mV and 860 mV and one strongly irreversible
process at 1140 mV. As previously described [5], the first two electrochem-
ical processes are attributed to the redox couples [Mn12O12]=[Mn12O12]� and
[Mn12O12]þ=[Mn12O12], respectively. The last electrochemical process has been
assigned to the irreversible oxidation of the nitroxide radical to an unstable oxoam-
monium ion [22] appearing at similar potential to that found for a free solution
of radical 4. After 9 min there is a displacement of ca. 30 mV of the anodic peaks
corresponding to the oxidation process of 4. No further evolution or changes on the
voltammograms were observed. Therefore, this result shows the chemical stability
of the Mn12O12 core under the reaction conditions.

To give more insight into the origin of the anodic peak displacement, a methy-
lene chloride solution of radical 4 and complex 2 (1:1) was prepared and its
evolution wit time was followed by X-band EPR spectroscopy. Initially, the EPR
spectrum shows the same pattern and hyperfine coupling constants than those
observed for free radical 4. After four days, the EPR spectrum of the mixture
remains very similar with the only variation of a decrease of the hyperfine coupling
constants associated to the nitrogen nuclei (Table 1). This fact indicates that there
is a delocalization effect of the spin density onto the aromatic ring [23, 24] prob-
ably due to the enhancement of the electron-withdrawing capacity of the car-
boxylic group when passing from the protonated form of the free acid to the
anionic carboxylate once linked to the Mn12 complex. The same arguments can
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be used to explain the displacement towards higher potentials of the redox process
associated to the oxidation process of 4.

From these results, it can be inferred that radical 4 quickly exchanges the
pivalate ligand for the radical carboxylate and, secondly, its stability towards any
side redox reaction. Therefore, Mn12 complex 3 was prepared by layering a
dichloromethane solution of an excess (200%) of the acidic radical 4 and complex
2 with hexane. Complex 3 was collected as a microcrystalline brown-orange pow-
der and fully characterized by elemental analysis, LDI=MALDI-TOF mass spectro-
scopy, FT-IR and UV-Vis spectroscopy, and SQUID measurements. It has to be
emphasized that despite the use of recurrent crystallization experiments the obtain-
ing of single crystals suitable for X-ray studies remained elusive. Elemental anal-
ysis, IR spectroscopy and the total absence of any signal in the 1H NMR spectrum,
which is due to the fully paramagnetic nature of the complex, are consistent with a
total replacement of the pivalate ligands by the carboxylate radicals.

Magnetochemical characterization

[Mn12O12(O2CtBu)16(H2O)4] (2). Complex 2 exhibits the characteristic single-
molecule magnetism behavior of Mn12 complexes. Ac magnetic susceptibility data
were obtained for a polycrystalline sample of complex 2 in the 1.8–10 K range
with a 1 Oe ac field oscillating in the frequency range of 1–1000 Hz (see Fig. 2)
and with an external magnetic field held at zero. Frequency-dependent signals in

Fig. 2. Ac out-of-phase signals (x00) of complex [Mn12O12(O2CtBu)16(H2O)4] 2. The lines are visual

guides

Table 1. EPR hyperfine coupling constants

Compd. aN aHortho aHmeta

4 11.57 2.13 0.92

3 11.70 2.09 0.84
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the out-of-phase ac magnetic susceptibility are seen, which indicates that complex
2 retains the single-molecule magnetic behavior. Remarkable is the observation of
two frequency dependent peaks in the temperature range of 2–4 K and 4–6 K, as
previously observed for other Mn12 complexes, which may be attributed to the
presence of at least two different magnetization relaxation processes.

Magnetization relaxation times (�) are obtained from the relationship $� ¼ 1 at
the maxima of the �00

M vs. temperature curves [25], which can be determined by
fitting the �00

M vs. temperature data to a Lorentzian function. Indeed, the ac suscep-
tibility data for complex 2 were least-squares fit to the Arrhenius law (Eq. 3):

1

�
¼ 1

�0

expð�Ueff=kTÞ ð3Þ

where Ueff is the effective anisotropy energy barrier, k is the Boltzmann constant
and T is the temperature at which the maximum occurs. The least-squares fit of the
ac susceptibility data for the low-temperature and high-temperature out-of-phase
signals gave an energy barrier of 23.8 K and 58.1 K, with an attempt frequency of
1.0 � 10� 7 s and 8 � 10� 8 s, respectively.

Magnetization hysteresis data were obtained for a polycrystalline sample of
complex 2 at three different temperatures between 1.8 and 2.5 K employing a
SQUID magnetometer (see Fig. 3).

The sample is first magnetically saturated in a þ 2.0 T field, and then the field
is swept down to � 2.0 T, and cycled back to þ 2.0 T. As the field is decreased
from þ 2.0 T, the first pronounced step appears at zero field consistently with the
observation of two out-of-phase frequency dependent peaks in the ac magnetic
susceptibility data. The lower effective barrier, corresponding to the low tempera-
ture peak, is still not active at the temperature of measure, and contributes with a
superparamagnetic behavior at this temperature, that dominates the magnetic

Fig. 3. Magnetization hysteresis loops measured at 1.8 K (�), 2.2 K (&), 2.6 K (~) and 3.0 K (!).

The sample was aligned by external magnetic field and fixed with eicosane
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relaxation at zero field. In addition, there are successive steps observed at a field
interval of approximately 4.5 kOe, which can be explained in terms of resonant
spin tunneling relaxation.

[Mn12O12(O2CC6H4N(O�)tBu)16(H2O)4] (3). Magnetic measurements were per-
formed in the temperature range of 0.3 K to 20 K. The zero field cooled (ZFC)-
field cooled (FC) magnetization experiments at 100 Oe down to 300 mK are shown
in Fig. 4. As it can be observed, there is good matching between the experimental
data of both, ZFC and FC magnetization, indicating that complex 3 exhibits a
superparamagnetic behavior in all the temperature range studied.

Figure 5 shows the field dependence of the magnetization at five different
temperatures ranging from 1.8 to 20 K where no hysteresis loop is observed even
at the lowest temperature of 1.8 K. Fitting of the experimental data to the Brillouin
function indicates that the ground state of the complex is S¼ 2.

To explain the resulting low effective magnetic moment, first it is conve-
nient to revise the magnetic core of Mn12 clusters. Mn12 complex possesses a
[Mn12(m3-O)12] core comprising a central [MnIV

4O4]8þ cubane held within a non-
planar ring of eight MnIII ions. Assuming the presence of diamagnetic carboxylate
ligands, Mn12 complexes must have a S¼ 10 state, which can be loosely de-
scribed setting all the MnIII spins up (S¼ 8 � 2¼ 16) and all the MnIV spins down
(S¼ 4 � � 3=2¼ � 6). If we now include additional 16 free radicals (S¼ 1=2) from
the peripheral ligation interacting antiferromagnetically with the Mn12 core
(S¼ 10), a S¼ 2 magnetic ground state should result, as in fact it was experimen-
tally observed. Assuming that complex 3 maintains constant the magnetic aniso-
tropy arising from the single-ion zero-field splitting of MnIII, the low S¼ 2 value
may explain why no blocking temperature is observed. However, we cannot pre-
clude that an hypothetical SMM behavior may remain hidden by the enhancement
of the magnetic relaxation afforded by the paramagnetic ligands, as previously

Fig. 4. ZFC-field cooled FC magnetization experiments at 100 Oe down to 300 mK for

[Mn12O12(O2CC6H4N(O�)tBu)16(H2O)4] complex 1c
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observed with the organic radical cation of a Mn�
12 complex [11]. Indeed, the pres-

ence of additional paramagnetic species may promote a fast magnetic relaxation
process in spite the presence of an energy barrier for the interconversion from the
spin up to the spin down state, which is expected to promote slow magnetization
relaxation processes. Further high-field ESR experiments are currently underway to
fully discard such possibility.

Conclusion

We have presented a new modified synthetic approach, based on the use of com-
plex [Mn12O12(O2CtBu)16(H2O)4] (2) as starting material, for the convenient synthe-
sis of the new manganese complex [Mn12O12(O2CC6H4N(O�)tBu)16(H2O)4] (3).

Fig. 5. Field strength dependence of the magnetization in the temperature range of 1.8–20 K show-

ing the superparamagnetic behavior of a microcrystalline sample of complex 1c. Solid lines represent

the fit of experimental data to a Brillouin function assuming an S¼ 2 magnetic ground state

Table 2. Series of Mn12 complexes prepared following the modified synthetic approach based on the

use of complex 2 as starting material

Ligand formula Yield Complex formula

(%)

96 [Mn12O12(O2CH3)16(H2O)4] � 4H2O � 2CH3CO2H

90 [Mn12O12(O2CCH¼CHCH3)16(H2O)4] �H2O

86 [Mn12O12(O2CC�CH)16(H2O)4] � 4H2O

(continued)
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The preparation of complex 3 remained elusive with the conventional synthetic
procedure shown in Eq. 2. Complex 3 bearing open-shell radical units was pre-
pared to increase the total spin number of its ground state, and consequently to
increase TB, with the expectation that radical ligands may be coupled ferromagnet-
ically with the Mn12 core. Unfortunately, magnetic measurements of complex 3
revealed that the sixteen radical carboxylate ligands interact antiferromagnetically
with the Mn12 core to yield a S¼ 2 magnetic ground state, which proved to be
negative to achieve a SMM behavior. Finally, it is important to emphasize that this
new synthetic approach not only allowed the preparation of complex 3 but other
Mn12 complexes (shown in Table 2), otherwise unrealizable by direct replacement
of the acetate groups of Mn12Ac (1). Further work to fully characterize all the Mn12

complexes shown in Table 2 is currently in progress.

Experimental

Solvents were distilled prior to use. THF was distilled over sodium=benzophenone under Argon atmo-

sphere whereas CH2Cl2 was distilled over P2O5 under nitrogen atmosphere. All the reagents were used

as received. Microanalyses were performed by the Servei d’Analisi of the Universitat de Barcelona.

Manipulations involving organometallic reagents were done using the standard Schlenck techniques.

[Mn12O12(O2CCH3)16(H2O)4] � 4H2O � 2CH3CO2H (1) was prepared using the method originally de-

scribed by Lis [20]. Radical 1-[N-tert-butyl-N-(oxy)amino]-4-benzoic radical (4) was prepared as

previously described [26].

Physical measurements

DC magnetic measurements were collected on oriented powder samples restrained in eicosane to

prevent torquing on a Quantum Design MPMS2 SQUID (rf) magnetometer equipped with a 5 T

(50 kOe) magnet and capable of achieving temperatures from 1.8 to 350 K. Sample alignment in

eicosane was performed while keeping the samples in a 5 T field at a temperature above the melting

Table 2 (continued)

Ligand formula Yield Complex formula

(%)

97 [Mn12O12(O2CC6H5)16(H2O)4]

91 [Mn12O12(O2CC4H3S)16(H2O)4]

98 [Mn12O12(O2CC�CC6H5)16(H2O)4] � 4H2O

78 [Mn12O12(O2CC6H4N(O�)tBu)16(H2O)4]
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point (312 K) of eicosane for 15 min, and then decreasing the temperature gradually to constrain the

sample. Measurements below 1.8 K were performed in a SQUID (dc) magnetometer placed in a
3Heþ 4He dilution cryostat, which can achieve temperatures from 100 to 1500 mK. Cyclic voltam-

metry was carried out on a EG&G Instrument potentiostat=galvanostat, model 263A. Commercial

tetrabutylammonium hexafluorophosphate was used as supporting electrolyte (0.1 M). A platinum

spiral was used as the working electrode a platinum thread as the counter electrode and Ag=AgCl

electrode as the reference electrode. EPR spectra were recorded on degassed solutions using a Bruker

ESP-300E spectrometer operating in the X-band (9.3 GHz). Liquid state 1H NMR spectra were re-

corded at room temperature on a Bruker Advance DPX 200 spectrometer operating at 200.13 MHz. IR

spectra were taken on a Perkin Elmer 1600 FT by using the standard KBr dispersion method. Matrix

Assisted LASER Desorption Ionization-Time of Flight (MALDI-TOF) mass spectra were recorded

using a KRATOS ANALYTICAL KOMPACT MALDI-2 K-PROBE instrument, equipped with a

nitrogen laser (�¼ 337 nm) for the charactrization of Mn12 complexes [27].

[Mn12O12(O2C tBu)16(H2O)4] (2; C80H152O48Mn12)

To a slurry of complex 1 (1.0 g, 0.49 mmol) in 50 ml of toluene was added HO2CtBu (2.0 g,

19.6 mmol). The solution was allowed to stir overnight. Then, the mixture was concentrated under

vacuum to remove the acetic acid. The resulting mixture were dissolved in toluene (50 ml), and then

concentrated under vacuum. To fully substitute the acetate ligands, this procedure was repeated once

more. The resulting brown semi-solid was recrystallized in acetonitrile. The resulting black crystals of

2 (1.0 g, 80%) were collected on a frit and washed with cold acetonitrile. 1H NMR � (CD3CN, ppm):

15.3 (8H, H2O), 11.6 (36H, axial tBu), 5.0 (36H, axial tBu), � 2.0 (72H, equatorial tBu). FTIR (KBr,

cm� 1): 3436 (broad, OH str); 2963 (medium, C–H str); 1587, 1558, 1529, 1426 (strong, CO�
2 str);

1484 (strong, tBu bend); 720 (medium, Mn12O12 str). LDI-TOF MS (negative-ion mode): m=z¼ 2266

[Mn12O12(O2CtBu)14]
� (20%). Elemental analysis calcd for C80H152O48Mn12: C 37.80, H 5.98.

Found: C 37.87, H 5.79.

[Mn12O12(O2CC6H4N(O�)tBu)16(H2O)4] (3; C176H216N16O64Mn12)

To a solution of 2 (0.100 g, 0.04 mmol) in dichloromethane (5 ml) was added the desired carboxylic

acid (1.6 mmol, 40 eq) and the resulting solution was stirred for few minutes. Recrystallization was

achieved by slow diffusion of hexane (5 ml) into this solution. The resulting crystals or solids were

collected, washed with hexane and dried on the frit orange-brown microcrystals (78%). FTIR (KBr,

cm� 1): 3422 (broad, OH str); 2976 (medium, C–H str); 1594, 1545, 1404 (strong, CO�
2 str); 1430

(weak, tBu bend); 603 (medium, Mn12O12 bend). LDI-TOF MS (negative-ion mode): m=z¼ 3558

[Mn12O12(O2CC6H4N(O�)tBu)13] (20%). Elemental analysis calcd for C176H216N16O64Mn12: C

49.86, H 5.10, N 5.29. Found: C 49.91, H 5.22, N 4.74.
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