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Abstract

The thermal behavior of three Mn;, single molecule magnets [Mn;,0;,(0O,CCgHs)6(H,0)4]- CH,Cl,-CsHsCO,H (1),
[Mn,0,,(0>C'Bu);4(H>0),4] (2) and [Mn;,0,,(0>CCHCl,)s(H,0)4] (3) is reported. Aromatic ligands allow the complex 1 to be
stable up to 300 °C whereas alkyl groups decrease drastically the domain of thermal stability for the complexes 2 and 3. Moreover,
the thermal decarboxylation of complexes 2 and 3 generates [MngO,(O,CR)9L4] (L = H,O, HO,CR) complexes as characterized by

single crystal X-ray diffraction when R =Bu.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

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. In this order, the discovery of large
metal cluster complexes with interesting magnetic prop-
erties characteristic of nanoscale magnetic particles,
such as out-of-phase ac magnetic susceptibility signals
and stepwise magnetization hysteresis loops, represented
an important discovery to access ultimate high-density
information storage devices and quantum computing
applications [1]. Moreover, such clusters are composed
of a single and sharply defined size and are agreeable to
variations in peripheral carboxylate ligation making
them soluble in different solvents. Different families of
complexes that function as single molecule magnets
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(SMMs) based on manganese [2], nickel [3], cobalt [4]
iron [5] and mixtures of metals [6] have been obtained.
However, even though different families of SMMs have
been synthesized (vide supra), all of them show low
blocking temperatures (73) above which they behave as
superparamagnets. One of the highest T ( ~ 6 K) so far
reported corresponds to the Mnj, family. These com-
plexes possess a [Mnj,(u3-O);»] core comprising a
central [Mn}YO4®" cubane held within a non-planar
ring of eight Mn"" ions by eight y3-O* ions. Peripheral
ligation is provided by sixteen carboxylate groups and
three or four H,O ligands [7]. Since the above discov-
eries, the interest to obtain new SMMs with larger
dimensionalities, anisotropies and high-spin ground
states has grown considerably and for this reason
different chemical synthetic methods to obtain new
SMM with higher T are being widely explored world-
wide.

In our group, the motivating physical work has been
the exploration of new synthetic methods to obtain
nanoscale clusters via thermolysis reaction. More pre-
cisely, in this work we have explored the thermal
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behavior of three different Mn;, SMM: [Mn;,01,-
(0,CC4Hs)16(H,0)4]- CH,Cl,-CcHsCO,H - (1),  [Mny»-
015(0,C'Bu);(H0)s]  (2) and  [Mn;;,05(0»-
CCHCl,)14(H>0)4] (3). We will show how the different
carboxylate ligands of complexes 1-3 influence their
thermal stability. In this order, the thermal treatment of
complexes 2 and 3 toluene yields the lower nuclearity
Mng clusters, whereas complex 1 remains thermally
stable without any side-decomposition reaction.

2. Experimental

All the reagents were used as received. Microanalyses
were performed by the Servei d’Analisi of the Universi-
tat de Barcelona. [Mn120 1 2(02CC6H5) 1 6(H20)4] .
CH,Cl,-CeHsCOH (1) [8], [Mn;20,5(0,C'Bu)ye-
(H20)4] (2) [9] and [Mn,015(0,CCHCl,)6(H20)4] (3)
[10] were prepared following the methodology pre-
viously described. Dc magnetic measurements were
carried out on a Quantum Design MPMS SQUID
magnetometer equipped with a 5.5 T magnet in the
temperature range of 1.8—300 K. Pascal’s constants
were used to subtract the diamagnetic contribution of
the substances analyzed. Simultaneous TG/DTA mea-
surements were performed under an N, + O, flow (60 ml
min ') at a heating rate of 5°C min~' on a Setaram
Labsys TG-TDAI12 thermogravimetric analyzer.

2.1. X-ray crystallography

X-ray data were collected at 223 K, on a Kappa CCD
diffractometer with monochromatic Mo Ko (1=
0.71073 A) radiation. Data were collected via ¢- and
w-multiscans and reduced with the program DENZO-SMN
without absorption correction. The structure was re-
fined by a full-matrix least-squares method (Table 1).

2.2. [Mn602(02ctBu)IO(C3H4N2)4]'C6H5CH3 (4)

A solution of complex 2 (1.00 g, 0.4 mmol) in toluene
(20 ml) was refluxed for 24 h. To the cooled solution was
added pyrazole (0.60 g, 8.8 mmol) and the mixture was
heated in order the help the dissolution of the solids.
The filtered solution was left undisturbed overnight at
room temperature in an open Erlenmeyer flask to afford
X-ray quality diamond-shaped crystals (0.94 g, 65%).
FTIR (KBr, cm™'): 3333 (medium, NH str); 2958
(medium, C-H str); 1587, 1570, 1482, 1416 (strong,
CO, str); 1430 (weak, ‘Bu bend). Elemental analysis
Calcd for C69H114N8022M1’16: C 4770, H 657, N 6.45.
Found: C 47.59, H 6.52, N 5.96%.

Table 1

Crystallographic data for [MngO»(0>C’ Bu);o(C3H4N>)4]- CsHsCH; (4)
Parameter Complex 4

Formula C(,:) H1|() Ml’l6 Ng 022

Formula wt. (g mol ~' %) 1733.29
Crystal system Orthorhombic
Space group Pbcn

a (A) 14.1338(3)
b (A) 22.9458(4)
¢ (A) 27.0464(3)
a (°) 90

B ) 90

7 () 90

v (A% 8771.5 (3)
Z 4

T (K) 223(2)

Crystal size (mm) 0.35 % 0.30 x 0.15

Radiation / (A ®) 0.71073

Peale (g Cmis) 1.313

Data collected 1<20 <24
R(R,)€ 0.0389(0.0557)

Seot = [ZW (| Fo| = |Fo)2(n—p)]'?; n=observed reflections, p = re-
fined parameters. °F > 3o (F).

# Including solvent molecules.

® Graphite monochromator.

© R=3F,|—|FJIIZ|F,]. R, =[Zw(Fo|—|F))"]"?, where w=1/
S°|F,|.

3. Results and discussion

3.1. Thermal stability: TGAIDTA experiments

Thermogravimetric analyses (TGA) combined with
differential thermal analyses (DTA) were carried out on
complex 1 and 2. At the first glance, the TG curves (Fig.
1) seem to indicate a marked difference between their
thermal stabilities, complex 1 being more stable at
higher temperatures.

Both complexes exhibit a weight loss in the tempera-
ture range of 70—140 °C that has been attributed to the
elimination of 4 H,O+1 CH,Cl, (obs.: 5.9%, th.: 4.7%)
for complex 1 and 4 H,O+1 ‘BuCO,H (obs.: 7.0%, th.:
6.8%) for complex 2. An increase of the temperature
evidenced that complex 1 remained stable at least up to
210 °C where an additional weight loss of approximately
5% was observed (—C¢HsCO-H =4%). A further in-
crease of the temperature yields the final exothermal
degradation with an overall weight loss of 67.4%. On the
contrary, complex 2 is stable up to 150 °C, whereupon it
underwent an impressive thermal degradation as ascer-
tained by an abrupt two-step weight loss (48.2%)
associated to a broad intense exothermal peak in the
DTA curve.

Where does the different thermal stability of com-
plexes 1 and 2 arise from? One of the most reasonable
answer is that this difference may arise from electronic
effects afforded by the organic group attached to the
carboxylate moieties, and therefore to the acidity of
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Fig. 1. TGA of complexes 1 and 2 under an air flow.

their associated protonated form. On the other hand
steric considerations of the peripheral ligands may be
also of interest to explain this observation. To give more
insight into the origin of the different thermal stabilities,
DTA experiments were carried out over a polycrystal-
line sample of complex 3. The ~CHCI, group has similar
dimensions than the ‘Bu group although its acidity is
higher due to the presence of the chlorine atoms. The
DTA curves of complex 3 indicated that it becomes
thermally unstable over 110°C as ascertained by a
broad intense exothermal peak and by IR spectroscopy.
The IR spectra of a polycrystalline sample of complex 3
treated at four different temperatures are shown in Fig.
2. As can be seen there, at temperatures above 110 °C
the different patterns of absorption experience consider-
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Fig. 2. Infrared spectra of complex 3 recorded in KBr after thermal
treatments at 30, 110, 170 and 300 °C.

able variations, indicating that decomposition side
reactions take place. This fact seems to indicate that
both, the steric compression afforded by bulky car-
boxylic groups and their different acidic character
influence the relative thermal stability of Mn;, com-
plexes.

3.2. Mass spectrometry

The mass spectra of complexes 1-3 have been
recorded. Since the Mn, clusters absorb at the wave-
length of the laser light used in the TOF MS instrument,
mass spectra were recorded both with and without a
matrix under different experimental conditions [11]. In
the case of complex 1, the high mass region ( > 700 Da)
LDI-TOF mass spectrum recorded in positive mode,
reveals no peak corresponding to the molecular ion but
does show a series of peaks corresponding to the
[Mn50,2(0,CC¢Hs)14] T ion at mi/z ~2547 and frag-
ments of it resulting from the stepwise loss of several
Ce¢HsCO» units (Am/z ~ 121). In the low-mass region of
the spectrum ( < 700 Da) a series of peaks, which could
not be directly assigned to fragmentations involving the
presence of the benzoate anion, are observed. These
fragments may arise from rearrangement of the original
cluster, and their explanation must involve the presence
of manganese, oxygen and carbon atoms. Finally, it has
to be emphasized that the benzoate complex 1 yielded
good quality mass spectra independently of the matrix
and polarity used.

The MALDI-TOF MS mass spectrum of complex 2 in
the positive mode using 2-amino-4-methyl-5-nitropyr-
idine (AMNP) as a matrix exhibits the most abundant
pseudo-molecular peak was observed at m/z = 2065 [M-
4H,0-4'BuCO,] *. In addition to such peak, an intense
pattern centered at about m/z = 1475, which was not
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Fig. 3. Negative-ion mode MALDI-TOF spectrum of complex 2 using AMNP as a matrix.

observed for complex 1, appears (Fig. 3). Since most of
the peaks are related each other by the gain or the loss of
a pivalate (m/z =101) ligand, this spectral zone should
be attributed to a family of mixed ligand complexes
derived from the already known mixed valence Mn(I1,
III) complexes [MngO»(0>C'Bu);oLs] [12].

3.3. Thermolysis reaction

A toluene solution of 2 was refluxed for 24 h. On
cooling, a red—brown microcrystalline precipitate was
obtained. Such precipitate was characterized as an
incompletely coordinated [MngO»(0O>C'Bu);oLs] (L =
H,0, ‘BuCO,H) complex by comparison with the IR
spectra of related Mng complexes prepared as previously
described in the literature. [13] This fact, together with
previous mass spectrometry experiments, seems to
indicate that in a first step, some of the Mn'™! and
Mn'"Y ions constitutive of the starting complex are
reduced to Mn" ions by an oxidative decarboxylation
mechanism of the ligands (Eq. (2)) [14].

2000 2500 3000
m/z
[Mn(llzn"IV)Olz(OzctBu)16(H20)4]
—-[Mn"(0,C'Bu),(H,0),] +' Bu*
+CO,+H,0+... )

Most likely, in a second step, the aggregation—
dehydration reaction of the so-formed Mn'' pivalates
lead to the hexamanganese mixed valence complexes
according to Eq. (3) where L = H,0, ‘BuCO,H.

6[Mn“(02CIBu)2(H20)x]
—[Mng""0,(0,C'Bu),yL,] 3)

Such ligands were subsequently replaced by reaction
with pyrazole ligands. Indeed, addition of pyrazole to a
warm mixture of [MngO»(O,C'Bu);oLs] and posterior
cooling of the solution yielded nice brown diamond-
shaped crystals of [MngO»(0>C'Bu)o(C3H4N»)4]-
Ce¢HsCHj (4) suitable for X-ray structure determination.
The orTEP plot of complex 4 is shown in Fig. 4. The
structure is similar to those previously found for related
Mng consisting of an edge-sharing bitetrahedral cage
bridged by two uy4-oxides and a mixture of six 1,3- and
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Fig. 4. orTEP drawing of the Mng core of complex 4 with thermal
ellipsoids at 50% of probability. The hydrogen atoms and the organic
peripheral groups were omitted for clarity.

four 1,1,3- pivalate ligands. The four pyrazole ligands
are bound to the wing-tip sites of the manganese
octahedrons. Magnetic measurements carried out on
complex 4, showed an antiferromagnetic coupling of the
manganese ions leading to a S=0 ground state as
exactly observed with other related complexes.

Finally it has to be emphasized that thermal treatment
of a toluene solution of 3 yielded a related
[Mn602(02CCHC12)10L4] (L = HzO, HOzCCHClz)
complex as ascertained by different spectroscopic tech-
niques and magnetic measurements. However, despite
recurrent diffusion and crystallization experiments, the
obtaining of single crystals of enough quality to solve its
X-ray structure remained elusive. On the other side,
similar thermal studies over a toluene solution of
complex 1 revealed that it remains stable over several
hours, even days. Such results are in agreement with the
larger stability of complex 1 when compared to com-
plexes 2 and 3 as ascertained by TG/DTA experiments
and the lack of peaks associated to clusters with reduced
dimensionalities in its MALDI-TOF spectra.

4. Conclusion

The thermolytic studies of Mnj,-based SMMs have
shown that their thermal stability was highly dependent
of parameters such as the electron-withdrawing ability
and the bulkiness of the peripheral organic groups. The
thermal degradation of SMM with non-aromatic groups
follows an oxidative decarboxylation of the ligands by
the Mn'" and Mn'" ions which generates Mn'" ions,
carbon dioxide and an organic radical. Interestingly, the
thermal decarboxylation of SMM is found to open new
synthetic methods to prepare others manganese clusters
upon a thermal treatment.

4.1. Supplementary material

Complete lists with atomic coordinates, anisotropic
displacement parameters, bond lengths and angles have
been deposited at the Cambridge Crystallographic Data
Centre (CCDC No. 195546), 12 Union Road, Cam-
bridge, CB2 1EZ, UK (fax: +44-1223-336033; e-mail:
deposit@ccdc.cam.ac.uk  or www: http://www.ccdc.
cam.ac.uk).
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