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The syntheses of the two new single molecule magnets, [Mn;,0;,(0O>CR);¢(H,O0)4]S (R = CHCHCH3;, S = H,O
(2) and R = C¢H4C4Hs, S = 2CH5sCsH4COOH (3)) and X-ray crystal structure of the first are described.
Complex 2 crystallizes in the orthorhombic space group Ibca, which at 198 K has a = 21.2208(4),

b = 21.2265(4), ¢ = 42.2475(6) A, and Z = 8. Frequency-dependent out-of-phase ac signals are seen for
both complexes, which indicates that these two complexes function as single-molecule magnets. Dc
magnetization measurements for both complexes also exhibit hysteresis in the magnetization vs. external
magnetic field plots with regular steps characteristic of quantum mechanical tunnelling of the direction of
magnetization. The techniques of LDI- and MALDI-TOF mass spectrometry have been investigated to
prospect their utility for the chemical characterization of Mn, clusters. The technique is applied to known
clusters as well as to two new compounds, and characteristic signals are found, especially predominant being
that of the [Mn;,0;,(O>CR)y4] cation or anion, showing the potential interest of this technique for those

preparing this type of compounds.

Introduction

The rapid growth of high-speed computers and the miniatur-
ization of magnetic technology have led to much interest in the
field of nanoscale magnetic materials.' In a nanomagnet there
can be several domains where the spins within one domain are
aligned and behave collectively because the spins are strongly
coupled by magnetic exchange interactions. In response to an
external magnetic field, domains sluggishly change the
orientation of their magnetic moments to become aligned
with the external magnetic field. As a consequence interesting
magnetic properties such as magnetization hysteresis loops
appear making such particles suitable candidates to be used as
bits of information storage at the nanometer scale. Several
synthetic methods have been developed to prepare these
materials. One such technique is the fragmentation of bulk
ferro- and ferri-magnetic materials. The main disadvantage of
this “top-down” approach is that the nanoscale magnetic
materials exhibit a distribution of particle size, anisotropy and
shapes. This situation leads to a distribution of the barrier
heights for the inter-conversion of the spins “up” to the spins
“down” within the domains, which is not desirable for
application in devices. From a fundamental point of view a
distribution in barrier heights masks properties such as those
associated with resonant magnetization tunnelling. Another

TLDI- and MALDI-TOF are acronyms for Laser Desorption/
Tonisation and Matrix Assisted Laser Desorption/Ionisation Time-of-
Flight.
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technique involves growing crystallites of a known magnetic
material in a micelle.? Since the size of the micelle cavity is
tractable, predictable crystallite growth can be afforded. This
method allows the synthesis of particles of controllable size, but
thus far, has been limited to the miniaturization of known
magnetic materials rather than the discovery of new structural
classes of molecules.

The discovery of large metal cluster complexes with
interesting magnetic properties characteristic of nanoscale
magnetic particles, such as magnetization hysteresis loops and
out-of-phase ac magnetic susceptibility signals, is an exciting
breakthrough. Indeed, the advantages of using a synthetic
approach (the so-called “bottom-up” approach) to obtain
molecular nanomagnets are numerous: 1) metal clusters are
normally prepared by a solution method and, once purified, are
composed of single, sharply-defined size; 2) they are readily
amenable to variations in peripheral ligands (small vs. bulky,
hydrophilic vs. hydrophobic, etc.); 3) they are normally soluble
in common solvents providing advantages in potential
applications; 4) since each molecule has sub-nanoscale dimen-
sions, such materials could potentially be used for high density
information storage; and 5) from a theoretical point of view,
understanding the magnetic properties of these molecules is
important to help bridge the gap between the quantum and
classical understanding of magnetism.’

In 1993 it was discovered for the first time that
[Mnlzol2(02CCH3)]6(H20)4]‘4H20'2CH3C02H (1) (complex
1 or Mnj,Ac for short), functions as a nanoscale molecular
magnet.* Such a molecule has been termed a single-molecule
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magnet (SMM). This complex shows frequency-dependent out-
of-phase ac magnetic susceptibility signals in the 4-7 K region
for an ac field oscillating at frequencies in the range of 50-
1000 Hz.* Pronounced hysteresis loops below 4 K, resulting from
the slow magnetization relaxation rates, are also observed.
However, the most interesting finding for the SMM’s was made
in 1996.% It was found that, in addition to thermal activation of
each SMM over the barrier, the reversal of the direction of the
magnetization also occurs via quantum mechanical tunnelling
through the barrier. Since then, a few more families of com-
plexes that function as SMM'’s have been obtained: 1) several
other structurally related dodecanuclear manganese complexes,
[Mn;,0,2(0,CR),4(H,0)4] where R can be an aliphatic or aroma-
tic group,®” and their corresponding singly reduced salts (PPhy)-
[Mnlelz(OZCR)m(Hzo)‘;];8 2) several distorted Mny cubane
molecules with a [Mn'YMn™505X]®" core,” 3) a mixed-valent
complex [Mn,(O>CMe),(Hpdm)g][ClO,],'® where Hpdm is the
mono-anion of pyridine-2,6-dimethanol, and 4) tetranuclear
vanadium(i) complexes with a butterfly structure.'’ A ferric
complex [FesO,(OH)(tacn)s]®*, where tacn is triazacyclo-
nonane, has also been reported to display frequency-dependent
out-of-phase peaks and magnetization hysteresis loops.'>

Since the above discoveries, the interest to obtain new
SMM’s with precise chemical functionalities in order to achieve
practical applications, larger dimensionalities and anisotropies,
and high-spin ground states has grown considerably. One of
the main limitations of this fascinating type of material has
been found in their structural characterisation, where X-ray
diffraction plays a crucial role. For this reason, the develop-
ment of new techniques, such as mass spectrometry, to be used
in routine characterization is very desirable. Among the various
mass spectrometric techniques that can be used, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS)'? has emerged as a particularly useful and
efficient tool. MALDI-TOF MS has revolutionized the
characterization of a wide range of high molecular weight
natural'* and synthetic polymers,'”> as well as nanoscopic
organic molecules, such as dendrimers.'® This “soft” mass
spectrometric method, in which the molecular ionisation is
provided by a pulse of (typically UV) laser light onto a sample,
enables the observation of molecular ions of fragile molecules
having masses in excess of 10* Daltons. While the technique is
usually applied to purely organic molecules, in principle it is
also useful for the characterization of inorganic compounds,
and especially clusters. Indeed, the technique has found use in
the characterization of rhenium(u) halides'” as well as
ruthenium'® and osmium'® carbonyl clusters. We hoped that
the MALDI-TOF mass spectra of Mnj, clusters, with
molecular weights ranging from 2000 to 4000 Daltons, would
provide a simple characterization of these molecules.

In this work, we employ MALDI-TOF MS for the character-
ization of four single molecule magnets, the known [Mn;,01,-
(0,CCgHs)16(H20)4] (4) and [Mn,05(02C-2-F-C¢Ha)16(H20)4]
(5) and the two new SMM’s [Mn,0,,(O,CHCHCH3);¢-
(H>0)4'HO  (2) and [Mn;50,5(0,CCsH4CsHss)16(H20)4]:
2C¢HsCcH4COOH (3). The magnetic properties of 2 and 3
and the X-ray structure of the former were determined.
MALDI-TOF experiments of all the complexes under various
experimental conditions, although not yet general, confirmed
the utility of this spectrometric technique for measuring their
molecular weights and composition.

Experimental section

Compound preparation. All chemicals and solvents were
used as received; all preparations and manipulations were done
under aerobic conditions. [Mn;,012(0,CMe);4(H»0)4]-
3H,0-CH;COOH (1),”” [Mn50,(0>CCsHs)16(H20)4] (4)*
and [Mn,0,,(0,C-2-F-C¢Hy)16(H20)4] (5)*! were prepared as
previously described.

[Mn12012(02CCHCHCH3)16(H20)4]’HzO (2). To a slurry
of complex 1 (1.0 g, 0.49 mmol) in 50 mL of toluene was added
HO,CCHCHCHj5 (1.49 g, 16 mmol). The solution was allowed
to stir overnight. Then, the mixture was concentrated to
remove the acetic acid. The resulting solid and additional
HO,CCHCHCHj; (0.79 g, 8 mmol) were dissolved in toluene
(50 mL), stirred overnight and then concentrated to remove
acetic acid. To fully substitute the acetate ligands, this
procedure was repeated once more. The resulting brown
powder was recrystallized by slow diffusion of hexanes into a
CH,Cl, solution of the complex. The resulting brown crystals
of [Ml’l]zo12(02CHCHCH3)16(H20)4]'H20 (2) (70% yleld
based on total available Mn;,Ac) were collected on a frit
and washed with hexanes. The crystals are suitable for
structural determination by X-ray crystallography. Anal.
Calcd. (Found) for C64H90049MH123 C, 33.38 (3369), H,
3.95 (4.32)%.

[Mn;,0,,(0,CC¢H4CsHs)16(H20)4] CsHsCsH4COOH (3). To
a slurry of complex 1 (1.0 g, 0.49 mmol) in 50 mL of toluene was
added HO,CC¢H4CHs (2.6 g, 13.3 mmol). The solution was
allowed to stir overnight. Then, the mixture was concentrated to
remove the acetic acid. The resulting solid and additional
HO,CC¢H4CsHs (1.3 g, 6.7 mmol) were dissolved in toluene (50
mL), stirred overnight and then concentrated to remove acetic
acid. To fully substitute the acetate ligands, this procedure was
repeated once more. The resulting brown powder was recry-
stallized by slow diffusion of hexanes into a CH,Cl, solution
of the complex. The resulting brown crystals of [Mn,0;»-
(OzCC6H4C6H5)1()(H20)4]'2C6H5C6H4COOH (700/0 yleld based
on total available Mn,Ac) were collected on a frit and washed
with hexanes. The crystals are not suitable for a publishable structural
determination by X-ray crystallography. Anal. Calcd. (Found) for
ChosH15oMn ,04: C, 61.25 (61.29); H, 3.75 (3.91)%.

Crystallographic structural determination for complex
2. Crystal data collection, and refinement parameters are
given in Table 1. The systematic absences in the diffraction
data are uniquely consistent for the reported space group. An
orthorhombic space group was chosen, despite the near
equivalence of the a and b axis, because the systematic
absences do not coincide with any I-centered tetragonal space
group but are agreeable with the selected space group. The
structure was solved by direct methods, completed by
subsequent difference Fourier syntheses and refined by full-
matrix least-squares procedures. The asymmetric unit of 2
contains half of the [Mn;,0>,(O,CHCHCH3);s(H,0)4]

Table 1 Crystallographic data for [Mn;,0,,(CH;CHCHCOO);¢-
(H20)4]-H20 (2)

Formula C64H90049Mn1 2
Formula weight 2302.64

Crystal system Orthorhombic
Space group Ibca

a, 21.2208(4)

b, A 21.2265(4)

¢, A 42.2475(6)

v, A3 19030.1(7)

Z 8

Cryst. color, habit Brown block
D(calc), g cm® 1.607

#(MoKa), cm ™! 16.24

Temp, K 198(2)
Diffractometer Siemens P4/CCD
Rfins (collected, unique) 38823/7462
Radiation MoKa(4 = 0.71073 A)
R(F), %" 7.77

R(WF?), % 21.38

“Quantity minimized = R(wF?) = E[w(F,> — FAYS[(wF2)"% R =
ZAIE(Fp), A = [(Fy — F)l4
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complex, which lies on a 2-fold axis, and half of a water
molecule. The alkyl carbon atoms in two of the crotonate
ligands, C(21) to C(23) and C(41) to C(43), were fixed to an
idealized carbon-carbon single bond distance. DIFABS?
absorption corrections were applied. The disordered carbon
atoms C(82) and C(83) and all non-hydrogen atoms were
refined isotropically. The hydrogen atoms on the solvated
water molecules of 2 were ignored. All other hydrogen atoms
were refined as idealized contributions. All software and
sources of the scattering factors are contained in the
SHELXTL (5.10) program library (G. Sheldrick, Siemens
XRD, Madison, WI). CCDC number 170659. See http:/
www.rsc.org/suppdata/jm/b1/b104607c/ for crystallographic
files in .cif or other electronic format.

Physical measurements. Dc magnetic measurements were
carried out on a Quantum Design MPMS SQUID magnet-
ometer equipped with a 5.5 T magnet. The instrument has a
1.8-300 K operational range. Pascal’s constants were used to
subtract the diamagnetic contribution which then gave the
molar paramagnetic susceptibilities. Magnetization hysteresis
measurements were taken by suspending several crystals of
complexes 2 or 3 in eicosane, heating the mixture to a
temperature above the melting point of eicosane (313 K),
subjecting the mixture to a 5.5 kOe field for 20 min, and then
cooling the sample to room temperature. In this way, the
crystals are oriented with their easy axis of magnetization
parallel to the magnetic field. Samples prepared for variable
field magnetization measurements were restrained in eicosane
in a similar manner to prevent torquing. The computer
program GENSPIN? was used to analyse variable-field
magnetization data. The spin of the ground state is set at a
value, and then the spin Hamiltonian matrix is diagonalised at
each magnetic field to least-squares fit the experimental data.
Ac susceptibility measurements were carried out on a Quantum
Design MPMS2 SQUID ac magnetometer equipped witha 1 T
magnet and a 1.7 to 400 K operational range. The instrument
had a field range of 1 x 107 to 5 kOe and an oscillating
frequency range of 5 x 10~*to 1512 Hz.

LDI and MALDI-TOF MS. The mass spectra were recorded
using a KRATOS ANALYTICAL (Manchester, UK) KOM-
PACT MALDI-2 K-PROBE instrument, which uses a 3 ns
pulse from a nitrogen laser (A = 337 nm) at a target area of
100 pm diameter, and pulse extracts the ions down a linear
flight tube (2 m) in a vacuum of approximately 10~¢ Torr.
Spectra were run in positive and negative high mass mode,
which employs a 20 kV pulsed extraction of the ions, typically
accumulating 500 shots for each spectrum. The matrices
2-amino-4-methyl-5-nitropyridine (98%), the neutral 9-nitro-
anthracene (97%) and the slightly acidic dithranol (97%) were
used as purchased from Aldrich Chemical Co. The samples
were prepared by dissolving the cluster and matrix (at a
concentration of 10 mg mL™") in an approximate 1: 100 ratio
in acetone or dichloromethane and then applying a 2 pL sample
of the solution onto the stainless steel sample holders used in
the instrument. The samples were run immediately after air
drying at room temperature.

Results

Compound synthesis. The new complexes were synthesized
from [Mn12012(OZCMe)16(H20)4]'3H20-CH3COOH (1) by a
ligand substitution reaction with the corresponding carboxylic
acid,®* as shown in Scheme 1.

This substitution reaction is a reversible reaction because the
ligand strength of the replacement carboxylic and acetic acid
are comparable. Two strategies have been used to drive the
reaction to a fully complete substitution; i) add an excess of the
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desired carboxylic acid; and ii) remove the acetic acid from the
system by vacuum distillation due to its lower boiling point
relative to the other carboxylic acids. In any case, this
substitution process has to be carried out several times to
achieve complete substitution.

Description of the X-ray structure. Complex 2 crystallizes in
the Ibca space group. Crystallographic data are given in
Table 1, and selected interatomic distances and angles are listed
in Table 2. An ORTEP plot of complex 2 is presented in Fig. 1.

The complex possesses an [Mn,(p3-O),] core comprising a
central [Mn'Y,0,]®" cubane unit held within a nonplanar ring
of eight Mn'™ ions by eight ps-O> ions. This [Mn;x(113-O)15]
core is essentially superimposable on the cores of other Mn,,
complexes. Peripheral ligation is provided by sixteen carboxy-
late groups and four H>O ligands. For all the complexes, the
eight Mn'™ jons fall into two groups of four Mn"" ions. In

group I, each Mn" ion is bonded to a single Mn'Y via two oxo

bridges, while in group IT each Mn'" is bonded to two Mn' via
two oxo bridges. The four water ligands coordinate only to the
four Mn'"" ions of group II. For complex 2, there are two H,O
ligands on one Mn'™ atom of group II and two H,O ligands
bonded to another Mn"™ atom of the same group. It is also
interesting to emphasize that complexes 2 and 3 exhibit
nanoscopic dimensions with diameters of 2.0 and 2.8 nm,
respectively.

Magnetochemical  characterization. Variable-temperature
magnetic susceptibility data have been collected for the Mn,
complexes 2 and 3 in the temperature range of 5 to 320 K with
an applied external field of 10.0 kOe. The samples were
restrained in eicosane to prevent torquing. As an example, the
plot of yT vs. T for complex 2 is depicted in Fig. 2.

At 320 K, complexes 2 and 3 are characterized by 3T values
of 21.7 and 20.0 cm® K mol ™!, respectively. These values are
close to the spin-only value of 19.0 cm® K mol ™! expected for a
cluster comprising 8 Mn™ and 4 Mn"" non-interacting centers.
From 320 to 120 K, the plots for both complexes show a
gradual decrease whereupon y7 increases rapidly until it
reaches a maximum at 15 K with 37 values of 55.4 and 56.0 cm®
K mol ™! for complexes 2 and 3, respectively. These values are
close to the spin-only value expected for an S = 10 (55 cm® K
mol ") ground state with g = 2.0.

Variable-field magnetic susceptibility data have been col-
lected for the Mn;, complexes 2 and 3 in the range of 0.5-50 kG
at low temperatures (2-30 K). The samples were restrained in
eicosane to prevent torquing. In Fig. 3 is given a plot for
complex 3 of the reduced magnetization, M/Nup where N is
Avogadro’s number and pg is the Bohr magneton, versus the
ratio of the magnetic field divided by the absolute temperature

(HIT).



Table 2 Selected bond lengths (A) and angles (°) for [Mn;,0;>(0,CHCHCH3);¢(H>0)4]-H,O (2)

Mn(1)-O(1) 1.868(8)  Mn(2)-O(7) 2.118(11)
Mn(1)-O(5) 1.872(9)  Mn(2)-O(7) 2.129(10)
Mn(1)-0(3) 1.9048)  Mn(3)-O(14) 1.878(9)
Mn(1)-0(3) 1.908(8)  Mn(3)-O(6) 1.885(10)
Mn(1)-O(4) 1.928(9)  Mn(3)-0(13) 1.933(10)
Mn(1)-0(2) 1.944(8)  Mn(3)-O(11) 1.992(11)
Mn(2)-0(6) 1.902(10)  Mn(3)-O(15) 2.175(11)
Mn(2)-O(1) 1.907(9)  Mn(3)-O(6) 1.851(9)
Mn(2)-O(8) 1.95409)  Mn(4)-O(14) 1.888(8)
Mn(2)-O(10) 2.002(12)  Mn(4)-O(16) 1.895(9)
O(1)-Mn(1)-0(5)  85.0(4) 0(10)-Mn(2)-009)  87.7(4)
O()-Mn(1)-0(3)  91.2(4) 0(6)-Mn(2)-0(7) 92.9(4)
O(5)-Mn(1)-0(3)  89.6(4) 0(8)-Mn(2)-0(7) 85.5(4)
O(1)-Mn(1)-0(3)  174.2/4) 0(10)-Mn(2}-0(7)  86.5(5)
O(5)-Mn(1)-0(3)  98.1(4) 0(9)-Mn(2)-0(7) 173.5(4)
0(3)-Mn(1)-0(3)  84.0(4) O(14)-Mn(3)-0(6)  82.7(4)
O(1)-Mn(1)-0(4)  92.7(4) 0(14)-Mn(3)-0(13)  94.4(4)
O(5)-Mn(1)-0(4)  94.9(4) 0(6)-Mn(3)-0(13)  173.6(4)
0(3)-Mn(1)-0(4)  174.3(4) 0(14)-Mn(3)-0(11)  175.4(4)
0(3)-Mn(1)-0(4)  91.9(4) 0(6)-Mn(3)-0(11)  95.6(4)
O(1)-Mn(1)-0(2)  96.1(4) 0(13)-Mn(3)-0(11)  86.8(4)
0O(5)-Mn(1)-0(2)  173.2(4) 0(14)-Mn(3)-0(15)  95.3(4)
0(3)-Mn(1)-0(2)  83.7(4) 0(6)-Mn(3)-0(15)  96.2(4)
0(3)-Mn(1)-0(2)  80.3(3) 0(13)-Mn(3)-0(15)  89.8(4)
0@)-Mn(1)-0(2)  91.7(4) O(11)-Mn(3)-0(15)  89.1(4)
0(6)-Mn(2)-0(1)  94.0(3) 0(14)-Mn(3)-0(12)  87.6(4)
0(6)-Mn(2)-0(8)  174.4(4) 0(6)-Mn(3)-0(12)  86.9(4)
O(1)-Mn(2-0(8)  91.5(4) 0(13)-Mn(3)-0(12)  87.2(4)
0(8)-Mn(2)-0(10)  81.9(4) O(11)-Mn(3)-0(12)  88.0(4)
0(6)-Mn(2)-009)  90.4(5) 0(15)-Mn(3)-0(12)  176.0(4)
O(1)-Mn(2)-0(9)  91.4(4) 0(6)-Mn(#)-0(114)  83.4(4)
0(8)-Mn(2-009)  90.7(5) O(6)-Mn(4)-0(16)  92.5(4)

Mn(4)-0(2) 1.900(7)  Mn(6)-O(20) 1.905(9)
Mn(4)-0(3) 1.9109)  Mn(6)-0(5) 1.922(9)
Mn(4)-0(2) 1.929(7)  Mn(6)-O(19) 1.933(9)
Mn(4)-O(6) 1.8519)  Mn(6)-0(21) 2.141(9)
Mn(5)-O(14) 1.9139)  Mn(6)-0(22) 2.192(11)
Mn(5)-O(14) 1.913(9)  Mn(7)-0(5) 1.864(9)
Mn(5)-O(17) 1.959(10)  Mn(7)-0(5) 1.864(9)
Mn(5)-0(17) 1.959(10)  Mn(7)-O(23) 1.939(9)
Mn(5)-O(18) 2.223(10)  Mn(7)-0(23) 1.939(9)
Mn(5)-0(18) 2.223(10)  Mn(7)-0(24) 2.224(10)
Mn(6)-O(1) 1.878(8)  Mn(7)-0(24) 2.224(10)
O(14)-Mn(4)-0(16)  93.6(4) O(18)-Mn(5)-0(18)  175.3(6)
0(6)-Mn(4)-0(2) 92.8(4) O(1)-Mn(6)-0(20)  97.2(4)
O(14)-Mn(4)-02)  89.6(3) O(1)-Mn(6)-0(5) 83.3(4)
O(16)-Mn(4)-0(2)  174.1(4) 0O(20)-Mn(6)-0(5)  176.8(4)
0(6)-Mn(4)-0(3) 98.1(4) O(1)-Mn(6)-0(19)  175.5(4)
O(14)-Mn(4)-0(3)  174.2(3) 0O(20)-Mn(6)-0(19)  84.6(4)
0O(16)-Mn(4)-0(3)  92.0(4) O(5)-Mn(6)-0(19)  92.6(4)
0(2)-Mn(4)-0(3) 84.7(3) O(1)-Mn(6)-021)  92.6(4)
0(6)-Mn(4)-0(2) 176.0(4) 0(20)-Mn(6)-0(21)  89.4(4)
O(14)-Mn(4)-0(2)  97.5(4) 0O(5)-Mn(6)-021)  93.7(4)
O(16)-Mn(4)-0(2)  91.3(4) O(19)-Mn(6)-021)  91.6(4)
0(2)-Mn(4)-0(2) 83.3(4) O(1)-Mn(6)-0(22)  85.2(4)
0(3)-Mn(4)-0(2) 80.6(3) 0(20)-Mn(6)-O(15)  96.2(4)
O(14)-Mn(5)-0(14)  96.2(5) 0(5)-Mn(6)-0(22)  86.0(4)
O(14)-Mn(5)-0(17)  90.2(4) 0(19)-Mn(6)-0(22)  90.6(4)
O(14)-Mn(5)-0(17)  173.6(4) 0Q21)-Mn(6)-0(22)  177.8(4)
0(14)-Mn(5)-0(17)  173.6(4) 0(5)-Mn(7)-0(5) 94.7(5)
O(14)-Mn(5)-0(17)  90.2(4) 0O(5)-Mn(7-0(23)  92.1(4)
O(17)-Mn(5)-0(17)  83.4(6) 0(5)-Mn(7)-0(23)  173.2(4)
O(14)-Mn(5)}-0(18)  89.7(4) 0(5)-Mn(7)-0(23)  92.1(4)
O(14)-Mn(5)-0(18)  93.4(4) 0(23)-Mn(7)-0(23)  81.2(6)
O(17)-Mn(5)-0(18)  87.0(5) 0(5)-Mn(7)-024)  86.9(4)

In the absence of zero-field splitting and at temperatures
where only the ground state is populated, the M/Nug vs. HIT
plots would follow the Brillouin function. It would also be
expected that the M/Nug vs. H/T plots determined at different
fields for a given complex would be superimposed. As can be
seen in Fig. 3, even at 50.0 kG and 2.0 K the M/Nug value for
complex 3 falls below the saturation values expected fora S =
10 (M/Nug = 20) ground state with g = 2. Furthermore, the
MI/Nug vs. HIT plots determined at different fields do not
superimpose, indicating that the ground state of these
complexes is zero-field split. The M/Nug vs. H/T data were
least-squares fit. Different minima differing in the ground state
S and in the zero-field splitting parameter D, were located for
each complex. The best fits were found to be S = 10, D =
—0.44 cm ™!, and g = 2.01 for complex 2 and S = 10, D =
—0.33 cm™ !, and g = 1.73 for complex 3.

Fig. 1 Schematic diagram of [Ml’l]zolz(C4H502)16(H20)4 Hzo (2)
showing atom labelling scheme. Water molecule and hydrogen atoms
are omitted for clarity.

Magnetization hysteresis data were obtained for a few single
crystals of complexes 2 and 3 at three temperatures in the range
1.8 to 2.5 K employing a SQUID magnetometer. The single
crystals were oriented in eicosane such that the axial anisotropy
axis of the molecule is parallel with the external field. The
magnetic hysteresis loops collected for a few parallelly oriented
single crystals of complex 2 are shown in Fig. 4 (upper panel).
The sample was first magnetically saturated in a +2.0 T field,
and then the field was swept down to —2.0 T, and cycled back
to +2.0 T. As the field is decreased from +2.0 T to zero, there is
the first step at zero field and successive steps are observed at a
field interval of 4 kOe. If all the molecules changed their
direction of magnetization by thermal activation over the
barrier, then the hysteresis loop would be a smooth function
with no steps. The steps are due to resonance quantum
mechanical tunnelling of the magnetization direction.® In Fig. 4
are shown the magnetization hysteresis loops measured at 1.8,
2.0 and 2.5 K for complex 3 (lower panel). As can be seen, there
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Fig. 2 Plot of yp x T vs. temperature for complex 2 with an applied
external field of 10.0 kOe(@®).
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Fig. 3 Plot of the reduced magnetization, M/Nug, where N is
Avogadro’s number and up is the Bohr magneton, versus the ratio of
the magnetic field divided by the absolute temperature (H/7T) for
complex 3. Data were measured in the 2.0-4.0 K range for the magnetic
fields of (@) 50 kOe, (O) 40 kOe, (M) 30 kOe and (1) 20 kOe.

are appreciable differences in step heights relative to the
hysteresis loops collected for complex 2. As the field is
decreased from +2.0 T to zero, there is the first step at zero
field, and successive steps are observed at a field interval of
5 kOe. The heights of these steps reflect the rate of magnetization
tunnelling. Transverse zero-field and magnetic field interac-
tions determine the rate of magnetization tunnelling. This rate
is different in complexes 2 and 3 because these two complexes
probably experience different magnitudes of transverse inter-
actions. The different symmetry of the complexes probably
influences the magnitude of the rhombic zero-field interaction
E(S‘i - Sﬁ), which would lead to a difference in the rates of
magnetization tunnelling. Single-crystal high-field EPR experi-
ments would have to be carried out to determine the rhombic
zero-field interaction E-parameters for these two complexes.
Ac magnetic susceptibility data were studied for polycrystal-
line samples of complexes 2 and 3 in the 1.8-10 K range with a
1 Oe ac field oscillating in the frequency range of 1-1150 Hz.
The external dc magnetic field was held at zero. Frequency-
dependent out-of-phase ac signals are seen for both complexes.
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Fig. 4 Plots of magnetization versus external magnetic field for
complex 2 (top trace) and complex 3 (bottom trace) at three
temperatures in the 1.80-2.20 K range. Several small crystals were
oriented in a frozen eicosane matrix so that the magnetic field is parallel
to the principal axis of magnetization.
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Fig. 5 Plots of yn” vs. temperature for complex 2 in an ac field of 1 Oe
oscillating at 50 Hz (V), 250 Hz (@) or 1000 Hz (H).

The plots of the out-of-phase susceptibility yn” signal versus
temperature at three different frequencies are shown in Fig. 5
for complex 2. Both complexes exhibit frequency-dependent
out-of-phase ac signals in the range of 4-7 K.

Magnetization relaxation times (t) are obtained from the
relationship @t = 1 at the maxima of the yy” vs. temperature
curves, where @ is the frequency of the measurement.? The yn”
peak positions were determined by fitting the y\" vs.
temperature data to a Lorentzian function. For the three
complexes, the magnetization relaxation rate (1/7) of the peaks
follows the Arrhenius equation. This is the characteristic
behavior for a thermally activated Orbach process, the
theoretical eqn. (1) for which is given as follows:

1 1
= =—exp(— Uy /kT) ()
T T0

In these equations U,y is the effective anisotropy energy
barrier, k is the Boltzmann constant and 7 is temperature. The
least-squares fit of the ac susceptibility relaxation data for
complexes 2 and 3 gave energy barriers of 65.4 K and 64.4 K,
(attempt frequencies 7o = 2.43 x 107° and 1.48 x 1077 s),
respectively.

Mass spectrometry. The mass spectra of complexes 2-5 have
been recorded.?® In the matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF
MS) experiments, the sample of interest combined with a
hundred fold (minimum) excess of matrix (most typically an
aromatic acid) which absorbs the laser light and subsequently
ionises the sample molecule which it surrounds. Only in the
case where the complex has an absorption at the wavelengths of
the laser source can the mass spectrum be recorded without a
matrix (this technique is referred to as laser desorption/
ionisation time-of-flight mass spectrometry, LDI-TOF MS).
Since the Mn, clusters in this study absorb at the wavelength
of the laser light used in the TOF MS instrument employed (see
experimental section), mass spectra of complexes 2-5 were
recorded both with and without a matrix under different
experimental conditions, in search of optimum conditions for
the characterisation of this family of compounds.

The high mass region (above 700 Da) LDI-TOF mass
spectrum of the complex [Mn;,0,(0,CCeHs)16(H20)4] (4),
recorded in positive mode (Fig. 6, upper panel), reveals no peak
corresponding to the molecular ion but does show a series of
peaks corresponding to the [Mn;,0,,(0,CC¢Hs)14]" ion at
mlz = 2547 and fragments of it resulting from the stepwise loss
of several C¢HsCO, units (Am/z = 121). Additionally a broad
distribution of ions is observed in the 30004000 Da mass
range, which presumably result from the fusion of metastable
ions. In the low-mass region of the spectrum (below 700 Da) a
series of peaks, which could not be directly assigned to
fragmentations involving the presence of the benzoate anion,
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Fig. 6 High mass region of the LDI-TOF mass spectra of complex
[Mn5,0,2(0,CCsHs)16(H20)4] (4).

are observed. Furthermore, the most significant peaks in this
part of the spectrum are common to all the clusters that have
been studied. These fragments may arise from rearrangement
of the original cluster, and their explanation must involve the
presence of manganese, oxygen and carbon atoms.

In the high-mass region of the LDI-TOF mass spectrum
(above 700 Da) recorded in negative mode (Fig.6, lower
panel), an intense peak at m/z = 2547 attributable to the
[Mn;,0,(0,CCcHs) 4]~ ion is also observed, and no sig-
nificant ions resulting from cluster fusion are witnessed.
Thereafter, the fragmentation of the cluster leads to an
extremely complicated pattern, with principle mass differences
between the ions of 16 Daltons, corresponding to the loss or
gain of oxygen atoms to the fragment ions. The low mass
region of the negative mode spectrum (Fig. 7) is dominated by

[Mn,(0,CCgHs)s]™ and [Mn(O,CC¢Hs);]™ ions, respectively.
Peaks assignable to the benzoate (m/z 121.1), Mn,Oq  (mlz
205.7) and permanganate (m/z 118.8) anions are also observed,
the latter being a general feature of the spectra recorded in
negative mode for all the clusters.

Spectral features similar to those seen for complex 4 have
been observed in the LDI-TOF mass spectra of the complex
[MH12012(02CCHCHCH3)16(H20)4]'HzO (2) The negative-
ion mode spectrum of a neat deposit displays two intense peaks
at m/z = 310 and 535 Daltons, which are attributed to
[Mn(OZCCHCHCH3)3]_ and [Mn2(02CCHCHCH3)5]_ frag-
ment-ions, respectively. In the 1600-2300 Dalton region there
is a series of peaks regularly spaced by m/z = 85, corresponding
to a crotonate anionic ligand. Finally, in the high-mass region
the most intense peak appears at m/z = 2042, which is
attributed to a [Mn;,0,,(0O,CCHCHCHj;),4]” fragment, as
well as other less intense peaks at 2127 and 1957 associated
with the [Mn12012(02CCHCHCH3)15]7 and [MH]zO]z-
(O,CCHCHCH3);5]™ ions, respectively. The LDI-TOF mass
spectra recorded in positive-ion mode reveals a dramatic
increase of the ionic current. The most intense peak of the
spectrum corresponds to the [Mn;,0,,(0,CCHCHCH3),4]"
fragment ion, followed by peaks corresponding to fragments
with 12 or 11 carboxylate ligands. However, in the case of
complexes  [Mn,015(0,CCsH4CsHs)16(H20)4]- 2CsHsCsHa-
COOH (3) and [Mn12012(02C-2-F-C6H4)16(H20)4] (5), peaks
corresponding to the intact cluster were not observed. In the
negative mode, the neat samples all showed peaks resulting
from the [Mn,(O,CR)s]” and [Mn(O,CR);3]™ ions.

In order to try and optimize the characterisation conditions
for this family of clusters, we also recorded the MALDI-TOF
mass spectra. Benzoic acid matrices have been extensively used
in MALDI-TOF MS experiments.'*!* However, in the present
case, the use of such matrices may complicate the character-
ization of the samples since a ligand substitution reaction with
the corresponding carboxylic acid of the cluster may take
place.?* For this reason, in the present study the basic 2-amino-
4-methyl-5-nitropyridine (AMNP), the neutral 9-nitroanthra-
cene (9NA) and the slightly acidic dithranol have been used as
matrices for the clusters. The different MALDI-TOF mass
spectra of the complexes were registered both in the positive
and the negative mode.

In the case of 2, the use of AMNP as matrix gave the highest
ionic current in the region corresponding to Mnj,-based ions,
although the spectrum is considerably more complicated than
that recorded in the absence of a matrix. A group of fragments
of the general formula [Mn;,0;,(O,CCHCHCH,),]’ (n =
16-9, z = + or —) corresponding to the loss of the anion from

peaks at m/z = 714 and 417, corresponding to the the parent cluster are clearly observed. However, the most
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Fig. 7 Full mass range of the negative mode LDI-TOF mass spectra of complex [Mn;,01,(0,CC¢Hs);6(H>O)4] (4) and (inset) a detail of the low

mass region.

J. Mater. Chem., 2002, 12, 1152-1161

1157



[Mn50,5(02CR); 3] [Mn012(02CR) 4]

af
za0l [Mn3015(02CR) o]
1]
5 .
i [Mn;,05(0,CR)y ]
o
>
220 o
o [Mn2012(02CR);0]
[
|
10k } : ‘ [Mn},012(0CR);sT
L
ok il ook
n 1 i 1 n 1
2500 3000 3500 4000

m/z

Fig. 8 High mass region of the negative mode MALDI-TOF mass
spectra of complex [Mn;,0;,(0,CCsH4C¢Hs)16(H>0)4]-2CsHsCsHy-
COOH (3) (9NA matrix).

striking feature is the appearance of a second series of signals
arising from the systematic loss and gain of oxygen atoms.

In contrast to the results found for complex 2, the use of
AMNP as a matrix did not improve the quality of the LDI-
TOF spectra of complex 3, and again no peaks corresponding
to the intact cluster were observed. On the contrary, the best
spectra were obtained using 9-NA as a matrix and working in
the negative-ion mode. As can be seen in Fig. 8, in such a case a
nice doubly periodic patterned spectrum was recorded in the
region corresponding to ions with the Mn;, core intact.

Finally, the benzoate derivative [Mn;,0;,(0,CCsHs)i6-
(H,0)4] (4) yielded good quality mass spectra independently
of the matrix and polarity used. Be that as it may, the best
conditions were found using AMNP as the matrix in the
positive-ion mode. In contrast, the best conditions for complex
[Mn,0,(0,C-2-F-C¢Hy)6(H>0)4] (5) (which gave no intact
cluster ions in LDI-TOF MS) were also found using AMNP as
a matrix (with 9NA giving acceptable spectra) but working in
the negative-ion mode (Fig. 9), in which the characteristic signal
of the [Mn,0,,(0,Co-FC¢Hg)14] ™ ion is clearly observed, the
other characteristics being similar to those of the other negative
ion spectra.
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Fig. 9 High mass region of the negative mode MALDI-TOF mass
spectra of complex [Mn;,0,,(0,C-2-F-CsHy)14(H,0)4] (5) (AMNP
matrix).
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Discussion

The objective of the mass spectrometric study was to assess the
applicability of the method for the determination of the
molecular composition of dodecanuclear manganese clusters.
Therefore, the ideal scenario would be the observation in the
spectra of a peak associated with the molecular ion. The
observation of such a peak has not been possible, although the
characterization of a given complex may be achieved by a
detailed analysis of the other of peaks observed under various
experimental conditions. It is instructive to hypothesize about
the origin of the ions observed. As a general characteristic, the
most abundant and clearly identified fragments found in the
negative-ion MALDI-TOF mass spectra of complexes 2-5,
either as neat samples or in the presence of a matrix, are the
[Mn(O,CR)3]™ and [Mn,(O,CR)s]” anions. Surprisingly, the
[Mon(OZCR)(ZX _ 1)]+ fragments species were not observed
in the corresponding positive mode spectra. Given the
mass-to-charge ratio of the ions, it seems clear that the
manganese ions in these fragments are in their +2 oxidation
state probably due to laser-induced reactions leading to
reduction of the original mixed-valence Mn""/Mn" complex.
Considering that these fragments are also observed in the
absence of matrix, a reduction of the manganese centres
involving the carboxylate ligands may be involved. This idea is
supported by considering the well known ability of Mn™ to
oxidize carboxylic substrates in organic oxidation reactions,?’
where the thermal reduction of Mn'™ centres involves an
oxidative decarboxylation of a ligand leading to the formation
of a Mn'" complex, an organic radical and CO, (eqn. 2)

X;Mn"0,CR -»Mn""X, +CO, + R’ )

The relatively low intensity of the carboxylate ions in the
negative mode spectra (when compared with the [Mn(O,CR)3]™
ion intensity) also supports such a hypothesis. Thus, consider-
ing the thermal and electronic activation afforded by the UV
laser pulse, an overall fragmentation mechanism involving an
oxidative decarboxylation of the ligands located at the
periphery of the cluster is proposed (eqn. 3).

[Mn{3""015(0,CR), 4] > [Mn™P(0,CR3)] - (3)
" [Mn(ZH)(OzCR)s] ~+CO2+R +MnO;

The remaining manganese and oxygen atoms probably lead
to the formation of permanganate anions, although the
formation of other species such as MnO or MnO,, may not
be ruled out. Even though such species may be formed, it is not
possible to observe them either in the positive or negative mode
spectra due to their neutral charge.

Focusing on the high-mass region of the spectra, which
contain ions corresponding to clusters with all the twelve Mn
ions present, the fragmentation of the clusters produces nice
patterns of peaks in which the [Mn;,01,(O,CR),J (n = 14 or
13,z = + or —) ions are the most abundant species. Moreover,
these patterns very often exhibit a double periodicity, especially
as the number of lost carboxylate anions increases. Indeed, the
intensity of the peaks increases rapidly from the parent peak of
the [Ml’llzolz(OzCR)m] species to the [Mnlzolz(OZCR)n]z
fragment ions where n = 13 or 14. From here on, the intensity
of the peaks decreases to n = 9 giving a shape reminiscent of a
statistical distribution. The second period of peaks corre-
sponds, on average, to the loss or gain of oxygen atoms for a
given fragment. Interestingly, the same fragments are observed
in both negative- and positive-ion modes, and fragments
corresponding to the loss of more than one carboxylate
ligand, which in the absence of other redox processes should
give ions with a net total charge (Z) greater than one, are
apparently singly charged. These observations indicate that the
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formation of the Mn,, fragments may occur following at least
two different pathways. As depicted in Scheme 2, starting from
the parent [Mn;,0,5(0,CR)¢] fragment, the first pathway
involves the loss of a carboxylate anion (process A) leading to
the formation of [Mn;,0,5(0>CR);s]* which is observed in the
positive-ion mode spectra. Following the second path, an
oxidative ligand decarboxylation process (B) leads to the
formation of the neutral [Mn;,O5(O,CR);s] fragment, in
which one of the Mn(ir) ions in the original cluster is reduced to
Mn(u). Losing a carboxylate anion, the neutral fragment
[Mn;,01,(0O>CR);5] gives the positively charged [Mn;,O,-
(O,CR)4]" fragment ion (process A). The oxidative de-
carboxylation route B of [Mn;»0,(0-CR);s]" also leads to
[Mn;,05(0,CR);4]", and so on. Alternatively, the neutral
[Mn;,0;,(0,CR);5] undergoing a disproportionation process
(C) could explain the formation of [Mn,0;>(0>CR);s]", as
well as the negative ions that are formed (vide infra). As the
ligands around the clusters are peeled off, new highly reactive
species are formed (Scheme 2), which could react with reduced
neutral complexes to form new positive fragments (eqn. 4).
Such a process could also explain the formation of ions at
higher masses, corresponding to fused clusters, as seen in the
LDI spectra in Fig. 6.

The oxidation states of the manganese ions in these species

2 [Mn;5013(0;CR) B>

[Mn;;043(0,CR)5] [Mn,012(0,CR);5]"

o*

D

2 [Mn;012(0,CR);5]

T

clearly departs from the original Mn(i)gsMn(1v), composition,
and, in line with the electrochemical behaviour of the clusters, it
seems logical that the first steps involve reduction of the Mn(1r)
to Mn(1r).

[Mn,015(0,CR), " +[Mn;,015(0,CR),, ] - 4
[Mn},012(0,CR),] " 4 [Mn;,012(0,CR),,] *

The most likely sources of the fragment ions observed in the
negative-ion mode spectra are either from a disproportionation
of neutral fragments or from the coordination of additional
carboxylate and/or oxide anions onto a neutral or singly
positively charged complex (as observed in the low- and high-
mass areas of the negative-ion mode spectra)(Scheme 3). In the
first case a neutral fragment [Mn;,0,,(O,CR),] originating
from an oxidative decarboxylation disproportionates into two
iOIlS, [Mn12012(02CR)n]_ and [Mnlelz(OzCR)n]+, thus
giving another possible source for the positive ions. Following
this disproportionation, an oxidative decarboxylation of
[Mn;,0,(0,CR),]  gives rise to [Mn;,0;,(0O,CR),—;] and
so on. In the second case, coordination of a carboxylate anion
to the overall neutral [Mn;,0,,(O,CR),] cluster would lead to
the [Mn,01,(0,CR),,+1]” species, an occurrence which may
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explain the observation of the molecular peak in some of the
spectra obtained in the negative-ion mode. Alternatively,
coordination of an oxide anion (D in Scheme 3) to a positively
charged or neutral fragment would lead to negative ions. This
type of oxide crossing pathway would explain the observation
of ions of mass greater than the molecular ion in the case of the
cluster with crotonate as anion. It interesting to note that
neither in the positive nor the negative mode are the peaks
corresponding to the clusters with the four H,O ligands
observed. The H,O molecules are presumably lost under the
high vacuum conditions used for the experiments.

Conclusions

Two new Mn;, SMMs have been synthesized and character-
ized. The structural characterization of complex 2 reveals that
the complex possesses the [Mnj,(p3-O);»] core comprising a
central [Mn'Y,0,]®* cubane unit held within a nonplanar ring
of eight Mn'™ ions by eight p3-O%" ions, characteristic of
[Mn,01,(0,CR);6(H,0)4] complexes. Both new complexes 2
and 3 show an out-of-phase ac magnetic susceptibility "
signal in the 4-7 K region and magnetization hysteresis loops
characteristic of single-molecule magnets. LDI- and MALDI-
TOF mass spectrometry of both complexes together with those
of other previously reported Mnj;, complexes, confirm the
potential utility of this spectrometric technique for measuring
the molecular weights of the family of Mn,, clusters. Three
main factors govern the observation (or not) of intact cluster
ions in MALDI-TOF experiments: i) the photochemical and
redox properties of the analyte (especially for the LDI spectra);
ii) the effectiveness of the matrix in ionizing the analyte, and iii)
the stability of the ions formed by the analyte. Mn, clusters
have a rich electrochemistry, which leads to the observation of
positive and negative ions in which the core of the molecule is
intact, but presumably with varying degrees of oxidation state
(from Mn(IV) to Mn(ll)) according to the number of
carboxylate counter-ions that are ejected. With respect to
point (ii), the ability of the matrix to aid in the observation of
molecular ions is usually associated with the capability to form
crystallites incorporating the analyte. Given this hypothesis, it
is not strange that for the complexes with crotonate or
benzoate ligands AMNP is the best matrix, whereas for the
cluster with the phenyl-4-benzoate ligand it is 9INA. It should
be emphasised that the use of matrix is essential for the
observation of cluster ions of 3 and 5 in which the core of the
molecules is intact. Thus, generally speaking, although it was
possible in some cases to generate and detect Mn;, complexes
fragment ions without using a matrix, its presence appeared to
be essential to prevent molecular ion decomposition, and is
beneficial for obtaining good signal-to-noise ratio in the
spectra. We are presently employed in establishing the
generality of the MALDI-TOF MS in this family of SMMs.
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