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The bridging of hexanuclearmixed-valent carboxylate coordination clusters of the type [Mn6O2(O2CR)10] (R=CMe3; CHMe2)
featuring a {MnII4Mn

III
2(μ4-O)2} core by geometrically rigid as well as flexible spacer ligands such as pyrazine (pyz),

nicotinamide (na), or 1,2-bis(4-pyridyl)ethane (bpe) results exclusively in one-dimensional (1D) coordination polymers. The
formation of {[Mn6O2(O2CCMe3)10(Me3CCO2H)(EtOH)(na)] 3 EtOH 3H2O}n (1), {[Mn6O2(O2CCHMe2)10(pyz)3] 3H2O}n
(2), and {[Mn6O2(O2CCHMe2)10(Me2CHCO2H)(EtOH)(bpe)] 3Me2CHCO2H}n (3) illustrates a surprising preference of the
interlinked {Mn6} units toward 1D coordination chains. In the solid-state, the observed chain propagation axes are either
colinear (1 and 3) or perpendicular (2), whereby crystal packing is further influenced by solventmolecules.Magnetic properties
of these network compounds can be rationalized based on that themagnetism of discrete [Mn6O2(O2CR)10]-type coordination
clusters with all-antiferromagnetic intramolecular exchange and weak antiferromagnetic intercluster coupling in 1, 2, and 3
follows the expected exchange coupling strength of the employed spacer linkers.

Introduction

The past decade has witnessed tremendous advances in
the development of metal-organic materials (MOMs), also
known as coordination polymers, hybrid inorganic-organic
materials, and metal-organic frameworks (MOFs). They
captured broad attention as it became evident that MOMs
are typically facile to prepare and, because of their inherent
modularity, prototypal for a diverse range of structures that are
amenable to crystal engineering design strategies. MOMs are
primarily constructed from mononuclear metal centers and
organic ligands, and this has resulted in a tremendous number
of intriguing network topologies and a variety of packing

motifs1 along with potential applications as functional
materials.2 In particular, porous MOF solids emerged as an
independent research area.3 Recently, more attention has been
paid to expand the classical Aufbau principles to include
polynuclear coordination clusters as building units, with the
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intent to utilize them as nodes in the design of polymeric
materials. This represents an extension of Robson’s classical
node and spacer approach4 giving rise to a family of cluster
based polymers with enhanced variety of coordination algo-
rithms compared with single metal ions, and the node’s size
starting from binuclear complexes5 up to 24-membered nano-
sphere clusters.6 In accordance with Ferey’s approach, known
as “scale chemistry” concept,7 one can in general anticipate that
the same topology of coordination polymer structure may
result in larger pores if larger nodes are used. In addition, poly-
nuclear clusters can add their inherent physical characteristics

such as versatile redox properties to the polymeric network,8

which expands the range of potential practical applications,9

for example, as low-density magnetic nanoporous materials
and magnetic sensors.10

Our study focuses on thenetworkingof a class of particularly
stable {Mn6} coordination clusters that feature a thermodyna-
mically stable {MnII4MnIII2(μ4-O)2} core.11 This allows us to
employ a range of bridging ligands without risking decomposi-
tion or rearrangement of the {Mn6} cage-like motif. Hexa-
nuclear manganese carboxylate [Mn6O2(O2CR)10L4] clusters
(L: neutralmonodentate ligand) represent attractive candidates
for the construction of cluster-based polymeric materials be-
cause of several characteristics: (i) interesting magnetic proper-
ties, (ii) modificationwith respect to size and solutionproperties
by judicious choice ofRCO2

- carboxylate and capping ligands,
while the topologyof the cluster skeleton remains invariant, (iii)
the four capping ligandsL in suchclustersmaybe completelyor
partially replaced, thus [Mn6O2(O2CR)10] fragments might be
viewed as tectonic building blocks with connectivity up to four.
Use of appropriate exobidentate spacer ligands instead of
monodentate capping ligands allows interlinking clusters to
dumbell-like dimers, polymeric chains, and 3D diamond-like
frameworks.12,13Among the latter, heterospin compoundswith
nitronyl nitroxide radical molecules as exobidentate spacer
ligands12 display single-molecular magnet properties. More-
over, it has been shown that because of partial decomposition
of [Mn6O2(O2CR)10L4] clusters under solvothermal conditions
one propionate ligand can change its function from intracluster
to intercluster bridging, resulting in a one-dimensional (1D)
chain polymer with aMn 3 3 3Mn 4.88 Å intercluster intrachain
separation.14

Recently we reported a series of chain coordination poly-
mers build up from tri- and tetranuclear manganese carboxy-
late cluster blocks with {Mn3}, {Mn3O}, and {Mn4O2} cores
bridged by 2,20-bipyrimidine or hexamethylentetramine li-
gands15a as well as polynuclear coordination clusters.15b,c In
continuingour researchon thedesignof coordinationpolymers
from carboxylate clusters, we report the synthesis, structure
and magnetic properties of three novel 1D chain coordination
polymers based on hexanuclear manganese carboxylate clus-
ters with a common {MnII4MnIII2(μ4-O)2} core and theN-het-
eroaromatic exo-bidentate spacer ligands nicotinamide (na),
pyrazine (pyz), and 1,2-bis(4-pyridyl)ethane (bpe) as spacer
ligands. The resulting 1D networks (symbol I0O1 according to
ref 1j) are isolated as {[Mn6O2(O2CCMe3)10(Me3CCO2H)(Et-
OH)(na)] 3EtOH 3H2O}n (1), {[Mn6O2(O2CCHMe2)10(pyz)3] 3
2H2O}n (2), and {[Mn6O2(O2CCHMe2)10(Me2CHCO2H)-
(EtOH)(bpe)] 3Me2CHCO2H}n (3).
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Results and Discussion

Syntheses and Preliminary Characterization. All coor-
dination polymers 1-3 are prepared by the reaction of
manganese(II) pivalateor isobutyrate saltswith appropriate
bridging ligands in different solvents. Compound 1 is pre-
pared by interaction of manganese(II) pivalate with nicoti-
namide in MeCN/EtOH (1:1) mixture under reflux for 1 h.
Using manganese(II) isobutyrate as starting materials, we
isolated compounds 2 and 3by the interactionwith pyrazine
or 1,2-bis(4-pyridyl)ethane in MeCN or THF/EtOH (1:1)
solutions, respectively. The materials were characterized by
X-ray diffraction studies, elemental analysis, and IR spec-
tra16 to confirm the homogeneity of the obtained solids.

Crystal Structures. Single-crystal X-ray diffraction
analysis reveals that compounds 1-3 comprise 1D chain
polymers, which are built up from virtually isostructural
[Mn6O2(O2CR)10] (R=CMe3; CHMe2) coordination clus-
ters bearing two capping ligands and linked by exobidentate
na, pyz, and bpe spacer ligands, respectively (Figures 1-3).
The clusters contain a {MnII4MnIII2O2}

10þ core of two edge-
sharing distorted (flattened) Mn4 tetrahedra, with a μ4-O

2-

ion in the center of each tetrahedron. Peripheral ligation is
provided by 10 bridging pivalate (1) or isobutyrate (2, 3)
monoanionic ligands. Four of them are coordinating in
η1:η2:μ3mode andbridge threeMncenterswhereas the other
six each bridge twoMn centers in η1:η1:μ2 mode.Within the
core, the two central Mn centers are in the oxidation state
þIII, and the four terminal Mn atoms are in the lower oxi-
dation state þII. Manganese oxidation states are consistent
with charge balance and bond parameters (four MnIII-O
distances are essentially shorter than MnII-O distances,
Supporting Information, Table S2), and were confirmed by
bond valence sum (BVS) calculations using twodifferent sets
of empirical bond-valenceparameters, see refs 17and18, and

are shown in the Supporting Information, Table S3. The
distance between theMnIII ions (2.808(9)-2.823(1) Å) is the
shortest intracluster Mn 3 3 3Mn distance, all other exceed
3.14 Å. The angle between the outerMnII-MnII edges of the
two Mn4 tetrahedra in the {MnII4MnIII2O2}

10þ core equals
to 24.6, 25.7, and 26.1� for 1, 2, and 3, respectively.
The geometrical parameters of cluster nuclei in 1-3 are

virtually identical. All Mn centers are six-coordinated with
near-octahedral geometry, withMn-(μ4-O) bond lengths of
2.136(6)-2.192(5) Å (MnII) and 1.880(5)-1.894(5) Å
(MnIII).The four equatorial ligandpositionsof each terminal
MnII atoms are defined by three η1-O atoms of two μ2- and
one μ3-carboxylate bridging ligands (2.084(9)-2.200(5) Å)
and one by a η2-O atom of another μ3-bridge (2.240(3)-
2.326(5) Å). The sixth vertexof eachMnII coordinationocta-
hedron is an oxygen or nitrogen atom of capping or spacer
ligands. Each elongated MnIIIO6 octahedra are formed by
theOatoms of bridging carboxylate ligands, namely, two η1-
O atoms of two μ2-bridges (1.940(7)-1.974(5) Å), which to-
gether with μ 4-O

2- ions define the equatorial plane, and two
η2-O atoms of the two μ3-carboxylate bridges (2.216(3)-
2.274(5) Å) occupying axial positions. This Jahn-Teller
elongation is expected for high-spin (d4) MnIII ions, with
the axial Mn-O bonds exceeding the equatorial bonds by
0.242 Å.
Compound 1 crystallizes in monoclinic space groupC2/c.

The [Mn6O2(O2CCMe3)10] clusters reside in a general crys-
tallographic position. Ethanol and pivalic acidmolecules are
capping the terminal trans-located Mn4 and Mn3 sites
belonging to different Mn4O tetrahedra, Mn4-O26:
2.254(5) Å,Mn3-O20: 2.274(5) Å.Thepivalic acidmolecule
is disordered over twopositions inwhich it is stabilized by in-
tramolecular hydrogen bonds (O21-H 3 3 3O18: 2.604(1) Å
andO21-H 3 3 3O3: 2.703(2) Å). The namolecule serves as a
exobidentate O,N-ligand and is coordinated via the amide
oxygen atom and the pyridine nitrogen atom to the apical

Figure 1. Cluster unit in 1 with trans-positioned na spacer ligands. tert-
Butyl groups of bridging pivalate ligands, hydrogen atoms and solvate
ethanol and water molecules are omitted for clarity. Only one position of
disordered pivalic acid molecule is shown. Green circles indicate bridging
ligand donor positions binding to the adjacent {Mn6} units in the
polymer. Color codes: Mn, violet; O, red; N, blue; C, gray.

Figure 2. Cluster unit in 2 with exobidentate pyz spacers attached to
Mn1 and Mn1ii, and terminal monodentate pyz ligands coordinated to
Mn2 and Mn2ii. Structural omissions and color codes as in Figure 1.
Symmetry codes: ii: -xþ1, -yþ1/2, z; iii: -xþ1, -yþ1, -z.
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positions of Mn1 and Mn2 of neighboring cluster moieties,
linking them to a polymeric chain along the crystallographic
b axis, Figure 4. Repeating units in the chain are symmetry-
related by 2-fold screw axis. The amide group of na is
additionally bound to the cluster moiety by a N1-H 3 3 3O4
(2.805(8) Å) hydrogen bond.
The intrachain interclusterMn1i 3 3 3Mn2distance through

the na spacer of 8.690(2) Å is the shortest intercluster
Mn 3 3 3Mn distance observed in the structure of 1, but
at least 0.6 Å longer than the Mn 3 3 3Mn separation in a
similar chain based on [Mn6O2Piv10]-cluster unit and nitro-
xide.12a The na molecules are attached to trans-positioned
terminal MnII atoms and oriented in head-to-tail fashion
along the chain; hence, the chain has a preferential direction.
The dihedral angle between pyridine and amide fragments of
na equals to 27.8(5)�, indicating limited overlap between the
carboxylate and the heteroaromatic π systems.
In the crystal of 1 the chains are packed as linear rods.19

Parallel rods with identical direction of the na ligands
form the sheets parallel to the ab crystallographic plane

(Figure 5). Sheets with alternating direction of na ligands
stacked inABAB fashion along the c crystallographic axis
and create cavities filled by disordered ethanol and water
solvent molecules. The total solvent-accessible volume
for 1 was obtained using PLATON20 by summing voxels
that are more than 1.2 Å away from the framework and
was estimated to be only 8.5%.
Compound 2 crystallizes in the tetragonal space group

I41/a, with a crystallographic C2 axis through O11 and
O12 μ4-O

2- ions of the {MnII4MnIII2O2}
10þ core; thus,

only three Mn sites are symmetry-independent. Four
outer MnII ions are capped by pyrazine ligands. Two
monodentate pyz ligands are attached to cis-situatedMn2
and Mn2ii within one Mn4O tetrahedron (Mn2-N2:
2.331(9) Å). Two other exobidentate pyz ligands reside
each around the crystallographic center of symmetry and
connect Mn1 andMn1iii atoms of neighboring clusters to
form a 1D zigzag chain (Mn1-N1: 2.297(8) Å), Figure 6.
The Mn4O tetrahedra with terminal (monodentate) and

exobidentate bridging pyz ligands display different MnII-
(μ4-O)-MnII bond angles (Mn1-O11-Mn1ii: 114.9(3)�,

Figure 3. View of cluster in 3 with attached toMn1 andMn2 exobidentate bpe spacers, and H-bonded molecule of isobutyric acid. Structural omissions
and color codes as in Figure 1. Symmetry code: iv: x-1/2, y, -zþ3/2.

Figure 4. Polymeric chain in the structure of 1. Mn1-O1: 2.209(5) Å, Mn2-N2i: 2.323(6) Å. Structural omissions and color codes as in Figure 1.
Symmetry code: i: -xþ3/2, y-1/2, -zþ1/2.

(19) Rosi, N. L.; Kim, J.; Eddaoudi, M.; Chen, B.; O’Keeffe, M.; Yaghi,
O. M. J. Am. Chem. Soc. 2005, 127, 1504. (20) Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7.
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Mn2-O12-Mn2ii: 118.1(4)�). The intercluster Mn1 3 3 3
Mn1iii distance in the chain of 7.288(3) Å is shorter than
those in [Mn6(O)2Piv10]-based polymers incorporating nitr-
oxide (8.069-8.119 Å)12 or 4,40-bipyridine (11.68 Å)13 spa-
cer ligands, but longer than that one of 4.878(4) Å found in a
zigzag chain constructed fromrelatedmanganese oxide clus-
ters bridged bypropionato groups.14The shortest interchain
Mn 3 3 3Mn distance in the structure of 2 is 9.942(2) Å. In 2
chains run in perpendicular directions along the a and b
crystallographic axes (Figure 7), and their packing creates
closed cavities filled by disordered solvent water molecules.
Compound 3 crystallizes in the orthorhombic space group

Pbca. The [Mn6O2(O2CCHMe2)10] cluster nucleus resides in
a general crystallographic position. The ethanol and isobu-
tyric acid groups occupy the apical positions of outer cis-
locatedMn4 andMn3 atoms (Mn4-O23: 2.222(3) Å,Mn3-
O21: 2.271(3) Å). The coordinated isobutyric acid addition-
ally forms an O22-H 3 3 3O10 (2.536(4) Å) hydrogen bond
with the cluster. In the solid state each cluster also associates
with one solvent isobutyric acid molecule via O23-H 3 3 3
O27 (2.649(5) Å) and O26-H 3 3 3O2 (2.637(6) Å) hydrogen
bonds. The exo-bidentate bpe spacer ligand adopts a gauche-
configuration with a torsion angle around the central C-C
bond of 66.4(6)� and links neighboring glide plane-related

clusters in an unusual meander-like chain along the a axis
(Figure 8). The chains are packed as parallel rods (Figure 9)
in a manner similar to that found in the structure of 1.
Parallel rods with identical direction form the sheets parallel
to the ac crystallographic plane. Such sheets with opposite
direction of rods are stacked along the b crystallographic
axis. Each cluster cis-coordinates two symmetry-related bpe
molecules at apical positions of Mn1 and Mn2 (Mn1-N1:
2.281(3) Å, Mn2-N2iv: 2.273(3) Å). The Mn1iv 3 3 3Mn2
distance through the bpe ligand equals to 9.239(2) Å, while
the shortest interchainMn 3 3 3Mndistance is 9.161(2) Å.The
Mn-(μ4-O)-Mn bond angles in the two Mn4O tetrahedra
of the cluster core are virtually identical (Supporting Infor-
mation, Table S2).

Magnetochemical Analysis. Magnetic susceptibility
dataof the {Mn6} cluster-based chainswere evaluatedbased
on the central assumption that intercluster magnetic ex-
change coupling, compared to intracluster exchange cou-
pling, in compound 3 is negligible because of the absence of
a conjugatedπ systemextending tobothNdonor sites in the
bpe ligand. Thus, coupling between adjacent MnII sites of
neighboring {Mn6} units is essentially limited to very weak
dipole-dipole interactions, and themagnetic properties of3
canbemodeledwitha simple isotropicHeisenberg exchange

Figure 6. View of the 1D zigzag chain of 2 propagating along b. Methyl groups of bridging isobutyrate ligands, hydrogen atoms and solvate water
molecules are omitted for clarity. Color codes as in Figure 1. Symmetry codes: ii: -xþ1, -yþ1/2, z; iii: -xþ1, -yþ1, -z.

Figure 5. Ball-and-stick representationofpackingdiagramof1projected along b, that is, the polymer chainpropagationaxis.Redandblue colors indicate
the antiparallel chains.
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model. TheMnIII ions exhibit a 5D0 ground termwithS=2
in octahedral high-spin complexes. The cubic ground state
5E impliesCurie-type spin-onlymagnetism if the ligand field
strength is weaker than Dq = 1500 cm-1 and saturation
effects play no significant role, resulting in a high-tempera-
ture limit of χT per MnIII site of 2.97 cm3 K mol-1. The
octahedrally coordinatedMnII ions (6A1;

6S5/2 ground term)
represent ideal spin-only S= 5/2 centers (χmT= 4.38 cm3

K mol-1).
The general intracluster exchange coupling scheme for

the {MnIII2MnII4} spin clusters in compounds 1-3
(Figure 10) leads to the intracluster Heisenberg spin
Hamiltonian

Hex ¼ - 2
�
J1ðS1 3S2Þ

þ J2ðS1 3S3 þS1 3S5 þS2 3S4 þS2 3S6Þ
þ J3ðS2 3S3 þS2 3S5 þS1 3S4 þS1 3S6Þ

þ J4ðS3 3S4 þS5 3S6Þ
�

that is limited to the dominant exchange pathways involving
bridging oxo positions (Figure 10). Significantly weaker
exchange, for example, between Mn2 and Mn20 involving
two carboxylate bridges in 1, 2, and 3, is neglected. In addi-
tion, to avoid overparametrization of the model, the ex-
change constants for MnII-MnIII exchange, mediated by a
μ4-oxo center and a carboxylate group (J3) or mediated by a
μ4-oxo center, a μ3-oxo center, and a carboxylate group (J2)
are approximated to be identical. J1 quantifies the MnIII-
MnIII exchangevia twoμ4-oxocenters,J4 theMnII-MnII ex-
change via one μ4-oxo center and a carboxylate linker.
Intercluster exchange interactions between the {MnIII2-

MnII4} units are expected to be significant for compounds
1 and 2 incorporating linker groups with a conjugated π
system (Table 1) and can be accounted for by a molecular
field approximation, χm

-1= χ0m
-1(B,C, ς,Bq

k, Jex)- λmf,

where χm0 represents the susceptibility contribution of the
individual {Mn6} units and λmf designates the molecular
field parameter. Our computation frameworkCONDON
was employed to model the temperature-dependent low-
field susceptibility data for 1-3.21

The temperature dependence of the low-field molar
magnetic susceptibility χm of 3 (Figure 11) exhibits a
characteristic sharp maximum at 6.0 K, indicating domi-
nant antiferromagnetic intracluster coupling. The χmT
value at 290Kof 20.89 cm3Kmol-1 is below the expected
spin-only value of 23.46 cm3 K mol-1 for six isolated
magnetic centers (4 � MnII with S = 5/2 and 2 � MnIII

with S = 2; g = 2.0). This is in agreement with room
temperature χmT values for other [MnIII2MnII4O2]

10þ

clusters with similar core structures.11g

The expected singlet ground state of 3 is confirmed by
field-dependent magnetization measurements (B0 = 0-5.0
T, 2.0 K). Using CONDON, a least-squares fit to the
experimental molar susceptibility data at 0.1 T for T = 2
to 290Kyields all-antiferromagnetic exchange energies J1=
-1.61 cm-1, J2= J3=-0.89 cm-1, and J4=-1.23 cm-1

(SQ= 0.5%), shown as red lines in Figure 11, and a singlet
ground state follows from these calculations of the spin
states, too.Note that, as expected, theadditionofamolecular
field approximation does not improve the fitting result.
The χmT versus T plots for 1 and 2 (Figure 12) display

room temperature values of 19.9 and 17.8 cm3 Kmol-1, res-
pectively, primarily because of additional antiferromagnetic
intercluster coupling (λMF < 0). Note that for both com-
pounds χm reaches amaximum at 20K (Figure 12, inset). As
for 3, the linear low-temperature field-dependence of the
magnetization for these compounds suggests a singlet ground
state.Approximating the intracluster interactions J1-J4 for 1
and 2 as equal to 3, the intermolecular exchange interactions
between the [MnIII 2MnII4O2]

10þ units is then quantified by
the molecular field approximation. The resulting least-
squares fits yield λ mf equal to -1.131 cm 3 mol-1 (1) and
-1.508 cm 3 mol-1 (2). This 33% increase in antiferromag-
netic exchange coupling is in line with both the decreasing
Mn 3 3 3Mn distance of adjacent Mn sites in neighboring
{Mn6} clusters bridged by either nicotinamide (1: 8.69 Å)
or pyrazine (2: 7.29 Å) and with the transition from bridging
ligand with limited π overlap between the amide and the
pyridyl groups to the fully planar aromatic π system in
pyrazine.

Conclusion

The reaction of [MnII4MnIII2(μ4-O)2(O2CR)10L4] clusters
with appropriate bridging ligands of different geometric flex-
ibility results in the desired ligandmetathesis reactions yielding
coordination polymers. Surprisingly, despite the potential for
cross-linking to 2D or 3D networks, the employed spacer
ligands resulted exclusively in 1D polymer chains that are
stacked in colinear or perpendicular propagation directions in
the crystal lattices. While nicotinamide as bridging ligand
produces nearly linear chains (1) and pyrazine produces zigzag
chains (2), unusual cis-type coordination to 1,2-bis(4-pyri-
dyl)ethane of the {Mn6} clusters results in an unusual mean-
der-type chain structure (3). Magnetochemical analysis of the
reported three compounds on a spin-only level was based on
the assumption of neglible intercluster interactions in 3 and

Figure 7. Ball-and-stick representation of packing diagram of 2 pro-
jected along the crystallographic a axis. Red and blue colors indicate the
perpendicular propagation directions of the chains.

(21) Schilder, H.; Lueken, H. J. Magn. Magn. Mater. 2004, 281, 17.
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finds significant intercluster interactions in 1 and 2, whereby
the exchange strength correlates with the differences in the
electronic π structure of pyrazine and nicotinamide.

Experimental Section

Materials and Methods. All reactions were carried out under
aerobic conditions using commercial grade solvents. [Mn(O2CC-
HMe2)2]

15d and [Mn(O2CCMe3)2]
15a were synthesized as described

elsewhere. Commercially available ligands were used without
further purification. Infrared spectra were recorded on a Perkin-
Elmer Spectrum One spectrometer (KBr pellets, 4000-400 cm-1).
Thermogravimetric analysis and differential thermal analysis
(TGA/DTA)measurementswere carried outwith aMettler Toledo
TGA/SDTA 851 in dry N2 (60 mL min-1; heating rate: 10 K
min-1). Magnetic susceptibility data were recorded using a Quan-
tum Design MPMS-5XL SQUID magnetometer as a function of
field (0.1 to 5.0 T) and temperature (2.0 to 290.0 K). Experimental
data were corrected for sample holder (PTFE capsules) and dia-
magnetic contributions calculated from tabulated values (χdia(1) =
-0.853 � 10-3 cm3 mol-1; χdia(2) = -0.754 � 10-3 cm3 mol-1;
χdia(3) =-0.819 � 10-3 cm3 mol-1).

X-ray Crystallography.For 1 data were collected on aNonius
Kappa CCD diffractometer whereas for 2 and 3 data were
collectedonaBrukerSMARTCCDdiffractometer, both employ-
ing graphitemonochromatizedMoKR radiation (λ=0.71073 Å)
and operating in φ and ω scan mode. Absorption correction was
applied using SADABS.22 Structures were solved by direct meth-
ods and refinedonF2 using full-matrix least-squares.23Non-disor-
dered non-H atoms were treated anisotropically in all structures.

Figure 9. Ball-and-stick representation of packing diagram of 3 projected along the crystallographic a axis. Solvent isobutyric acid molecules are
represented as space-fillingmodels. Parallel chains are colored alternating pinkand redor lightblueandblue for improved clarity andvisualization.Red and
pink chains are antiparallel to blue and light blue chains. Hydrogen atoms omitted for clarity.

Figure 8. Meander-like chain in the structure of 3 is running along the a axis. Structural omissions and color codes as in Figure 1. Symmetry code: iv: x-1/
2, y, -zþ3/2.

Figure 10. Intraclustermagnetic coupling scheme for the {Mn6} clusters
in 1-3. Only exchange pathways including one of the two μ4-oxo sites
(small red circles) are indicated.

(22) Sheldrick, G. M. SADABS; Bruker AXS Inc.: Madison, WI, 1997.
(23) (a) SHELX86; Sheldrick, G. M. Acta Crystallogr., Sect. A 1990, 46,

467. (b) Sheldrick, G. M. SHELXL-97; University of G€ottingen: G€ottingen,
Germany, 1997; (c) Spek, A. L. Acta Crystallogr., Sect. A 1990, 46, C34.
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In 1, methyl groups of four bridging pivalate ligands and pivalic
acid molecule as well as solvent ethanol and water molecules were
found to be disordered. The combined anisotropic/isotropic
refinement has been used for non-H atoms in these disordered
groups. Isotropical refinementwas generally applied for the atoms
with SOF of position less than 0.4, or when an anisotropical
approach for partial site occupancy led to unstable refinement.
Two bridging isobutyrate ligands in the asymmetrical part of the
unit cell of 2 revealed disorders of isobutyl fragment of over two
positions. Only for one of such disordered isobutyl fragment in
minor occupancy position with SOF = 0.2 has the isotropical
model of refinement been applied. Partial occupancy water mo-
lecules in four positions with SOF less than 0.2 in 2 have been
refined isotropically. The disorder was also found for methyl
groups of two bridging isobutyrate ligands in 3. The hydrogen
atoms in 1-3were placed in calculated, ideal positions and refined
as riding on their respective atoms. The hydrogen atom of
hydroxyl group of disordered solvent ethanol molecule in 1 and
hydrogen atoms of disorderedwatermolecules in 1 and 2 have not
been localized and included in the model of refinement. Unit-cell
data and structure refinement details are listed in Table 2.

Synthesis ofComplexes. {[Mn6O2(O2CCMe3)10(Me3CCO2H)-
(EtOH)(na)] 3EtOH 3H2O}n (1). To a solution of Mn(O2CCMe3)2
(0.16 g, 0.62 mmol) in 5 mL of MeCN, a solution of nicotinamide
(0.16 g, 1.31 mmol) in 5 mL of EtOH was added. The resulting
mixture was refluxed for 1 h. The crystals of 1 suitable for X-ray

analysis were separated by filtration after 24 h, washedwithMeCN,
and dried in air (yield: 0.07 g, 41%). Elemental analysis, calculated
(found) for C65H120Mn6N2O28: C, 45.84 (45.73); H, 6.82 (7.08); N,
1.73 (1.64)%. IR (KBr, cm-1): 3499br.m, 2960s, 2927sh, 2871sh,
1682sh, 1591vs, 1483vs, 1421vs, 1374s, 1359s, 1227s, 1031w, 894w,

Table 1. Magnetochemical Analysis Data

Figure 11. Temperature dependence of χmT and molar susceptibility
(inset) of 3 at an applied field of B0 = 0.1 T. Experimental data: circles,
best fit to model Hamiltonian (see text): red line. The horizontal blue line
represents the expected spin-only value for the six isolated magnetic
centers per {Mn6} cluster.

Figure 12. Temperature dependence of χmT and molar susceptibility
(inset) of 1 (blue) and 2 (red) at an applied field of B0 = 0.1 T.
Experimental data: circles, best fits tomodel Hamiltonian; andmolecular
field approximation, solid lines.

Table 2. Crystallographic Data for Complexes 1-3

1 2 3

formula C65H120Mn6-
N2O28

C52H86Mn6-
N6O24

C62H104Mn6-
N2O27

fw/g mol-1 1707.27 1508.91 1639.11
space group C2/c I41/a Pbca
a/Å 28.566(1) 18.782(3) 24.548(5)
b/Å 28.213(1) 18.782(3) 23.536(5)
c/Å 24.042(2) 41.025(10) 26.769(5)
β 119.329(3)� 90� 90�
V/Å3 16893(2) 14472(5) 15466(5)
Z 8 8 8
T/K 100 173 130
radiation/Å a 0.71073 0.71073 0.71073
Fcalcd/g cm-3 1.343 1.385 1.408
μ/mm-1 0.942 1.087 1.025
R1b,c 0.0766 0.0696 0.0475
wR2d 0.2379 0.2357 0.0973

aGraphite monochromator. b I > 2σ(I). cR1 =
P

||Fo| - |Fc||/
P

|Fo|.
dwR2 = [

P
w(Fo

2 - Fc
2)2/

P
w(Fo

2)2]1/2, w = 1/[σ2(Fo
2) þ [(ap)2 þbp],

where p= [max(Fo
2, O) þ 2Fc

2]/3.
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787w, 699w, 613s, 557w. UV/vis (powder reflection, Supporting
Information, Figure S4): λmax = 485 nm.

{[Mn6O2(O2CCHMe2)10(pyz)3] 3 2H2O}n (2). A mixture of
Mn(O2CCHCMe2)2 (0.11 g, 0.48 mmol), N,N0-bis(2-hydroxy-
ethyl)ethylendiamine (0.07 g, 0.47 mmol) and pyrazine (0.08 g,
0.99 mmol) was refluxed in 10 mL of MeCN during 30 min. The
resultinghotbrownsolutionwas filteredand left inacoveredvial for
several days. The formed brown crystals were filtered off, washed
with MeCN, and dried in air (yield: 0.065 g, 54%). Elemental
analysis, calculated (found) forC52H86Mn6N6O24: C, 41.39 (41.07);
H, 7.74 (7.35); N, 5.56 (5.39) %. IR data (KBr, cm-1): 3420br,m,
2969 m, 2929w, 2872w, 1585s, 1472 m, 1421s, 1372w, 1286 m,
1095w, 1044w, 938w, 611w, 544w.

{[Mn6O2(O2CCHMe2)10(Me2CHCO2H)(EtOH)(bpe)] 3Me2-
CHCO2H}n (3). To a hot solution ofMn(O2CCHCMe2)2 (0.11 g,
0.48 mmol) in 2.5 mL of EtOH was added a hot solution of 1.2-
bis(4-pyridyl)ethane (0.045 g, 0.24mmol) in 2.5mLofTHF.The
resulting mixture was left in a covered vial for several days
to give suitable for X-ray single crystals. The brown crystals
of the title compounds were filtered off, washed with EtOH,
and dried in air (yield: 0.09 g, 69%). Elemental analysis,
calculated (found) for C62H104Mn6N2O27: C, 45.43 (45.07); H,
6.39 (6.05); N, 1.70 (1.49)%. IR data (KBr, cm-1): 3425br,m,
2970 m, 2929sh, 2872sh, 1688sh, 1595vs, 1472s, 1421vs, 1371 m,
1284 m, 1255 m, 1169w, 1095 m, 1014w, 928w, 841w, 815w,
778w, 609 m, 546 m, 517w.
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