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The combined use of the anion of methyl 2-pyridyl ketone
oxime (mpko–) and azides (N3

–) in non-carboxylate Mn
chemistry has afforded two new Mn6 clusters, [Mn6O3(N3)3-
(mpko)6(H2O)3](ClO4)2 (1) and [Mn6O3(N3)5(mpko)6(H2O)]
(2), which are mixed-valence (MnII, 5 MnIII). The 1:1:1:1 reac-
tion of Mn(ClO4)2·6H2O, mpkoH, NaN3 and NEt3 in MeOH
gave the cationic complex 1, while a similar reaction using
additional NaO2CMe led instead to the neutral complex 2.
The structurally unprecedented cores of the two cages are
very similar, and contain the six Mn ions in a topology com-
prising three vertex-sharing oxide-centered triangles

Introduction

The synthesis of polynuclear transition-metal clusters has
become attractive to many inorganic chemists for a variety
of reasons: (i) the relevance of metal clusters to bioinor-
ganic chemistry and the synthesis of models for various
active sites found in nature,[1] such as the water oxidizing
complex in Photosystem II,[2] the inorganic center of ferri-
tin,[3] the active site of nitrogenase[4] and others, and (ii)
the magnetic properties of such clusters when comprised of
paramagnetic metal ions. This latter field has flourished
since the discovery of single-molecule magnetism, where ev-
ery molecule behaves as a magnetic nanoparticle below a
blocking temperature (TB).[5] These molecules exhibit both
the classical properties of a magnet (i.e. hysteresis loops in
magnetization vs. field studies) and quantum properties
such as quantum tunneling of the magnetization, mainly
originating from their nanoscale dimensions.[6] The main
requirements for single-molecule magnets (SMMs) are the
presence of a large ground-state spin, S, and a significant
magnetoanisotropy of the Ising (easy-axis) type, reflected in
a large and negative zero-field splitting parameter, D. Man-
ganese has been the metal of choice for the synthesis of

[a] Department of Chemistry, University of Florida,
Gainesville, Florida 32611-7200, USA
Fax: +1-352-392-6737
E-mail: christou@chem.ufl.edu

[b] Department of Chemistry, University of Cyprus,
1678 Nicosia, Cyprus
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.200901013.

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 2244–22532244

bridged by two end-on azides. Variable-temperature, solid-
state dc and ac magnetization studies were carried out for 1
and 2 in the 1.8–300 K range. The data reveal S = 5/2 ground
states for both complexes, and fitting of magnetization vs.
field (H) and temperature (T) data by matrix diagonalization
for 1 gave S = 5/2, D = –1.4(3) cm–1, and g = 1.99(1), where
D is the axial zero-field splitting (ZFS) parameter. The com-
bined results demonstrate the versatility of 2-pyridyl ketone
oxime anions in the presence of suitable ancillary ligands,
such as azides, for the synthesis of new Mn clusters, without
requiring the co-presence of carboxylate ligands.

SMMs, due to the significant molecular anisotropy origi-
nating from the Jahn–Teller distorted MnIII ions.[7] To date,
the most well-studied SMMs are the carboxylate-bridged
clusters of formula [Mn12O12(O2CR)16(L)4] (R = various,
L = terminal ligands),[8] but many others have also been
synthesized and characterized.[9] Many synthetic routes
have been reported for the synthesis of 3d-metal clusters
and SMMs, most of which involve the reactions of simple
metal salts with bridging/chelating organic ligands under
basic conditions.[10] Also, the employment of ferromagnetic
couplers, such as µ1,1 (end-on) bridging azide (N3

–) groups,
in the reactions has been proven very successful for the syn-
thesis of molecular species with high-spin ground
states,[11,14] one of the requirements for SMMs.

Many types of organic ligands have been used in Mn
chemistry, most of which have been alcoholates or poly-
alcoholates,[11a,11b,11g,12] and oximes and dioximes.[13,17]

Thus, the combinatory use of suitable bridging/chelating
agents and ancillary ligands, such as carboxylates and/or
azides has provided access to very interesting metal clusters
with unprecedented topologies, some of which possess very
high-spin ground states (currently up to 83/2)[14] and large
metal nuclearities, currently up to Mn40.[15] One particular
class of chelates, namely the oximato-based ligands, al-
though typically producing smaller complexes with metal
nuclearities currently up to 14,[16] has been very attractive
to synthetic inorganic chemists, due to the flexibility of the
oximato (�C=N–O–) arm(s). In particular, methyl 2-pyridyl
ketone oxime (mpkoH) was used for the synthesis of the
first triangular MnIII

3 SMMs,[17] while salicylaldoxime
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(saoH2) and its R-substituted derivatives (R-saoH2;
R = Me, Et, Ph, etc) have produced many Mn SMMs with
large energy barriers for magnetization reversal
(Scheme 1).[13a–13c,18]

Scheme 1. The organic ligands discussed in the text.

Thus, extending our previous studies using a wide range
of pyridyl alcohols, 2-pyridyl oximes and dioximes in Mn
chemistry, we herein report the syntheses of two new hexanu-
clear Mn clusters incorporating the anions of mpko– and N3

–.

Results and Discussion

Syntheses

Several synthetic methodologies to Mn clusters have
been employed to date, many of which employ reactions of
carboxylate starting materials, either simple MnII carboxyl-
ate salts (i.e. Mn(O2CR)2) or preformed MnIII or MnIII/IV

clusters, such as [Mn3O(O2CR)6L3]0/+, [Mn4O2(O2CPh)9-
(H2O)]–, and/or [Mn12O12(O2CR)16L4] (R = various and L
= terminal ligand), with a potentially bridging and/or che-
lating ligand.[10,13,17,18] In particular, polyols and pyridyl
alcohols have been invaluable in Mn chemistry,[11,12,19] pro-
viding access to many structurally novel clusters, some of
which are SMMs. Another fruitful ligand type in Mn chem-
istry is the broad family of oximato-based chelates, such as
the pyridyl oximes.[20] In the present study, we have investi-
gated the reactivity of non-carboxylate MnII salts, i.e.
Mn(ClO4)2·6H2O, with the bridging/chelating mpkoH li-
gand in combination with azides; the latter group is also an
excellent bridging ligand that can foster the formation of
high nuclearity products,[11,21] some with extremely large S
values.

Various reactions have been systematically explored with
differing reagent ratios, reaction solvents, and other condi-
tions. The 1:1:1 reaction between Mn(ClO4)2·6H2O, NaN3

and mpkoH in MeOH in the presence of one equivalent of
NEt3 led to a dark brown solution and the subsequent iso-
lation ofwell-formed brown crystalsof [Mn6O3(N3)3(mpko)6-
(H2O)3](ClO4)2·5H2O (1·5H2O) in good yield (≈ 50%).
Complex 1 is a mixed-valent MnIIMnIII

5 species; the MnIII

ions were clearly formed by aerial oxidation of MnII under
the prevailing basic conditions. The basic character of azide
groups and the well-known ability of mpko– to favor forma-
tion of MnIII over MnII no doubt also facilitated the oxi-
dation of MnII to MnIII to give 1. When the same reaction
was repeated using Mn(NO3)2·H2O in place of Mn(ClO4)2·
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6H2O, the yield of the corresponding nitrate version of 1
(complex 3, see Exp. Sect.) dropped significantly to ca. 10–
15 %. As with many reactions in higher oxidation state Mn
chemistry, the solution likely contains a mixture of species
in equilibrium, and what crystallizes out is determined by
the relative solubilities, the nature of counterions, lattice en-
ergies, and related factors. The use of MeOH as reaction
solvent is crucial for clean product formation; oily products
were obtained when the reaction was performed in EtOH,
DMF or MeCN, whereas no significant reaction was ob-
served when the solvent was CH2Cl2 or CHCl3.

The same methodology was employed for the synthesis
of [Mn6O3(N3)5(mpko)6(H2O)]·4.25H2O (2·4.25H2O), the
only difference being the introduction into the reaction of
NaO2CMe. The latter was intended to divert the reaction
to a carboxylate-containing product different from 1, but
the main, isolated product was carboxylate-free 2; further
investigation of this reaction system did not produce a dif-
ferent product. Nevertheless, complex 2 is different from 1
in containing a higher content of azide ligands and thus
yielding a neutral compound.

Description of Structures

Complex 1·5H2O crystallizes in the triclinic space group
P1̄, with the [Mn6O3(N3)3(mpko)6(H2O)3]2+ cation in a ge-
neral position. The structure of the cation and a stereopair

Figure 1. The structure (top) and a stereopair (bottom) of the cat-
ion of complex 1, emphasizing the four MnIII Jahn–Teller axes as
brown bonds. Hydrogen atoms have been omitted for clarity. Color
scheme: MnII yellow; MnIII green; O red; N blue; C grey.
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are shown in Figure 1, and two views of its core are pre-
sented in Figure 2. Selected interatomic distances and
angles are listed in Table 1.

Figure 2. Labeled PovRay representation of the core of complex 1
as [Mn6(µ3-O)3(µ-N3)2]9+ (top) and more-complete [Mn6(µ3-O)3(µ-
N3)2(µ-OR�)6]3+ (bottom). Color scheme as in Figure 1.

There is a [Mn6O3(N3)2]9+ core consisting of one MnII

(Mn6) and five MnIII atoms bridged by three µ3-O2– and
two η2:µ (end-on) N3

– ions (Figure 2, top); additional lig-
ation about the [Mn6O3(N3)2]9+ core is provided by six tri-
dentate, η1:η1:η1:µ oximate ligands to give an overall
[Mn6(µ3-O)3(µ-N3)2(µ-OR�)6]3+ core [R� = (py)C(Me)N;
Figure 2, bottom]. The [Mn6O3(N3)2]9+ core can be conve-
niently described as three oxide-centered [Mn3O] triangular
units, each sharing two of its vertices with the neighboring
triangular units. Each mpko– group is an N,N-chelate to a
Mn atom and bridges with its O atom to an adjacent MnIII

atom. As a result, two edges of each triangular unit are
bridged by a bidentate N–O– oximato group, with the Mn–
N–O–Mn torsion angles lying in the 6.9–33.9° range.
Ligation is completed by one terminal N3

– (on Mn1) and
three terminal H2O (on Mn1, Mn3, Mn5) ligands. All Mn
atoms are six-coordinate with near-octahedral geometry,
except Mn1 which is five-coordinate with distorted square
pyramidal geometry (τ = 0.17, where τ is 0 and 1 for ideal
square-pyramidal and trigonal-bipyramidal geometries,
respectively).[22]

The Mn oxidation states were obvious from the metric
parameters (Table 1) and charge-balance considerations,
and were confirmed by bond valence sum (BVS) calcula-
tions (Table 2)[23] and the Jahn–Teller (JT) distortions (axial
elongations) at the MnIII atoms (Mn2, Mn3, Mn4, Mn5);
the JT elongated MnIII–O bonds are at least 0.1–0.2 Å
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Table 1. Selected interatomic distances [Å] and angles [°] for
1·5H2O.

Mn1–O1 1.891(9) Mn5–N12 2.047(1)
Mn1–O8 1.950(1) Mn5–N13 2.055(1)
Mn1–O5 1.955(1) Mn5–N7 2.273(1)
Mn1–N1 1.991(1) Mn5–O12 2.280(1)
Mn1–O4 2.203(1) Mn6–O2 2.133(1)
Mn2–O2 1.858(9) Mn6–O3 2.165(1)
Mn2–O1 1.887(9) Mn6–N18 2.195(1)
Mn2–N10 2.006(1) Mn6–N20 2.201(1)
Mn2–N11 2.029(1) Mn6–N21 2.285(1)
Mn2–O6 2.226(1) Mn6–N19 2.320(1)
Mn2–N4 2.328(1) Mn1···Mn2 3.078(3)
Mn3–O3 1.861(8) Mn1···Mn3 5.173(9)
Mn3–O9 1.898(9) Mn1···Mn4 3.259(7)
Mn3–N14 2.016(1) Mn1···Mn5 4.734(1)
Mn3–N15 2.044(1) Mn1···Mn6 5.694(6)
Mn3–O11 2.306(1) Mn2···Mn3 4.004(6)
Mn3–N4 2.354(1) Mn2···Mn4 3.337(8)
Mn4–O3 1.830(9) Mn2···Mn5 3.184(3)
Mn4–O1 1.865(1) Mn2···Mn6 3.440(7)
Mn4–N16 2.019(1) Mn3···Mn4 3.162(3)
Mn4–N17 2.033(1) Mn3···Mn5 5.803(8)
Mn4–O7 2.237(9) Mn3···Mn6 3.348(9)
Mn4–N7 2.357(1) Mn4···Mn5 3.970(6)
Mn5–O2 1.862(9) Mn4···Mn6 3.447(7)
Mn5–O10 1.904(1) Mn5···Mn6 3.357(6)
Mn1–O1–Mn2 109.1(5) Mn3–O3–Mn4 117.9(4)
Mn1–O1–Mn4 120.4(5) Mn3–O3–Mn6 112.3(4)
Mn2–O1–Mn4 125.6(5) Mn4–O3–Mn6 119.0(4)
Mn2–O2–Mn5 117.7(5) Mn2–N4–Mn3 117.6(5)
Mn2–O2–Mn6 118.9(4) Mn4–N7–Mn5 118.1(5)
Mn5–O2–Mn6 114.2(4)

longer than the other MnIII–O bonds. As expected, the JT
elongation axes avoid the MnIII–O2– bonds, the shortest
and strongest in the cation,[8] pointing toward the end-on
azides.

Finally, there are various hydrogen bonds between the
Mn6 cations and ClO4

– anions, and some of these serve to
bridge separate cations: for example, the water molecule
(O11) on Mn3 forms a hydrogen bond to the ClO4

– anion
(O11···O16 2.874 Å), which in turn forms a hydrogen bond
to a neighboring water molecule (O12) attached to Mn5
(O13···O12 2.732 Å).

Complex 2·4.25H2O crystallizes in the monoclinic space
group P21/n. Selected interatomic distances and angles are
listed in Table 3. The molecular structure of 2 (Figure 3) is
very similar to that of 1, with the major differences located
at the terminal ligands and the absence of ClO4

– anions in
the lattice. The terminal ligation now consists of one H2O
molecule (on Mn5) and three azide ions (on Mn4, Mn5,
Mn6). The oxidation states of the Mn ions in 2 are the
same as in the case of 1, with the MnII ion being Mn2, as
established by charge balance considerations, the presence
of JT elongations on MnIII ions, and BVS. calculations[23]

(provided in Table 2). As for 1, there are again hydrogen
bonds, now involving the lattice water molecules, and some
again serve to link adjacent Mn6 molecules. All Mn ions
are six-coordinate with distorted octahedral geometry, ex-
cept Mn5 which is five-coordinate with distorted square-
pyramidal geometry (τ = 0.21). The Mn–N–O–Mn torsion
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Table 2. Bond valence sum (BVS)[a] calculations for the Mn and selected O atoms in 1 and 2.

1 2

Atom MnII MnIII MnIV MnII MnIII MnIV

Mn1 2.90 2.70 2.77 3.31 3.11 3.13
Mn2 3.33 3.13 3.15 2.13 2.02 2.00
Mn3 3.18 2.99 3.01 3.30 3.09 3.12
Mn4 3.37 3.17 3.19 3.29 3.11 3.10
Mn5 3.18 2.99 3.01 3.09 2.87 2.94
Mn6 2.08 1.97 1.95 3.30 3.12 3.12

1 2

Atom BVS Assignment Atom BVS Assignment

O1 1.91 O2– [b] O7 1.96 O2– [b]

O2 1.70 O2– [b] O8 1.70 O2– [b]

O3 1.73 O2– [b] O10 1.74 O2– [b]

O4 0.27 H2O [b] O9 0.30 H2O [b]

O11 0.21 H2O [b]

O12 0.22 H2O [b]

[a] The value printed in italics is the one closest to the charge for which it was calculated. The oxidation state of a particular atom can
be taken as the whole number nearest to the value printed in italics. [b] An O BVS in the ca. 1.7–2.0, ca. 1.0–1.2 and ca. 0.2–0.4 ranges
is indicative of non-, single- and double-protonation, respectively.

angles in 2 lie in the 5.7–30.7° range, slightly smaller than
the corresponding values in complex 1. The main structural
differences between 1 and 2 are summarized in Table 4,
where it can be seen that the most significant differences are
in the Mn–N–O–Mn torsion angles and the displacement of
the µ3-O2– ions out of the Mn3 planes.

Table 3. Selected interatomic distances [Å] and angles [°] for
2·4.25H2O.

Mn1–O10 1.854(5) Mn5–N22 1.946(7)
Mn1–O7 1.879(5) Mn5–O2 1.953(5)
Mn1–N2 2.020(6) Mn5–O4 1.966(5)
Mn1–N1 2.039(6) Mn5–O9 2.160(6)
Mn1–O1 2.248(5) Mn6–O10 1.856(4)
Mn1–N13 2.311(6) Mn6–O6 1.911(5)
Mn2–O10 2.112(5) Mn6–N12 2.015(6)
Mn2–O8 2.132(5) Mn6–N11 2.043(6)
Mn2–N4 2.184(6) Mn6–N25 2.237(9)
Mn2–N6 2.193(6) Mn6–N16 2.337(6)
Mn2–N5 2.314(6) Mn1···Mn2 3.426(2)
Mn2–N3 2.318(7) Mn1···Mn3 3.306(4)
Mn3–O8 1.848(5) Mn1···Mn4 4.000(2)
Mn3–O7 1.887(5) Mn1···Mn5 3.250(2)
Mn3–N8 2.018(6) Mn1···Mn6 3.175(2)
Mn3–N7 2.048(6) Mn2···Mn3 3.467(2)
Mn3–O3 2.211(5) Mn2···Mn4 3.319(2)
Mn3–N16 2.346(6) Mn2···Mn5 5.735(2)
Mn4–O8 1.877(4) Mn2···Mn6 3.359(2)
Mn4–O5 1.914(5) Mn3···Mn4 3.207(3)
Mn4–N10 2.013(7) Mn3···Mn5 3.118(2)
Mn4–N9 2.051(6) Mn3···Mn6 4.005(2)
Mn4–N19 2.210(6) Mn4···Mn5 4.843(2)
Mn4–N13 2.313(6) Mn4···Mn6 5.815(4)
Mn5–O7 1.851(5) Mn5···Mn6 5.201(2)
Mn1–O7–Mn3 122.8(3) Mn1–O10–Mn2 119.4(2)
Mn1–O7–Mn5 121.2(2) Mn1–O10–Mn6 117.7(2)
Mn3–O7–Mn5 113.1(2) Mn2–O10–Mn6 115.5(2)
Mn2–O8–Mn3 121.0(2) Mn1–N13–Mn4 119.8(2)
Mn2–O8–Mn4 111.6(2) Mn3–N16–Mn6 117.6(2)
Mn3–O8–Mn4 118.8(3)
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Figure 3. The molecular structure (top) and a stereopair view (bot-
tom) of complex 2, emphasizing the four MnIII Jahn–Teller axes.
Hydrogen atoms have been omitted for clarity. Color scheme as in
Figure 1.

There have been a large number of Mn6 complexes re-
ported in the literature, most of them being mixed-valent
(MnII/III) or MnIII systems,[13a,13b,13e,13f,24] as well as few ex-
ceptional MnII/IIII/IV and MnIII/IV species,[25] and these pos-
sess a wide variety of metal topologies such as edge-sharing
bitetrahedra, octahedra, fused triangles, etc. Compounds 1
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Table 4. Structural differences between complexes 1 and 2.

Parameter 1 2

Mn–(µ-N3)–Mn [°] 117.6 117.6
118.1 119.8

Mn–(µ3-O2–) [Å][a] 1.881 1.872
1.952 1.952
1.951 1.941

Mn–(µ3-O2–)–Mn [°][a] 118.4 119.0
116.4 117.2
117.0 117.5

d [Å][b] 0.241 0.187
0.371 0.330
0.343 0.306

Mn–(N–O–)–Mn [°][c] 19.3 17.4

[a] Average value per triangular subunit. [b] d is the distance [Å] of
each µ3-O2– ion from the corresponding Mn3 plane. [c] Average
value from the six mpko– ligands.

and 2 are only the second and third Mn6 complexes at the
MnIIMnIII

5 level, and the first with the [MnIIMnIII
5(µ3-O)3-

(µ-N3)2]9+ core comprising three vertex-fused triangular
units. The one previous Mn6 at this oxidation level is
Na2[Mn6(µ6-O)(thme)4(N3)5(H2O)], which has a core con-
sisting of a Mn6 octahedron with a central µ6-O2– ion, and
bridging alkoxide groups from the thme3– [thmeH3 = 1,1,1-
tris(hydroxymethyl)ethane] anions.[26]

Complexes 1 and 2 join a relatively small family of Mn
compounds with mpkoH and/or mpko– ligands, currently
comprising [Mn(O2CPh)2(mpkoH)2] (MnII),[27] [Mn3O-
(O2CR)3(mpko)3]+ (3MnIII),[17] [Mn3(OMe)2(mpko)4Br2]
(2MnII, MnIV),[13d] [MnII

2MnIII
6O4(OMe)(mpko)9-

(mpkoH)]4+ (2MnII, 6MnIII),[13d] and [Mn8O2(OH)2(O2-
CPh)10(mpko)4] (4MnII, 4MnIII).[27]

Magnetochemistry

Solid-state, variable-temperature dc magnetic suscep-
tibility (χM) data were collected on vacuum-dried micro-
crystalline samples of complexes 1 and 2, suspended in
eicosane to prevent torquing, in the 5.0–300 K temperature
range in a 0.1 T (1000 G) magnetic field. The obtained data
are plotted as χMT vs. T in Figure 4, and it can be seen that
the plots are similar, but not identical, for the two com-
plexes. The χMT values at 300 K (14.08 and
12.72 cm3 mol–1 K for 1 and 2, respectively) are both much
lower than the expected room temperature χMT value for
one MnII and five MnIII ions (19.38 cm3 mol–1 K with g =
2), indicating the presence of dominant antiferromagnetic
interactions, and they steadily decrease with decreasing
temperature.[28] The χMT values at 5 K (4.26 and
4.01 cm3 mol–1 K for 1 and 2, respectively) both suggest an
S = 5/2 ground state with g = 1.94 �3; the spin-only value
for S = 5/2 is 4.38 cm3 mol–1 K. The overall similar behavior
for 1 and 2 is as expected from their essentially isostructural
magnetic cores.
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Figure 4. χMT vs. T for complexes 1 (�) and 2 (�) in the 5.0–300 K
range.

Given the low symmetry of the Mn6 clusters and the re-
sulting number of inequivalent exchange constants, it is not
possible to apply the Kambe method[29] to determine the
individual pairwise Mn2 exchange interaction parameters.
We therefore concentrated instead on characterizing the
ground state spin, S, and the zero-field splitting parameter,
D, by collecting magnetization (M) data in the 1–50 kG
magnetic field (H) and 1.8–10.0 K temperature ranges. The
obtained data are shown as reduced magnetization (M/
NµB) vs. H/T plots in Figure 5 for complex 1, where N is
Avogadro’s number and µB is the Bohr magneton. We fit
the data using the program MAGNET[30] to a model that
assumes that only the ground state is populated at these
temperatures and magnetic fields, includes isotropic Zee-
man interactions and axial zero-field splitting (DŜz

2), and
incorporates a full powder average. The corresponding spin
Hamiltonian is given by Equation (1), where Ŝz is the easy-
axis spin operator and µ0 is the vacuum permeability. The
last term in Equation (1) is the Zeeman energy associated
with an applied magnetic field. For 1, the best fit (solid lines
in Figure 5) gave S = 5/2, D = –1.4(3) cm–1, and g = 1.99(1);
the fit was noticeably worse when positive values of D were
employed.

H = DŜz
2 + gµBµ0Ŝ·H (1)

Alternative fits with S = 3/2 or 7/2 were rejected because
they gave unreasonable values of g. The D value carries
high uncertainty and is not to be taken as accurate; never-
theless, it appears larger than normally observed for Mnx

clusters, which is consistent with the almost parallel orien-
tation of the four MnIII JT axes and the z axis of the five-
coordinate MnIII atom, which will lead to a significant over-
all molecular anisotropy. For complex 2, an acceptable fit
was not obtained to our satisfaction, even though 1 and 2
have such similar structures, and we assume this is due to
lower-lying excited states than for 1. We have come across
cases before where two structurally similar complexes differ
significantly in the quality of the reduced magnetization
fits.[10d,10e]
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Figure 5. Reduced magnetization (M/NµB) vs. H/T plot for com-
plex 1. The solid lines are the fit of the data; see the text for the fit
parameters.

As we and others have described before on multiple oc-
casions,[7–18] alternating-current (ac) susceptibility studies
are a powerful complement to dc studies for determining
the ground state of a system, because they preclude any
complications arising from the presence of a dc field. We
thus chose to carry out ac studies on complexes 1 and 2

Figure 6. Plots of the in-phase (χM�) as χM�T (top), and out-of-
phase (χM��) (bottom) ac magnetic susceptibilities vs. T in a 3.5 G
field oscillating at the indicated frequencies for complex 1.
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in the 1.8–15 K range using a 3.5 G ac field oscillating at
frequencies in the 50–1000 Hz range. If the magnetization
vector can relax fast enough to keep up with the oscillating
field, then there is no imaginary (out-of-phase) suscep-
tibility signal (χ��M), and the real (in-phase) susceptibility
(χ�M) is equal to the dc susceptibility. However, if the bar-
rier to magnetization relaxation is significant compared to
thermal energy (kT), then the in-phase signal decreases and
a non-zero, frequency-dependent χ��M signal appears, which
is suggestive of the superparamagnetic-like properties of a
SMM. For complexes 1 and 2, the in-phase (Figures 6 and
7, top, respectively) and out-of-phase (Figures 6 and 7, bot-
tom, respectively) ac signals are very similar, both showing
a decrease in χ�MT with lowering of the temperature, consis-
tent with decreasing population of low-lying excited states
with S greater on average than that of the ground state; a
frequency-dependent split becomes evident at temperatures
below ca. 4 K. The latter is followed by a concomitant ap-
pearance of χ��M signals, which are also frequency-depend-
ent and whose maxima lie below the operating minimum
temperature of our SQUID instrument (1.8 K). This behav-
ior is indicative of slow magnetization relaxation, suggest-
ing 1 and 2 to possibly be new SMMs, but ones with rather
small relaxation barriers. Further confirmation of the SMM
behavior would require single-crystal studies on a micro-

Figure 7. Plots of the in-phase (χM�) as χM�T (top), and out-of-
phase (χM��) (bottom) ac magnetic susceptibilities vs. T in a 3.5 G
field oscillating at the indicated frequencies for complex 2.
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SQUID down to 40 mK,[31] but this was not pursued be-
cause there are now many SMMs with such small relaxation
barriers.

The in-phase χ�MT data support the conclusion from the
dc magnetization data that 1 and 2 have an S = 5/2 ground
state. The χ�MT shows a near-linear decrease above ca. 7 K,
which extrapolates to the 4.0–4.5 cm3 mol–1 K region at 0 K
consistent with an S = 5/2 ground state, before showing a
steeper decrease assignable to a combination of the anisot-
ropy, Zeeman effects, and very weak intermolecular interac-
tions mediated by the hydrogen-bonds in the structure.
Note that the spin-only (g = 2.0) χ�MT values for S = 3/2,
5/2 and 7/2 ground states are 1.88, 4.38, and
7.88 cm3 mol–1 K, respectively.[28]

The S = 5/2 ground states of 1 and 2 have not been pre-
viously seen in Mn6 clusters. Because 1 and 2 contain fused
triangular units, textbook examples of a topology that can
give spin frustration effects (competing exchange interac-
tions), we conclude that the S = 5/2 ground state is arising
from spin frustration within the triangular sub-units.[9a,28]

There are thus various possible coupling schemes and re-
sulting intermediate spin alignments at some Mn atoms that
could yield an S = 5/2 ground state, making it difficult to
rationalize the observed value in a unique manner without
recourse to theoretical calculations. Some coupling schemes
can be ruled out, however, such as the ferromagnetic
J(MnIIIMnIII) and antiferromagnetic J(MnIIMnIII) pos-
sibility, which would give an S = 15/2 ground state.

Conclusions

The combined use of 2-pyridyl oximes and azide ligands
in Mn non-carboxylate chemistry has afforded two new,
mixed-valence(II/III) Mn6 clusters with an unprecedented
metal topology. The complexes [Mn6O3(N3)3(mpko)6-
(H2O)3](ClO4)2 (1) and [Mn6O3(N3)5(mpko)6(H2O)] (2)
contain the anion of methyl 2-pyridyl ketone oxime
(mpko–), together with both terminal (η1) and end-on
bridging (η2:µ) azide groups. Even though 1 and 2 have a
small ground state spin of S = 5/2, they also possess a sig-
nificant and negative zero-field splitting parameter, D,
which can be rationalized as due to the near-parallel align-
ment of the four MnIII JT axes, and the z axis of the five-
coordinate square pyramidal Mn. This combination of S
and D is sufficient to give frequency-dependent, out-of-
phase ac signals suggestive of SMMs, but ones with a low
barrier; the very similar magnitudes and temperature pro-
files of the out-of-phase ac signals for 1 and 2 are as ex-
pected for the near-isostructural compounds and supports
the behavior as arising from the Mn6 complexes rather than
adventitious impurities. Further, as mentioned, we antici-
pate only very weak intermolecular interactions mediated
by the hydrogen-bonding in the crystal structures, so rule
out the possibility that the out-of-phase signals are coming
from single-chain magnet (SCM) behavior; in any case; the
intermolecular interactions will undoubtedly be antiferro-
magnetic rather than the ferromagnetic required for an
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SCM (from identical repeating units, at least). Finally, we
anticipate a variety of new metal clusters of different nu-
clearities and structural topologies to be attained as we ex-
tend the use in cluster chemistry of mpkoH and N3

– combi-
nations, as well as others. Further work is in progress.

Experimental Section
Materials and Physical Measurements: All manipulations were per-
formed under aerobic conditions using chemicals and solvents as
received, unless otherwise stated. mpkoH was prepared as de-
scribed elsewhere.[32]

Warning: Azide and perchlorate salts are potentially explosive; such
compounds should be synthesized and used in small quantities, and
treated with utmost care at all times.

Infrared spectra were recorded on KBr pellets with a Nicolet Nexus
670 FTIR spectrometer in the 400–4000 cm–1 range. Elemental
analyses (C,H,N) were performed by the in-house facilities of the
University of Florida Chemistry Department. Variable-tempera-
ture dc and ac magnetic susceptibility data were collected with a
Quantum Design MPMS-XL SQUID magnetometer equipped
with a 7 T magnet and operating in the 1.8–300 K range. Samples
were embedded in eicosane to prevent torquing. Magnetization vs.
field and temperature data were fit using the program MAG-
NET.[30] Pascal’s constants were used to estimate the diamagnetic
corrections, which were subtracted from the experimental suscep-
tibilities to give the molar paramagnetic susceptibilities (χM).

[Mn6O3(N3)3(mpko)6(H2O)3](ClO4)2 (1): Solid NaN3 (0.07 g,
1.0 mmol) was added to a stirred solution of mpkoH (0.14 g,
1.0 mmol) and NEt3 (0.14 mL, 1.0 mmol) in MeOH (30 mL). After
10 min of stirring, solid Mn(ClO4)2·6H2O (0.36 g, 1.0 mmol) was
slowly added, and the resulting solution soon became dark brown.
The reaction mixture was kept under magnetic stirring for another
30 min. The solution was then filtered and Et2O was slowly diffused
into it over a period of 2 d, during which time large brown crystals
of 1·5H2O grew. The crystals were maintained in the mother liquor
for X-ray crystallography and other single-crystal studies, or col-
lected by filtration, washed with cold MeOH (2�3 mL) and Et2O
(2�5 mL), and dried under vacuum over silica gel; the yield was
ca. 50% (0.13 g). The dried solid analyzed as solvent-free.
C42H48Cl2Mn6N21O20 (1567.63): calcd. C 32.10, H 3.06, N 18.94;
found C 32.18, H 3.09, N 18.76. IR (KBr): ν̃ = 3440 (mb), 2925
(w), 2363 (w), 2048 (vs), 1636 (m), 1601 (m), 1470 (w), 1381 (w),
1333 (mb), 1263 (w), 1152 (vs), 1082 (vsb), 782 (m), 705 (m), 623
(s), 587 (m), 560 (m), 494 (w), 462 (w) cm–1.

[Mn6O3(N3)5(mpko)6(H2O)] (2): Solid NaN3 (0.07 g, 1.0 mmol) was
added to a stirred solution of mpkoH (0.27 g, 2.0 mmol), NEt3

(0.33 mL, 2.3 mmol), and NaO2CMe (0.08 g, 1.0 mmol) in MeOH
(30 mL). After 10 min of stirring, solid Mn(ClO4)2·6H2O (0.72 g,
2.0 mmol) was added, and the resulting solution soon became dark
brown. The reaction mixture was kept under magnetic stirring for
another 30 min. The solution was then filtered and Et2O was slowly
diffused into it over a period of 2 d, during which time large brown
crystals of 2·4.25H2O grew. The crystals were maintained in the
mother liquor for X-ray crystallography and other single-crystal
studies, or collected by filtration, washed with cold MeOH
(2� 3 mL) and Et2O (2 �5 mL), and dried under vacuum over sil-
ica gel; the yield was ca. 40% (0.19 g). The dried solid analyzed as
solvent-free. C42H44Mn6N27O10 (1416.69): calcd. C 35.72, H 3.16,
N 26.58; found C 35.61, H 3.13, N 26.70. IR (KBr): ν̃ = 3421 (mb),
2362 (w), 2336 (w), 2038 (vs), 1636 (m), 1600 (m), 1554 (m), 1474
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(m), 1435 (mb), 1374 (w), 1333 (w), 1284 (w), 1160 (m), 1103 (m),
1068 (m), 1045 (m), 781 (m), 706 (m), 590 (mb), 564 (m), 491 (w),
455 (w) cm–1.

[Mn6O3(N3)3(mpko)6(H2O)3](NO3)2 (3): To a stirred solution of
mpkoH (0.14 g, 1.0 mmol) and NEt3 (0.14 mL, 1.0 mmol) in
MeOH (30 mL) was added solid NaN3 (0.07 g, 1.0 mmol). After
10 min of stirring, solid Mn(NO3)2·H2O (0.20 g, 1.0 mmol) was
slowly added, and the resulting solution soon became dark brown.
The reaction mixture was kept under magnetic stirring for another
30 min. The solution was then filtered and Et2O was allowed to
slowly diffuse into it over a period of 4 d, during which time brown
crystals of 3 grew. Due to the small size and bad quality, the crys-
tals of 3 were not suitable for single-crystal X-ray crystallography.
Thus, the crystals were collected by filtration, washed with cold
MeOH (2 �3 mL) and Et2O (2�5 mL), dried under vacuum over
silica gel, and characterized with elemental analysis; the yield was
ca. 15% (0.04 g). The dried solid analyzed as solvent-free.
C42H48Mn6N23O18 (1492.62): calcd. C 33.80, H 3.24, N 21.58;
found C 33.88, H 3.29, N 21.49. IR (KBr): ν̃ = 3445 (mb), 2929
(w), 2050 (vs), 1632 (m), 1600 (m), 1473 (w), 1385 (vs), 1323 (m),
1266 (w), 1153 (s), 1050 (s), 855 (m), 700 (m), 635 (m), 594 (m),
563 (m), 497 (w), 467 (w) cm–1.

X-ray Crystallography and Solution of Structures: Suitable crystals
of 1·5H2O and 2·4.25H2O were attached to glass fibers using sili-
cone grease and transferred to a goniostat where they were cooled
to 173 and 100 K, respectively, for data collection. An initial search
of reciprocal space revealed a triclinic cell for 1·5H2O, and a mono-
clinic cell for 2·4.25H2O; the choice of space groups P1̄ and P21/n,
respectively, was confirmed by the subsequent solution and refine-
ment of the structures.

Data for complex 1·5H2O were collected with a Siemens SMART
PLATFORM equipped with a CCD area detector and a graphite
monochromator utilizing Mo-Kα radiation (λ = 0.71073 Å). The
crystal was a poor diffractor; many crystals from multiple presenta-
tions were studied, but a better quality crystal could not be found.
Cell parameters were refined using up to 8192 reflections. A full
sphere of data (1850 frames) was collected using the ω-scan method
(0.3° frame width). The first 50 frames were remeasured at the end
of data collection to monitor instrument and crystal stability
(maximum correction on I was �1%). Absorption corrections by
integration were applied based on measured indexed crystal faces.
The structure was solved by direct methods in SHELXTL6,[33] and
refined on F2 using full-matrix least-squares. The non-H atoms
were treated anisotropically, except for those of the disordered
anions and lattice water molecules, whereas the H atoms were
placed in calculated, ideal positions and refined as riding on their
respective C atoms.

Data for 2·4.25H2O were collected with an Oxford Diffraction Xca-
libur-3 diffractometer equipped with a Sapphire CCD area detec-
tor. Cell parameters were refined using 9168 reflections (3.2° � θ
� 30.2°). Data (792 frames) were collected using the ω-scan
method (0.60° frame). Empirical absorption corrections (multi-
scan based on symmetry-related measurements) were applied using
CrysAlis RED software.[34] The structure was solved by direct
methods using SIR 2002[35] and refined on F2 using full-matrix
least-squares with SHELXL-97.[36] All non-H atoms were refined
anisotropically. All H atoms attached to C atoms were placed in
calculated, ideal positions and refined as riding on their respective
C atoms. The programs used were CrysAlis CCD[34] for data collec-
tion, CrysAlis RED[34] for cell refinement and data reduction,
WINGX[37] and PLATON[38] for crystallographic calculations, and
MERCURY[39] and DIAMOND[40] for molecular graphics.
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The asymmetric unit of 1·5H2O consists of a Mn6 dicationic cluster,
two disordered ClO4

– anions, and five H2O molecules of crystalli-
zation. The ClO4

– anions were refined in two parts with their site-
occupation factors dependently refined (65:35% for Cl1, and
57:43% for Cl2); their structures were additionally constrained to
maintain ideal geometries. None of the water protons could be lo-
cated in difference Fourier maps and thus were not included in the
final refinements. A total of 811 parameters were refined in the
final cycle of refinement using 4501 reflections with I� 2σ(I).

For complex 2·4.25H2O, the asymmetric unit contains a complete
Mn6 cluster and four and one quarter H2O molecules of crystalli-
zation. The terminally-bound azide groups exhibited large thermal
ellipsoids due to positional disorder that could not be resolved into
distinct sites. A total of 844 parameters were refined in the final
cycle of refinement using 6157 reflections with I�2σ(I).

Unit cell parameters and structure solution and refinement data
for both complexes are listed in Table 5.

Table 5. Crystallographic data for complexes 1·5H2O and
2·4.25H2O.

1·5H2O 2·4.25H2O

Formula[a] C42H58Cl2Mn6N21O25 C42H52.5Mn6N27O14.25

M [gmol–1][a] 1657.63 1493.19
Crystal system triclinic monoclinic
Space group P1̄ P21/n
a [Å] 13.173(3) 15.3962(4)
b [Å] 15.530(3) 25.5091(8)
c [Å] 16.658(4) 16.2520(4)
α [°] 85.820(4) 90
β [°] 75.620(3) 95.838(2)
γ [°] 80.578(4) 90
V [Å3] 3254.7(12) 6349.8(3)
Z 2 4
T [K] 173(2) 100(2)
λ [Å][b] 0.71073 0.71069
ρcalcd. [gcm–3] 1.691 1.551
µ [mm–1] 1.304 1.236
Measd./independent 14722/8505 40357/11121
(Rint) reflections (0.1825) (0.0845)
Obsd. reflections 4501 6157
[I�2σ(I)]
R1

[c,d] 0.0955 0.0710
wR2

[e] 0.2298 0.1815
GOF on F2 1.101 0.963
(∆ρ)max., min. [eÅ–3] 1.541, –1.225 1.264, –0.634

[a] Including solvate molecules. [b] Graphite monochromator. [c]
I �2σ(I). [d] R1 = Σ(||Fo| – |Fc||)/Σ|Fo|. [e] wR2 = {Σ[w(Fo

2 – Fc
2)2]/

Σ[w(Fo
2)2]}1/2, w = 1/[σ2(Fo

2) + (ap)2 + bp], where p = [max.(Fo
2,

0) + 2Fc
2]/3.

CCDC-739936 (for 1·5H2O) and CCDC-739935 (for 2·4.25H2O)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Supporting Information (see also the footnote on the first page of
this article): Plot magnetization (M) vs. field (H) and temperature
(T) data.
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