High-Nuclearity Metal Complexes and Single-Molecule Magnets
from the Employment of Oximato- and Alkoxido-based Ligands

Dimosthenis P. Giannopoulos, BSc.

A thesis submitted to the Department of Chemistry in partial fulfillment of the requirements for
the Degree of Doctor of Philosophy

Supervised by
Professor Theocharis C. Stamatatos
Brock University
St. Catharines Ontario, Canada
December 2016

© Dimosthenis P. Giannopoulos, 2016

Abstract
The employment of 2-pyrrolyloximes, pyridine-2,6-diketones and 3-hydroxy-2naphthohydroxamic acid in homometallic 3d- and heterometallic 3d/4f-metal cluster chemistry
has yielded new families of Fe, Mn and Mn/Dy clusters. These complexes were shown to
possess interesting structural motifs and single-molecule magnetism (SMM) behaviour.
The introductory chapter discusses the fundamentals of molecular magnetism,
polynuclear metal complexes, as well as the approaches used for the synthesis of new
polynuclear metal complexes and the selection criteria for the chelating/bridging ligands.
Chapters 2, 3 and 4 report the results of the current thesis.
In Chapter 2, the synthesis and characterization of a family of complexes resulting from
the employment of 2-pyrrolyloximes in high-nuclearity transition metal cluster chemistry is
reported. Complexes {Fe10} (1) and {Fe12} (2) are two of the highest nuclearity iron clusters
containing an oximate ligand, while complex 3 is a barrel-like {Mn25Na} complex that exhibits
SMM behaviour. Although there are previously reported examples of discrete {Mn25} barrel-like
SMMs, complex 3 is the highest nuclearity Mn cluster organized into a 1D polymer through
chelation with diamagnetic metal centers.
Chapter 3 includes the synthesis and characterization of new Mn complexes featuring
ligands that result from the metal-assisted reactivity of pyridyl- and pyrazine-based diketones.
Complexes {Mn6} (4) and {Mn10} (5) are the highest nuclearity Mn clusters containing any form
of the ligand 2,6-di-(2-pyridylcarbonyl)pyridine [(py)CO(py)CO(py)]. Despite the large number
of {Mn6} and {Mn10} complexes reported in the literature, both complexes 4 and 5 possess
unique topologies in their respective oxidation state levels. Complex {Mn3Na2} (6) possesses a
ii

unique metal stoichiometry and is the only compound containing any form of the ligand
pyridine-2,6-diylbis(pyrazine-2-ylmethanone) [(pz)CO(py)CO(pz)]. More interestingly, complex
6 contains the first {MnIII3(μ3-O2−)}7+ triangular core where the Mn centers are solely bridged by
an oxido group, essentially being a unique ‘edge-naked’ equilateral triangle.
In Chapter 4, the synthesis and characterization of complexes bearing the ligand 3hydroxy-2-naphthohydroxamic acid are presented. The {Mn10} complexes 7 and 8 are the
highest nuclearity 3d-metal and the first homometallic Mn clusters containing the hydroxime
form of the ligand. Both compounds possess unique metal topologies, which are affected by the
nature of the carboxylate ligand present in the reaction mixture, and they behave as SMMs. The
use of 3-hydroxy-2-naphthohydroxamic acid in Mn/Dy cluster chemistry has afforded the
{Mn4Dy} complexes 9 and 10, as well as a family of {Mn8Dy2} complexes (11 and 12). These
compounds are the first Mn/Dy complexes containing this particular hydroxime ligand and they
also possess unique metal stoichiometries and topologies. The reported heterometallic products
resulted from our efforts to deliberately replace the divalent Mn atoms located in 7 and 8 with
DyIII as a means of enhancing the magnetic properties of the former. Complexes 11 and 12 were
found to be single-molecule magnets.
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CHAPTER 1: Introduction

1.1. Magnetic Materials and Single-Molecule Magnets

Magnets are found in many aspects of our daily lives. They are used in switches,
computer hard drives, credit/debit/ATM cards, televisions, audio devices, motors, and highly
specialized instruments such as medical MRI equipment, among many others. 1 These magnets
are of the classical bulk type. They are inorganic network solids (amorphous materials) whose
magnetic behaviour, which is ‘atom-based’, arises from the presence of unpaired electrons in the
d-orbitals of transition metals or the f-orbitals of lanthanides. The spins of these electrons interact
in three dimensions, often through direct bonds between the spin carriers. These amorphous
materials are usually made by high-temperature metallurgical methods. Examples include metals
(Fe, Co, Ni), heterometallic materials (SmCo5 and Nd2Fe14B), and some metal oxides (Fe2O3,
Cr2O3).2 Until recently, classical magnets were the only types employed for technological
applications. As technology and industries call for greater miniaturization, smaller devices and
more digital information storage in a computer hard drive, the need for smaller and smaller
magnets increases.3 The ability of a single molecule to function as a magnet is thus of great
importance and the development of such compounds is an unavoidable step for further
technological advancements. As a result, basic knowledge regarding magnetism is important.
Magnetism arises from the motion of electrons, which gives rise to two forms of angular
momentum: spin angular momentum, S, and orbital angular momentum, L.4 The motion of each
electron induces a small magnetic moment. The vector sum of these individual magnetic
1

moments of electrons within an atom leads to the overall magnetic moment of the atom. In the
atomic and molecular scale, two types of magnetic phenomena may be observed: diamagnetism
and paramagnetism.
The contribution of diamagnetism and paramagnetism to the overall magnetic behaviour
is given by the equation 1.1, where χD and χP represent the diamagnetic and paramagnetic
susceptibilities, respectively, and χ accounts for the overall magnetic susceptibility.4
𝝌 = 𝝌𝑫 + 𝝌𝑷

(1.1)

Magnetic susceptibility, χ (dimensionless), describes the magnetization, M, of a species in the
presence of an external magnetic field, H, as shown in equation 1.2.4,5
𝝌=

𝑴
𝑯

(1.2)

Susceptibility can be converted to mass susceptibility, χg (cm3 g-1), or molar susceptibility, χM
(cm3 mol-1). Molar susceptibility is the measure of susceptibility most commonly used.
When χD dominates, diamagnetism is observed.6 When χP dominates over χD,
paramagnetism becomes the dominant phenomenon. Diamagnetism is due to the presence of
paired electrons in atomic or molecular orbitals. The magnetic moments of paired electrons
within an orbital cancel each other out, giving a net magnetic moment of zero for paired
electrons. Diamagnetism is always present, even when paramagnetic behaviour dominates.
Diamagnetism results in a slight repulsion of a substance from an applied magnetic field. It is a
temperature independent behavior exhibited by all atoms and molecules containing at least one
pair of electrons. Paramagnetism results from the presence of one or more unpaired electrons in
an atomic or molecular orbital, which gives rise to a net magnetic moment, or spin.

2

Paramagnetism results in an attraction of a substance by an applied field, and is typically
temperature dependent.
In some cases, systems with a diamagnetic ground state exhibit a weak paramagnetic
behaviour. This paramagnetism is found to be temperature independent (temperature
independent paramagnetism, TIP) and arises from a mixing of the excited states that are not
thermally populated into the ground state.3 The TIP is rather small, often of the same order of
magnitude as the diamagnetism, but of opposite sign. TIP is not only exhibited in compounds
with a diamagnetic ground state. The coupling of a magnetic ground state with non-thermally
populated excited states can also give a weak temperature-independent contribution, which then
superimposes to the dominant temperature-dependent contribution that arises from the ground
state.5
Bulk magnetism refers to the cases of bulk samples that contain multiple paramagnetic
centers (atoms or molecules) with interacting spins. Magnetic susceptibility studies shed light on
the magnetic behaviour of a species. Four main types of bulk magnetism can be considered:
paramagnetism, ferromagnetism, antiferromagnetism and ferrimagnetism (Figure 1.1).5

Figure 1.1. Different forms of magnetism exhibited in bulk magnetic materials.5

3

Paramagnetism in a bulk solid occurs when the spins of the paramagnetic atoms or
molecules do not interact, but are randomly oriented.6 In the absence of an external magnetic
field, a paramagnetic species will have no net magnetic moment. When an external field is
applied, the spins of the atoms or molecules will align with the applied field, resulting in a weak
attraction. The molar susceptibility of a paramagnetic material is both temperature dependent and
field dependent.
The temperature dependence of χM is described by the Curie law, as shown in equation
1.3, where NA is the Avogadro number, g is the Landé g-factor, μβ is the Bohr magneton, kB is the
Boltzmann constant, T is the temperature, and S is the spin quantum number which is equal to
half the number of unpaired electrons.7

𝝌𝑴 =

𝑵𝑨 𝒈𝟐 𝝁𝜷 𝟐
𝟑𝒌𝑩 𝑻

𝑺(𝑺 + 𝟏)

(1.3)

Equation 1.3 can be further simplified to equation 1.4, where C is the Curie constant in units of
cm3Kmol-1. Equation 1.4 displays the inverse relationship between χM and T for a paramagnetic
material.5
𝝌𝑴 =

𝑪
𝑻

(1.4)

The magnetization of a paramagnet is also field-dependent. At small fields (under
constant temperature, T), there is a linear relationship between magnetization, M, and magnetic
field, H. This is given by M = χH (equation 1.2 and Figure 1.2).8

4

Figure 2.2. Plot of magnetization (M) vs. magnetic field (H) for a paramagnetic material.
Reproduced from reference 8.

At larger magnetic fields and as the field strength increases, M plateaus, approaching its
saturation value, MS, which is given by equation 1.5a.5
𝑴𝑺 = 𝝁𝜷 𝑵𝑨 𝑺𝒈

(1.5a)

By rearranging equation 1.5a we obtain:
𝑴𝑺
𝝁𝜷 𝑵𝑨

where

𝑀𝑆
𝜇𝛽 𝑁 𝐴

= 𝑺𝒈 = 𝒏

(1.5b)

is the “reduced magnetization” and “n” is the number of unpaired electrons in the

atom or molecule. The spin ground state, S, of a paramagnetic species can be determined by
using the value of saturation of magnetization, MS (equation 1.5b).5

5

The other three classes of magnetism (ferromagnetism, antiferromagnetism and
ferrimagnetism), occur only in bulk magnetic materials and involve long-range ordering of
magnetic spins.6 Ferromagnetism in a bulk solid is exhibited when adjacent magnetic spins are
aligned parallel to each other. In the absence of an external magnetic field, a ferromagnetic
species will have a large net magnetic moment. However, ferromagnets usually exist as a group
of domains, with each domain consisting of a number of aligned spins. In the absence of a
magnetic field, the domains are randomly oriented. Thus, although each domain has a net
magnetic moment, the bulk ferromagnet may appear to have a total magnetic moment of zero.9
With the application of an external field, the domains align and the ferromagnet experiences a
strong attraction to the field.5 In antiferromagnets, adjacent magnetic spins of the same
magnitude are aligned antiparallel to each other. The magnetic moments of the adjacent spins
cancel out, leading to a net magnetic moment of zero in the absence of an applied field.10
Ferrimagnetic materials also have an antiparallel arrangement of spins; however the spins of the
spin carriers differ in magnitude, leading to an overall non-zero magnetic moment in the absence
of a magnetic field. Like ferromagnets, ferrimagnets exist in domains, so a bulk ferrimagnet may
also appear to have no magnetic moment in the absence of an external field. In the presence of a
field, the domains align, and the ferrimagnet is attracted by the magnetic field.11 Ferromagnets,
antiferromagnets and ferrimagnets only exhibit long-range ordering below certain temperatures.
Above the Curie temperature, Tc (for ferromagnets and ferrimagnets), and the Néel temperature,
TN (for antiferromagnets), the thermal energy is sufficiently large to overcome the magnetic
order present in the solids.10,11 Above these temperatures, these classes of materials lose their
long-range ordering and they act as paramagnets.

6

Figure 1.3. (left) Plot of susceptibility-temperature, χMT vs. T, for the main types of bulk
magnetic materials. (right) Plot of inverse susceptibility versus temperature, 1/χM vs. T, for
paramagnetic, ferromagnetic, ferrimagnetic and antiferromagnetic materials. Redrawn from
reference 8.

The magnetic behavior can be described as the relationship between magnetic
susceptibility and temperature.5 Paramagnetic materials exhibit an inverse relationship between
𝐶

χM and T, given by the Curie law, 𝜒𝑀 = 𝑇, showing that the plot of the susceptibility-temperature
product, χMT vs. T, is a straight line for paramagnets. Due to their long-range magnetic ordering,
ferromagnets, antiferromagnets and ferrimagnets deviate from this line, as shown in Figure 1.3
(left).8
A plot of inverse susceptibility, 1/χM, vs. T also contains useful information (Figure 1.3,
right).8 An ideal paramagnet exhibits a linear relationship between 1/χM and T, with a slope equal
to the Curie constant, C. Ferromagnets and antiferromagnets deviate from such linear behavior
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due to the interactions between the spins. The observed deviation can be quantified through the
Curie-Weiss law (equation 1.6), where θ is the Weiss constant.12
𝝌𝑴 =

𝑪
𝑻− 𝜽

(1.6)

The sign of the Weiss constant indicates whether the spin-spin interactions are ferromagnetic
(positive θ) or antiferromagnetic (negative θ). The magnitude of the Weiss constant is
proportional to the strength of the interaction.12 Susceptibility data may be fit to the Curie-Weiss
equation for temperatures, T > 5θ.4
Ferromagnetic and ferrimagnetic materials exhibit a property called hysteresis: a historydependence (memory effect) to the magnetic behaviour. A ferromagnetic hysteresis loop (Figure
1.4) is determined by measuring the magnetization, M, of the material as a function of the
applied magnetic field, H.13 In a ferromagnetic material, when all the dipole moments are aligned
in one direction, the material is considered to be saturated since a further increase of the applied
field will not increase the magnetization. The linear extrapolation of the curve back to the M axis
represents the value of magnetization saturation, Ms. As the applied field is reduced to zero,
some dipole moments will remain aligned, and a remnant magnetization (+Mr) is observed. As
the direction of the applied field switches to the opposite direction, all of the dipole moments are
also switched from one direction to the other, and therefore -Ms and -Mr values will be observed.

8

Figure 1.4. Hysteresis loop for a ferro- or ferrimagnet. Redrawn from reference 13.

The direction of the net magnetic moment of adjacent domains differ, but can be aligned
parallel to each other by application of an optimum applied field, termed coercive field (Hcr).14 A
broad hysteresis loop (large Hcr) indicates a ‘hard’ magnet, or a permanent magnet that is a
material which is magnetized in the presence of a magnetic field and retains that magnetization
long after the field is removed.14 A narrow hysteresis loop (small Hcr) suggests a ‘soft’ magnet.
Hysteresis is a desirable quality of a magnetic material for device applications because it confers
a bistability or magnetic memory, meaning that at the same field a species with hysteresis can
exist in either one of the two magnetic states.13
A single magnetic center with n unpaired electrons will have a ground state characterized
by S = n/2. The (2S + 1) spin levels associated with this multiplet will be split by low-symmetry

9

components of the appropriate Hamiltonian (crystal field Hamiltonian), and by an applied
magnetic field (Zeeman Hamiltonian).8 The notation ‘crystal field Hamiltonian’ (ĤCF) refers to a
simplified treatment of the spin levels for transition metal compounds, in which the effects of the
donor atoms around the transition metal ions are considered as the only sources of ionic
interactions.15 It is often a good approximation to assume the crystal field spin Hamiltonian to be
a quadratic form of the spin operators (equation 1.7), where D is a real, symmetric tensor.16
Ĥ𝑪𝑭 = Ŝ ∙ 𝑫 ∙ Ŝ

(1.7)

It therefore has three orthogonal eigenvectors. If the coordinate axes x, y, and z are chosen
parallel to these eigenvectors, D is diagonal and equation 1.7 takes the form of equation 1.8,
where Ŝx, Ŝy, Ŝz are spin operators.16
Ĥ𝑪𝑭 = 𝑫𝒙𝒙 Ŝ𝟐𝒙 + 𝑫𝒚𝒚 Ŝ𝟐𝒚 + 𝑫𝒛𝒛 Ŝ𝟐𝒛

(1.8)

The physical properties are not changed if a constant is subtracted from a Hamiltonian. 17 By
1

1

subtracting (2) (𝐷𝑥𝑥 + 𝐷𝑦𝑦 )(Ŝ2𝑥 + Ŝ2𝑦 + Ŝ2𝑧 ) = (2) (𝐷𝑥𝑥 + 𝐷𝑦𝑦 )𝑆(𝑆 + 1) we are led to equation
1

1

1

1.9a, where 𝐷 = 𝐷𝑧𝑧 − (2) 𝐷𝑥𝑥 − (2) 𝐷𝑦𝑦 and 𝐸 = (2)(𝐷𝑥𝑥 − 𝐷𝑦𝑦 ).
Ĥ𝑪𝑭 = 𝑫Ŝ𝟐𝒛 + 𝑬(Ŝ𝟐𝒙 − Ŝ𝟐𝒚 )

(1.9a)

Following subtraction of the constant 𝐷𝑆(𝑆 + 1)/3 from equation 1.9a we obtain
equation 1.9b, where D and E are the axial and rhombic (or transverse) zero-field splitting
parameters. The D parameter corresponds to the axial anisotropy (easy axis-type), while E refers
to the transverse (hard plane-type) anisotropy.18
𝟏

Ĥ𝑪𝑭 = 𝑫 [Ŝ𝟐𝒛 − (𝟑) 𝑺(𝑺 + 𝟏)] − 𝑬(Ŝ𝟐𝒙 + Ŝ𝟐𝒚 )

(1.9b)
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D becomes zero when Dzz = Dxx = Dyy, i.e. in a cubic symmetry. In the case of axial symmetry,
Dxx = Dyy, and as a result E = 0. This leads to Ĥ𝐶𝐹 = 𝐷Ŝ2𝑧 according to the equation 1.9a. Thus, in
axial symmetry, only the D parameter is needed to express the energies of the (2S +1) spin
levels.19 The effect of the Hamiltonians 1.9a and 1.9b is relative to the splitting of the (2S + 1)
levels even in the absence of an applied magnetic field.16
These properties are valid if |E| is sufficiently smaller than |D|. The limit of its variation is
usually according to -1/3 ≤ E/D ≤ +1/3. E/D is the rhombic distortion factor.16 If E/D varies in a
1

larger range, this is equivalent to renaming the reference axes. From 𝐷 = 𝐷𝑧𝑧 − (2) 𝐷𝑥𝑥 −
1

1

𝐷

𝐷

(2) 𝐷𝑦𝑦 and 𝐸 = (2) (𝐷𝑥𝑥 − 𝐷𝑦𝑦 ) it can be derived that: 𝐷𝑥𝑥 = − 3 + 𝐸, 𝐷𝑦𝑦 = − 3 − 𝐸,
𝐷𝑧𝑧 = 2𝐷/3. For E/D = 1/3, Dxx = 0, Dyy = −2D/3, Dzz = 2D/3 and the splitting between the
three components is maximum (maximum rhombic splitting).19 At E/D = 1, Dxx = Dzz = 2D/3
and Dyy = −4D/3. The x and z components are identical to each other, meaning that the system is
now axial with “y” as the unique axis. D can be positive or negative. A positive D corresponds to
easy-plane magnetic anisotropy.19 A negative D corresponds to easy-axis type magnetic
anisotropy and, in this case, E corresponds to hard-plane magnetic anisotropy.19 For a moleculebased magnet, and particularly for an SMM (vide infra), it is important for E/D to be as small as
possible, so that the axial anisotropy can remove the degeneracy of the spin microstates.
Therefore, axial distortion of the coordination geometry of the metal ion is favored in the design
of transition metal-based SMMs, such as the Jahn-Teller distortion in distorted octahedral MnIII
ions (vide infra).20
In polymetallic transition metal complexes there is no bonding between the metal ions,
thus no direct metal-metal interactions are involved. Thus, these molecular compounds can be

11

considered as collections of mononuclear species linked by bridging groups. There are indirect
metal-metal interactions through these bridging groups. If some of the mononuclear components
have unpaired electrons, then there is a possibility for indirect interactions in which the unpaired
electron spins may become paired or parallel to each other.21
The unpaired electrons of each paramagnetic metal center are assigned to orbitals which
are called magnetic orbitals.16 The magnetic orbitals are the singly occupied molecular orbitals
(SOMO) of the magnetic centres. If the magnetic orbitals of two or more metal ions are
orthogonal to each other, the spins of the electrons will be parallel to each other (ferromagnetic
coupling), while if the magnetic orbitals have a non-zero overlap the spins will tend to orient
antiparallel to each other (antiferromagnetic coupling).22 In the absence of any metal-metal
interaction, the unpaired electrons in any given metal are centered on the metal ion but they are
partially delocalized towards any bridging and/or terminal ligands surrounding it.5 The weak
coupling between the unpaired electrons of the individual metals in polynuclear compounds
leads to low-lying excited states which can be populated at different temperature.4 Such magnetic
interactions are sometimes called superexchange because of the relatively large distances
between the paramagnetic metal ions.16 The superexchange mechanism is dominant in
polynuclear metal complexes since the geometry of the bridging groups forces the interacting
metal ions to remain at a non-bonding distance. Superexchange magnetic interactions are the
interactions that occur through diamagnetic bridging ligands. Superexchange was proposed by
Hendrik Kramers in 1934,23 when he noticed that in crystals of MnO there are Mn atoms that
interact with each other despite having nonmagnetic oxygen atoms between them.
Recall that if the two next-to-nearest neighbor metal ions are connected at 90° to the
bridging non-magnetic donor atom of the bridging ligand (orthogonality), then the interaction
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can be ferromagnetic.24 Orthogonal localized orbitals are frequently used. They can be obtained
from the molecular orbitals. A given pair of molecular orbitals is formed by linear combinations
of the two atomic orbitals. There are two types of orthogonality: strict and accidental. In the
former case the orthogonality is strict based on the fact that the orbitals transform as different
irreducible representations of the symmetry group adapted to the system.25 This strict
orthogonality is more easily achieved when the two interacting magnetic centers are not
identical.26 It has been also seen that if neighboring metal ions are ideally bridged by oxygen
donor atoms at angles close to 90°, accidental orthogonality of the interacting magnetic orbitals
results in ferromagnetic coupling.27 This is particularly true if the eg orbitals of the transition
metal ion are the magnetic orbitals.28
There are also spin polarization mechanisms which contribute to the magnetic coupling,
as seen in many organic radical-based magnets.29 The spin polarization phenomenon arises from
the different exchange interaction between the unpaired electron in the singly occupied
molecular orbital (SOMO) with the (i) ‘spin up’ and (ii) ‘spin down’ electrons in the fully
occupied molecular orbitals (FOMO). The electron-electron repulsion between the unpaired
electron of spin (i) of the SOMO with (i)-spins in the FOMOs will be less than the repulsion
between the SOMO (i)-spin and the corresponding (ii)-spins in the FOMOs. In order to minimize
this electron-electron repulsion the FOMOs’ (ii)-spins try and adopt regions of space not
occupied by the SOMO (i)-spin. As a result, the (i) and (ii) spins have slightly different spatial
distributions. The total spin density distribution is the difference between the total (i)- and (ii)spin distributions and often leads to negative spin density accumulating in regions where the
SOMO (i)-spin has no contribution. The basis of this mechanism is that when a region of
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negative spin density in one molecule overlaps with a region of positive spin density in another
molecule, a ferromagnetic coupling should be expected.
An additional type of magnetic interaction is observed in the case of mixed-valence
systems and it is called the double exchange mechanism or spin-dependent delocalization.30 A
typical example is provided by the manganite-type solids, where MnIII and MnIV ions are present.
In mixed-valence compounds the valences may be trapped, partially or totally delocalized.
Generally, these cases are referred to as Class I, II, and III according to the Robin and Day
classification, respectively.31 Class I corresponds to the situation where a well-defined charge
can be assigned to each metal. In Class III, which is the complete delocalized case, one or more
electrons hop rapidly from one metal center to the other, while Class II is an intermediate case
between the other two. Class I is not particularly appealing and the magnetic properties of the
mixed-valence pairs are qualitatively similar to the properties of similar pairs. In Class II and
Class III compounds it is necessary to take into account the additional contribution coming from
the delocalization of one unpaired electron, which is rapidly hopping from one center to the
other.31 The double exchange interaction doubles the number of states as compared to the
trapped case. In fact, one has to take into account the case where the hopping electron is on the
right or left center, respectively. The mechanisms responsible for the magnetic coupling were
first introduced by Anderson and organized later on in set of rules by Goodenough and
Kanamori.32 These rules were further developed, improved and increased in number by several
chemists, theoretical scientists, physicists and magnetochemists, in order to take into account the
large number of different cases which have been reported in the last 30 years.16
The interaction between two S = 1/2 metal ions leads to two molecular states: a singlet
and a triplet separated by an energy gap, J (in cm-1).21 This singlet-triplet gap can be expressed as
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a sum of two components: a positive ferromagnetic term, JF, and a negative antiferromagnetic
contribution, JAF (equation 1.10a).21
𝑱 = 𝑱𝑭 + 𝑱𝑨𝑭

(1.10a)

𝑱𝑭 = 𝟐𝒋

(1.10b)

𝑱𝑨𝑭 = −𝟐𝑺(∆𝟐 − 𝜹𝟐 )𝟏/𝟐

(1.10c)

Using the equations 1.10b and 1.10c, the JF and JAF terms can be related to j, S, Δ and δ
terms, where j is the two-electron exchange integral, S is the overlap integral between two
magnetic orbitals, Δ is the energy gap between the two molecular orbitals constructed from the
magnetic orbitals for the triplet state, and δ is is the energy gap between the two (unmixed)
orbitals. If the two metals are the same, then δ = 0 and JAF = -2ΔS. The simplest situation is when
the relative orientation of the magnetic orbitals on the two metals is unfavorable towards any
interaction, i.e. JF = JAF = 0 and the overlap density, ρ, is negligible.5 In this case, the magnetic
properties of the metal dimer are simply those of the separate mononuclear fragments. Another
case occurs when the interacting magnetic orbitals are orthogonal, thus corresponding to a
ferromagnetic system.5 In this case S = 0, although ρ ≠ 0. This means that JAF = 0 and the
experimentally observed J is equal to JF. The most common situation occurs when the JAF
component predominates, leading to an overall antiferromagnetic behaviour.21
Equations 1.7-1.9 referred to the crystal field Hamiltonian. This implies a simplified
treatment of the spin levels of the transition metal compounds, in which the effects of the donor
atoms around the transition metal ions are considered as the only sources of ionic interactions.33
Bethe coined the term Crystal Field in 1929,34 but the physical assumption of a purely ionic
interaction between the metal ion and the ligand was soon found to be unrealistic, and the basic
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crystal field theory evolved to ligand field theory.35 Ligand field theory assumes that the effect of
the ligands can be described as an electrostatic one, which can be represented by either a
negative point charge or a point dipole. The electrons of the metal ions will try to avoid the
region of space where the negatively charged ligands are. Therefore, in an octahedral complex,
the orbitals dx2–y2 and dz2, which point to the ligands, will have higher energies than the dxy, dxz,
and dyz orbitals. The result of orbital splitting is also obtained on the basis of symmetry
considerations. In octahedral symmetry, the dx2–y2 and dz2 orbitals span the irreducible
representation eg of the group Oh, while the dxy, dxz, and dyz orbitals span t2g, and therefore must
have different energies. The d orbitals of the metal ion are allowed to interact with a linear
combination of the ligand orbitals. The σ orbitals span the eg irreducible representation of the
group Oh and therefore they will couple with the corresponding orbitals of the metal, giving a
combination of bonding and antibonding orbitals. Since the ligand orbitals lie lower in energy
than the metal orbitals, the antibonding combination has a higher metal contribution. The π
orbitals of the ligands span the t2g representation, and similar considerations can be worked out.
Since the π interaction is weaker than the σ one, the antibonding t2g∗ orbitals lie lower in energy
than the eg∗ ones, in qualitative agreement with the ligand field theory.36
In order to describe the energy levels of the paramagnetic metal ions using the ligand
field theory, the complete Hamiltonian shown in equation 1.11 must be taken into
consideration.16
𝑯 = 𝑯𝒆𝒍−𝒆𝒍 + 𝑯𝑳𝑭 + 𝑯𝑺𝑶

1.11

Hel−el is the Hamiltonian relating to the electron–electron repulsion, HLF is the Hamiltonian
relating to the ligand field interaction, and HSO is the Hamiltonian relating to the spin-orbit
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coupling interaction. The three terms described in equation 1.11 are related to the spin
multiplicity, the quenching of the orbital angular momentum, and the anisotropy, respectively.37
The two Hamiltonians relative to electron–electron and ligand field interactions are of
comparable energies for transition metal ions, while the spin–orbit coupling is substantially
smaller, and often it is considered as a perturbation. Things may be different for heavy transition
metal and rare earth elements.38 In the case of transition metals, the spin value, S, is a good
quantum number and the states can be labelled as

2S+1

Γγ, where S is the spin quantum number,

and Γγ are the labels of the irreducible representation of the point group symmetry of the
molecule induced by the orbital component.8 In fact it has been the extensive use of symmetry
which has determined the great success of ligand field theory. In spherical symmetry the electron
states are labelled using the total spin, S, and orbital, L, momentum using the Russell–Saunders
formalism, in which the states are labelled as 2S+1L.39
The ground states for octahedral transition metal ions can easily be determined by an
aufbau approach to the various dn configurations.40 It is shown that orbitally non-degenerate
ground states occur for d3 (4A2g), d5 (6A1g), low spin d6 (1A1g) and d8 (3A2g), all the others have
either E (doubly degenerate) or T (triply degenerate) ground states. Orbitally degenerate states
are unstable, and two mechanisms may be operative for removing the degeneracy, the JahnTeller effect and/or spin–orbit coupling.16 The Jahn-Teller effect is a consequence of vibronic
coupling, which is enhanced by the breakdown of the Born–Oppenheimer approximation
associated with orbital degeneracy.41 It can be shown that vibronic coupling is operative with the
doubly degenerate E terms; therefore, all the E terms drastically lower their symmetry due to
phonon coupling. In general, the Jahh-Teller distortion of the octahedron is of the tetragonally
elongated type for d4 and d9 systems. The orbital contribution is drastically quenched and the
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magnetic anisotropy is low for the g tensor, but relatively large for the zero-field splitting. A
typical example of Jahn-Teller distortion and its effect on the magnetic anisotropy is shown in
the case of MnIII.16 MnIII is a d4 ion, and therefore in octahedral symmetry it has a ground 5Eg
state, which is unstable due to the Jahn-Teller effect. It is generally observed that the removal of
the orbital degeneracy is performed through a tetragonal elongation, i.e. two donor atoms
lengthen their bonds, and four shorten them. The resulting 5Eg, 5A2g and 5B1g states are typically
well separated from each other, with the 5Eg state lying lowest in energy.8 For T states, the case
is usually different. The states of lowest energy result in a non-zero spin-orbit coupling which
actively works to quench the orbital degeneracy.5 Low-symmetry components, however, can still
be operative. The result is that in general the T states have a very complex magnetic behaviour,
characterized by high magnetic anisotropy.5 A typical example is CoII, which, as a high-spin d7
system, is characterized by a ground 4T1g state.17
In contrast to the ‘atom-based’ magnetism of classical magnets, molecule-based magnets
display magnetic properties intrinsic to the molecules,26c consisting of isolated spin centers that
do not communicate via direct bonding. Molecular magnets may be organic radicals,
coordination complexes, or hybrid organic/inorganic species. They may have unpaired electrons
not only in d- or f-orbitals, but also in σ- and π-molecular orbitals formed from s- and p-atomic
orbitals. The first molecule-based ferromagnet was reported in 1967 and was an organic-based,
zero-dimensional ferromagnet, the compound [Fe(S2CNEt2)2Cl] with TC = 2.5 K.42
Molecule-based magnets have several advantages over classical bulk magnets. Molecular
magnets can be formed using soft chemistry synthetic techniques of organic and coordination
chemistry, an alternative to the harsh conditions (high temperature and pressure) required for the
synthesis of classical magnets.43 These techniques also offer an increased ability to control and
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alter the magnetic properties of a species, because the magnetic properties of the bulk solid
depend on the spatial relationship and co-operative interactions of the spin carriers on a
molecular level. Furthermore, it is proposed that these synthetic methods should allow for the
facile combination of magnetic character with other useful or interesting features, such as
electrical, optical and mechanical properties.7 Molecular magnets tend to be easier to process
than classical magnets, as they are less dense and more soluble. In addition to these synthetic
advantages, many molecule-based magnets exhibit mechanical flexibility, high strength, and
biocompatibility.44 Finally, molecule-based magnetism offers unique opportunities for the
miniaturization of switching, sensing and data storage devices. Such potential is a key towards
further technological advancements, especially when considering Moore’s law.45 This law (or
observation) states that the number of transistors in a dense integrated circuit doubles
approximately every two years. Although the pace of advancement has slowed in recent years,
the significance of device miniaturization remains high. Both bulk and molecule-based magnets
may exhibit the major types of magnetic ordering: antiferromagnetism, ferromagnetism, and
ferrimagnetism. Molecule-based magnets can be classified in several ways, depending on their
magnetic behaviour, the nature of the molecules (organic radicals, coordination complexes, or
hybrid organic/inorganic species) and the dimensionality of the system (0D, 1D, 2D or 3D).44
Single-molecule magnets, or SMMs, are individual coordination complexes (0D species),
which can be magnetized in the presence of an applied magnetic field and retain their
magnetization in the absence of this magnetic field.46 SMMs exhibit slow relaxation of the
magnetization below a certain temperature called the blocking temperature, TB.47 Like
ferromagnets and ferrimagnets, SMMs display magnetic hysteresis. However, unlike
ferromagnets and ferrimagnets, SMMs exhibit their slow relaxation on an individual molecular
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level, rather than as a property of the bulk solid.4 In order to act as an SMM, a compound must
have a bistable electronic ground state.48 A bistable ground state means that the lowest energy mJ
or mS sub-level must exist as a doublet, with the two orientations of that ground state doublet
separated by a large energy, or anisotropy barrier (U). The large barrier traps the magnetic
moment of an SMM in one orientation, preventing rapid relaxation of its magnetization. This
barrier results from the presence of magnetic anisotropy: a directional dependence to the
magnetization.48 In the absence of a magnetic field, the direction in which the spin of a
magnetically anisotropic material spontaneously wants to align is known as the ‘easy axis’.49
Magnetic anisotropy is due to the zero-field splitting (ZFS), which is described by the
parameter, D.16 ZFS refers to the loss of degeneracy of the mS or mJ sub-levels, even in the
absence of an applied magnetic field. The magnitude of the ZFS mainly depends on the presence
of spin-orbit coupling, the coordination geometry of the paramagnetic metal ion(s), the overall
symmetry of the compound, the nature of the coordinated ligands and their donor atoms, and the
crystal packing.50 It is easier to talk about ZFS in terms of 3d transition metals, for which a ‘spin
only’ approximation may often be made. In 3d metals, the magnetic behaviour can be considered
as being solely expressed by means of spin angular momentum, as quenching of orbital angular
momentum is often observed in these cases. The ZFS for a transition metal ion based compound
is primarily due to the coordination environment and molecular symmetry. A transition metal
ion, complex or cluster may thus be described primarily by its total spin quantum number, S, and
by its spin multiplicity, (2S+1). The spin multiplicity is equal to the number of mS sub-levels the
system has, ranging in value from -S to S.5
In the case of a simple system with S = 1, the three mS sub-levels are +1, 0 and -1. If there
is no ZFS, the mS sub-levels are degenerate in the absence of a magnetic field, and are split only
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once an external field is applied due to Zeeman splitting.51 When ZFS is present (D ≠ 0), the mS
sub-levels are not degenerate, even in the absence of an applied field. The energy of each sublevel is given by the equation 1.12.52
𝑬(𝒎𝑺 ) = 𝒈𝝁𝜷 𝑯𝒎𝑺 + 𝑫𝒎𝑺 𝟐

(1.12)

Each mS sub-level is populated by a different number of spins at a given temperature. The
difference between the populations of each sub-level is what gives rise to magnetization in the
sample. Species with large values of S have greater magnetization, because the mS levels are
further apart in energy. If there is no applied field (H = 0), then 𝑔𝜇𝛽 𝐻𝑚𝑆 = 0. In this case, if D
is positive, the mS = 0 is the sub-level which is lowest in energy, while if D is negative, then the
mS = +1 and mS = -1 sub-levels are the lowest in energy (Figure 1.5).8

Figure 1.5. Depiction of the lowest-lying sub-levels when D is positive or negative, and how the
energies of the states change when a magnetic field is applied. Redrawn from reference 8.
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At first we consider the case when D is positive (Figure 1.5, left). When a field is applied,
the mS = -1 state crosses the mS = 0 state and is populated because it is lowest in energy, resulting
in a magnetization of the sample. When the field is removed, the system readily relaxes
(depopulates) from mS = -1 to mS = 0. From the mS = 0 level, the mS = +1 and mS = -1 states can
be equally populated, because at zero field they are degenerate. In the second case, the D is
negative (Figure 1.5, right). When a field is applied, the mS = -1 state loses degeneracy with the
mS = +1 sub-level and becomes populated, thus leading to a net magnetization. When the field is
removed, the system must go through the higher energy mS = 0 state before it can return to the
lower energy mS = +1 state. Thus, when D is negative, there is an energy barrier between -1 and
+1 magnetization states. This energy barrier (U, in units of cm-1 or K) allows the slow relaxation
of magnetization in SMMs to take place. Equation 1.13 is used for the calculation of U and is
valid for integer spin systems; the equation 1.13 takes the form of U = |D|(S2-1/4) when
considering half-integer spin systems.53
𝑼 = │𝑫│𝑺𝟐

(1.13)

Each mS state corresponds to a specific orientation of the magnetization (or projection of
the total spin angular momentum, S) with respect to the easy axis of anisotropy, with a specific
energy.53 The angle of the orientation of the magnetization from the easy axis of anisotropy is the
angle θ (Figure 1.6, top). Equation 1.14 shows the correlation between the microstates mS and the
projection of the spin vector via the θ angle:
𝒄𝒐𝒔𝛉 =

𝒎𝑺
√𝑺(𝑺+𝟏)

(1.14)

By combining equations 1.14 and 1.12 (for H = 0) we obtain equation 1.15,52 which correlates
the energy of each microstate with the θ angle of its spin projection:
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𝑬(𝒎𝑺 ) = 𝑫𝑺(𝑺 + 𝟏)𝒄𝒐𝒔𝟐 𝛉

(1.15)

The alignment of the magnetization -for example in an S = 10 molecular magnet- parallel to the
axis of anisotropy (mS = 10 or -10 in Figure 1.6, bottom right) is energetically preferred.52

Figure 1.6. (top) A diagram showing the projection of the spin vector to the z axis and the
correlation between the microstates, mS, and the angle, θ. (bottom, left) Representation of the
spin projection of the mS states in a 3D spherical fashion, and (bottom, right) a similar plot
showing the quantized orientations of the spin vector of a molecule with S = 10 and D < 0. The
arrows are representations of the spin vectors. Reproduced from reference 52.

The mS = +S and mS = -S states can be thought of as lying on either side of a ‘doublewell’, separated by the energy barrier U.1 Overcoming U by thermal excitation to go from mS = 23

S to mS = +S is the ‘classical’ process by which relaxation of the magnetization occurs.53 A
second mechanism of relaxation involves the phenomenon of quantum tunnelling of
magnetization (QTM), which occurs when magnetization ‘tunnels’ between degenerate mS states
without overcoming the anisotropy barrier.53 Quantum tunnelling is present at low temperatures
when there is significant mixing between energetically degenerate microstates, and results in an
‘effective’ anisotropy barrier, Ueff, which is smaller in magnitude than the anisotropy barrier, U.53
It is desirable that the QTM is non-existent, or very slow, in order for the energy barrier Ueff to be
as high as possible and close to the ideal value of U. In the case of QTM, the magnetization can
relax either through an excited state (thermally-assisted or excited state quantum tunneling) or
via the ground state (ground state quantum tunneling).54

Figure 1.7. (Left) The energies of the microstates of an S = 10 system against the angle, θ, of the
magnetic moment with the z axis. The energies have been calculated by the equation 1.15.
(Right) The energies of the microstates of an S = 10 system against mS, as calculated by the
equation 7 (H = 0). Redrawn from reference 1.
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The field of SMMs started with the study of the two famous single-molecule magnets
[Mn12O12(O2CMe)16(H2O)4], or {Mn12} (Figure 1.8, left),55 and [Fe8O2(OH)12(tacn)6]Br8, or
{Fe8} (Figure 1.8, right).56 The {Mn12} cluster comprises eight MnIII ions (S = 2) and four MnIV
ions (S = 3/2). The {Fe8} cluster consists of eight homo-spin FeIII (S = 5/2) ions that are bridged
by μ3-oxido and μ-hydroxido groups and surrounded by the 1,4,7-triazacyclononane (tacn)
ligands. Both clusters possess an ST = 10 ground state spin value and a significant magnetic
anisotropy. The zero-field splitting parameters, D, were found to be -0.5 cm−1 and -0.2 cm−1 for
{Mn12} and {Fe8}, respectively. These studies revealed that the prerequisites for the observation
of SMM behaviour in transition metal-based clusters are the large ground state spin value and the
large magnetic anisotropy of the easy-axis type, with D being negative and as large as possible.

Figure 1.8. Structures of the {Mn12} (left) and {Fe8} (right) SMMs. Color scheme: MnIII, blue;
MnIV, olive green; FeIII, yellow; O, red; N, green; C, grey. H atoms are not shown for clarity.
Reproduced from references 1 and 56.
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Upon the realization that a tiny -when compared to the sizes of bulk nanoscale materialscoordination complex can behave as a magnet, the research interest of the scientific community
spiked and a large number of SMMs have since been synthesized and reported. The majority are
coordination clusters made by transition metal ions such as manganese, iron or nickel, and oxido
and/or carboxylate ligands.57 The goal of a large ground state spin value can be more easily
achieved by assembling individual metal ions with a large single-ion spin value. For example,
two metal ions, each with an S = 5/2, ferromagnetically coupled will have a ground state of ST =
5, while it will be necessary to assemble a cluster of ten ferromagnetically coupled S = 1/2 metal
ions in order to achieve the same ST value.58
Manganese clusters are often characterized by large spin ground states; this characteristic,
in combination with the Jahn-Teller distortion of high-spin MnIII ions (MnIII: [Ar]3d4) in nearoctahedral geometry which is the source of the single-ion anisotropy, make manganese clusters
ideal candidates for SMM behavior. Thus, it is not surprising that the majority of SMMs are
MnIII-containing complexes of various nuclearities and different structural types, as well as
mixed-valence MnII/MnIII, MnII/III/IV and MnIII/MnIV species.59 Despite this, there is a continuing
need for Mn-SMMs exhibiting new structural types in order to improve our understanding on
this interesting phenomenon and other new physical properties. The paramagnetic nature of iron
in its common oxidation states can often lead to interesting magnetic properties for its
polynuclear complexes, such as high ground state spin values and single-molecule magnetism.60
High-spin FeIII ions have a large number of unpaired electrons ([Ar]3d5, S = 5/2) but they usually
interact strongly and in an antiferromagnetic way, thus cancelling their spins out and yielding
small ground state spin values.58 On the other hand, high-spin FeII ([Ar]3d6) is ideally suited for
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the preparation of SMMs, since it combines a large spin (S = 2) with a significant single-ion
magnetic anisotropy; with the appropriate ligands bridging the FeII centers, ferromagnetic
interactions can be also promoted and high-spin molecules may result.61
Although it has been more than 20 years since the first report of {Mn12} SMM, a major
improvement in the anisotropy barrier of 3d-based SMMs has not been realised. The record
anisotropy barrier for a polynuclear transition metal complex is 60 cm-1 for a {MnIII6} complex,62
similar in magnitude to that of the {Mn12} SMM. Despite the lack of significant improvement,
the large number of clusters reported to date have been vital for the development of SMM
theory, especially with regards to the relationship between the size of the energy barrier, the total
spin ground state and the magnetic anisotropy of the easy axis. Furthermore, the synthetic
strategies used to make these clusters are now finding applications in different fields of
molecular magnetism, such as magnetic refrigerants.63 High-nuclearity metal clusters have the
major advantage of reaching the nanoscale regime via a ‘bottom-up’ rather than a ‘top-down’
approach (vide infra).64
The presence of SMM behaviour is usually determined by performing low-temperature
magnetic measurements using a SQUID or PPMS magnetometer.8 The most common method
involves measuring the susceptibility response of the sample in an oscillating magnetic field,
produced by an alternating current (ac). Usually, the response of the compound to an ac
magnetic field is monitored by using a very small field of ~1-5 Oe in a temperature range of 2-15
K and in the absence of a direct current (dc) field. The driving ac field can normally oscillate in
the frequency range of 5-1500 Hz.1 In an SMM, the anisotropy barrier, U, causes the
magnetization to lag behind the oscillating field, resulting in a phase shift, φ, relative to the
field.65 Ac susceptibility can therefore be separated into two components, the in-phase, or real,
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component, χ′, and the out-of-phase, or imaginary, component, χ″ (equations 1.16a and 1.16b).53
The magnitude of ‘lag’ for a given SMM depends upon the frequency of the oscillating field; the
faster the ac field oscillates, the less opportunity the magnetization has to overcome the
anisotropy barrier and relax.53 For this reason, the fingerprint of an SMM behavior is the
frequency-dependence of the out-of-phase component, usually observed in a plot of χ″ vs. T or χ″
vs. frequency (Figure 1.9, left).66
𝝌′ = 𝝌𝒄𝒐𝒔𝝋

(1.16a)

𝝌′′ = 𝝌𝒔𝒊𝒏𝝋

(1.16b)

Ac susceptibility studies at several oscillation frequencies can be used as a means of
determining the Ueff to magnetization relaxation, because at the χ″ peak maximum the
magnetization relaxation rate (1/τ, where τ is the relaxation time) is equal to the angular
frequency (2πν) of the oscillating ac field.53 Hence, out-of-phase ac measurements at different
oscillation frequencies are a valuable source of relaxation rate vs. T kinetic data that can be fit to
the Arrhenius-type equation 1.17, where τ0 is the pre-exponential factor, a coefficient that
depends on the environment of the individual molecules and k is the Boltzmann constant.66
𝝉 = 𝝉𝟎 𝐞−𝑼𝒆𝒇𝒇 /𝒌𝑻

(1.17)

When the natural log of τ is plotted against the inverse of temperature (lnτ vs. 1/T), the
Ueff is given by the slope of the curve, and the tunneling rate, τ0, is given by exp(y-intercept)
(Figure 1.9, right).67 It is not uncommon for different relaxation pathways to dominate at
different temperature regimes. In addition, several relaxation pathways may contribute to an
overall relaxation process characterized by a single Ueff and τ0.53
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Figure 1.9. (left) Frequency-dependent ac peaks of the χM″ signals of {Mn12}, and (right) the
corresponding Arrhenius-type plot constructed from the peak maxima and their corresponding
temperatures. Reproduced from reference 1.

The appearance of frequency-dependent χ″ ac signals is a good indication of the SMM
behavior of a coordination compound albeit it is not enough alone to confirm the SMM property.
The second method for determining and confirming the presence of SMM behaviour involves the
performance of dc field scans at one or more low temperatures. The field is increased from zero
to a value of +H, and then cycled back from +H to –H and +H again.68 The presence of a
hysteresis loop in the plot of M vs. H (Figure 1.10) indicates the presence of an energy barrier to
magnetization reversal. This phenomenon is mainly temperature dependent; however, other
factors, such as the field sweep rate, may determine the temperature ranges within hysteresis
loops are observed. Very often hysteresis loops are not observed at the operating temperature
limits of the commercial SQUID magnetometers (1.8-400 K), and therefore measurements at
extremely low temperatures (<1.8 K) need to be conducted using a micro-SQUID apparatus.69
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The key parameters used to describe SMM behaviour may be extracted from the magnetic data.
The blocking temperature, TB, can be directly seen as the temperature at which a hysteresis loop
is observed in a plot of M vs. H. It should be noted that TB depends on the measurement sweep
rate, for which there is no standard value, so it can be difficult to compare TB values between
different SMM complexes.68

Figure 1.10. Magnetization hysteresis loops for a single crystal of {Mn12} showing the
temperature dependence at a fixed sweep rate of 4 mT/s. Reprinted from reference 1.

Following the extensive studies of the first {Mn12} and {Fe8} SMMs, and aiming to
maximize the ground state spin values, ST, as a means of enhancing the SMM properties (large
Ueff and higher TB), researchers sought to explore new synthetic ways towards the isolation of
high-nuclearity 3d-metal clusters, by employing mainly MnIII (S = 2, large and negative D
value)59a and FeIII (S = 5/2, small but negative D) ions. Examples of molecules with high-spin
30

values are the [MnII/III/IV25O18(OH)(OMe)(hmp)6(pdm)6(pdmH)6](N3)2(ClO4)6, or {Mn25}, where
hmpH

is

2-(hydroxymethyl)pyridine

and

pdmH2

is

2,6-pyridinedimethanol,

and

[FeIII14O6(OMe)18Cl6(bta)6], or {Fe14}, where btaH is benzotriazole (Figure 1.11).70,71 The
{Mn25} cluster possesses a spin ground state of ST = 61/2 with D = -0.012 cm-1, while the {Fe14}
compound has an ST = 25 and D ~ 0 cm-1, as a result of its high molecular symmetry.

Figure 1.11. Structures of the {Mn25} (left) and {Fe14} (right) high-spin molecules. Color
scheme: MnII, yellow; MnIII, blue; MnIV, olive green; FeIII, red-brown; O, red; N, green; C, grey;
Cl, cyan. H atoms are not shown for clarity. Reproduced from references 70 and 71.

In

2006,

Powell

and

coworkers

reported

the

synthesis

of

the

cluster

[MnII/III19O8(N3)8(HL)12(MeCN)6]Cl2, or {Mn19}, where H3L is 2,6-bis-(hydroxymethyl)-4methylphenol (Figure 1.12).72 The {Mn19} cation possesses an ST = 83/2, the record ground state
spin value for a transition metal cluster to date; the ST = 83/2 ground state is the maximum value
for an entirely ferromagnetic {MnII7MnIII12} system. The cluster topology is clearly supported by
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the presence of bridging alkoxido and azido groups. However, just like the previously mentioned
{Fe14}, the D value of this {Mn19} is negligible due to the high symmetry of the molecule. The
high symmetry led to the Jahn-Teller axes of the individual MnIII ions in the cluster cancelling
each other out. This compound highlighted the importance of a large and negative D parameter
for SMM behaviour.73

Figure 1.12. Structure of the {Mn19} cation. Color scheme: MnII, yellow; MnIII, blue; O, red; N,
green; C, grey. H atoms and the Cl- counterions are not shown for clarity. Reproduced from
reference 72.

Since the report of the {Mn19} high-spin compound, researchers have sought ways to
develop new SMMs through the synthesis of polynuclear 3d-metal complexes with large ST
values, arising from completely ferromagnetically coupled systems. However, in these particular
systems the main drawback is the fact that the anisotropy is much more difficult to design and
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control, compared to oligonuclear compounds (i.e., monomers and dimers), and the resulting D
values tend to be very small, if not negligible.74 A potential solution to this problem is provided
through the use of highly anisotropic 4f-metal ions, such as DyIII and TbIII.68 The interaction of
the ground spin-orbit coupled J state with the ligand field in lanthanides can generate magnetic
anisotropy barriers much higher than these in 3d-metal based systems.65 On the other hand, the
contracted nature of the 4f orbitals results in very weak to negligible intramolecular exchange
interactions in polymetallic LnIII compounds.28 Consequently, in the vast majority of polynuclear
4f-SMMs the magnetic properties and the magnetization dynamics are dominated by single-ion
effects.65 The large single-ion anisotropy of the lanthanides led to the synthesis and study of
single-ion magnets, or SIMs. These compounds contain only one metal ion, in contrast to the
vast majority of reported transition metal SMMs.75 The first reported SIM was a TbIII complex
with two phthalocyanate (Pc-) ligands in a double-decker arrangement, which displayed a record
energy barrier for the magnetization reversal of 230 cm-1.76 This was the first single-metal ion
complex to exhibit SMM behaviour and both the anisotropy barrier and the blocking temperature
were significantly higher than any previously reported transition metal-based SMMs.
Spin-orbit coupling (SOC) lies behind the large magnetic anisotropy of certain lanthanide
ions. SOC is a quantum mechanical phenomenon that arises from the interaction between the
spin of an electron and the orbital within which it is contained.53 These interactions, while
minimal in atoms with smaller mass, becomes an appreciable force in the transition row metals
and higher in the periodic table.28 The SOC parameters always take the form of a term symbol,
according to the formulation

(2S+1)

LJ.77 In this case, S is the total spin angular momentum of the

electrons, L is the total orbital angular momentum and J is the overall angular momentum of the
system itself. The value of S is determined from the sum of the spins of the individual electrons,
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which all possess an ms = ±1/2. The value of L is determined through the sum of the individual
orbital angular momenta. These values are assigned to the free ion and can be determined from
the orbital splitting diagram. In the case of J, there are some requirements regarding the
calculation. If the orbitals of the free ion are less than half-filled, then J = |L - S|. In the opposite
case, J = L + S. The spin part is expressed as a “spin multiplicity” term, (2S+1), which accounts
for the number of spin configurations. While (2S+1) and J can be calculated, L will change based
on its integer value. The form of L will be S, P, D, F, G, H, etc., corresponding to the values of L
= 0, 1, 2, 3, 4, 5, and onwards. There are also different forms of spin-orbit coupling, named firstand second-order spin-orbit coupling.39 First-order SOC describes the interactions of the spin
angular momentum and the orbital angular momentum that occur within the same atom, for
example, a 3d-metal ion. If different metal ions are brought within close enough proximity, there
may be SOC effects between the two different metal ions. This is called second-order spin-orbit
coupling, since it occurs within the second coordination sphere of a 3d- metal as opposed to the
first coordination sphere directly surrounding the metal ion.78
In 3d transition metals, spin-orbit coupling is subordinate to ligand field effects, while
ligand field effects in lanthanide complexes can be regarded as a noticeable perturbation.79 LnSMMs therefore differ fundamentally from transition metal SMMs in the origin of their bistable
ground state. For transition metal SMMs, the total spin S and the ensuing (2S + 1) mS microstates
lead to ground state bistability.16 In contrast, for Ln-SMMs, ground state bistability arises from
the (2J + 1) mJ microstates within the spin-orbit-coupled ground term

(2S+1)

LJ. Simply

considering the number of unpaired electrons yields little insight into the magnetic properties and
dynamics of lanthanide-based SMMs.68 Despite the dominance of spin-orbit coupling over ligand
field effects in lanthanides, the latter must be always taken into consideration for the design of
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new Ln-SMMs with enhanced properties.80 The interaction of the ground spin-orbit coupled J
state with the crystal field generates the magnetic anisotropy barrier separating opposite
orientations of the spin ground state.
In the case of DyIII, the metal ion that has been mostly used in Ln-SMMs. The term
symbol for its spin-orbit coupled ground state is 6H15/2 (S = 5/2; L = 5; J = 15/2) and the ground J
state of the free-ion is sixteen-fold degenerate (2J + 1). It is composed of magnetic microstates,
mJ, with values ranging from +J, J-1, J-2,..., to -J. The projections of the total angular
momentum quantum numbers can be affected differently by the surrounding crystal field,
thereby removing the (2J + 1)-fold degeneracy of the ground state (Figure 1.13).81 This splitting,
in combination with the strong spin-orbit interaction, links the orientation of the spin to the
strength and symmetry of the ligand field. In the absence of a magnetic field, breaking the ±mJ
degeneracy is forbidden for Kramers ions. Thus, DyIII ions will always maintain a degenerate
ground state. The monometallic [Dy(BIPMTMS)2], where BIPMTMSH2 is H2C(PPh2NSiMe3)2,
single-ion magnet possesses the record energy barrier Ueff = 813 K to date (Figure 1.14).82
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Figure 1.13. The (2J + 1) sublevels with quantum number mJ created by the effect of a ligandfield on the 6H15/2 ground state of a DyIII ion. Not all 6HJ states of the DyIII ion are shown. The
sixteen mJ sublevels of 6H15/2 are arranged into eight Kramer’s doublets. Reproduced from
reference 81.

Figure 1.14. Structure of the [Dy(BIPMTMS)2] single-ion magnet. Color scheme: DyIII, yellow;
N, blue; C, grey; Si, light grey; P, purple. H atoms are not shown for clarity. Reproduced from
reference 82.
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Researchers sought to combine the high-spin ground state values of 3d-metal clusters
with the large magnetic anisotropy of the 4f-metal ions in heterometallic 3d-4f SMMs.83 A viable
strategy towards this end is the incorporation of anisotropic LnIII ions, such as DyIII, in MnIIIcontaining complexes in order to modulate the magnetic properties of the latter complexes and
enhance their SMM properties. For example, in the previously discussed {Mn19} cluster, the
MnII ion in the center of the cluster has a rare eight-coordinate environment, much more typical
for trivalent lanthanide ions. Recall that MnII ion has a very small to negligible single-ion
anisotropy.84 Thus, Powell and coworkers reasoned that it should be feasible to selectively
replace this MnII ion with an anisotropic lanthanide ion, utilising its large spin-orbit coupling to
introduce anisotropy into a targeted {Mn18Dy} SMM. Successful implementation of this strategy
led to the isolation and characterisation of the [MnII/III18DyIIIO8Cl6.5(N3)1.5(HL)12(MeOH)6]Cl3, or
{Mn18Dy}, cluster, where H3L is the ligand 2,6-bis-(hydroxymethyl)-4-methylphenol (Figure
1.15). The reported {Mn18Dy} compound contains a central eight-coordinate DyIII, which
introduced uniaxial magnetic anisotropy in the system, and consequently the {Mn18Dy} behaves
as an SMM albeit with a very small energy barrier.85
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Figure 1.15. Structure of the {Mn18Dy} SMM. Color scheme: MnII, yellow; MnIII, blue; DyIII,
purple; O, red; N, green; C, grey; Cl, cyan. H atoms are not shown for clarity. Reproduced from
reference 85.

1.2. Synthetic Routes to High-Nuclearity Fe, Mn and Mn-Dy Complexes

The bottom-up approach represents a successful way towards the miniaturization of
devices through the construction of high nuclearity coordination compounds that can be used for
the design of the new generation of molecular nanoscale devices.86 The bottom-up approach
employs atoms and molecules, which are used for the construction of molecular nanostructures
with the optimized and targeted properties and applications for the desired goal.87 This is in
contrast to the top-down approach which is used to break down bulk materials into nanosized
structures with the preferred properties for their micro-components. Given the relationship

38

between two complementary areas of science, namely the molecular chemistry and materials
science, the bottom-up approach to the nanoscale has been given the name “Molecular
Nanoscience”.88
In Molecular Nanoscience, the use of relatively simple and small in size starting materials
leads to the desired molecules, which are of larger size and complexity in terms of their
structure.89 In this context, Molecular Nanoscience requires synthetic chemists who are able to
construct polymetallic species that exhibit the desired properties, paving the way towards
potential applications. It therefore becomes apparent that for the synthesis of appropriate
molecule-based devices new synthetic strategies and extended methodologies need to be
developed. The bottom-up approach brings to the field of nanoscale materials all the advantages
offered by molecular chemistry. In the majority of the cases, the synthesis of nanoscale
molecular materials is performed under mild conditions and at room temperature. Thus, high
synthetic control can be achieved using these ‘low energy’ conditions, which provide an
enhanced opportunity to make and adjust molecules according to the targeted applications.
Additional advantages that molecular chemistry offers to Molecular Nanoscience89,90 are the
monodispersity, solubility, and crystallinity of the resulting compounds. Furthermore, in each
compound the metal ions are surrounded by a shell of organic groups, as a result of the lowenergy synthetic methods that are used for the synthesis of these materials. Such organic groups
are called ‘ligands’, and typically they possess ‘arms’ and functional groups which can bind to
one or more metal ions. This shell can be post-synthetically modified by standard solution
chemistry methods. The ability to vary these organic groups via targeted modification provides a
means of adjusting important properties of the molecule, such as solubility, purity and
crystallinity which allows for the growth of single-crystals suitable for X-ray diffraction studies.
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In a single-crystal of a molecular material, the constituent molecules are arranged in an orderly
repeating pattern that extends in all three dimensions (Figure 1.16).91 Thus, all the molecules in
the crystal display the same response to an external stimulus, such as an applied magnetic field,
pressure, or light. Crystallization of traditional nanoparticles is extremely difficult to achieve and
usually requires excessive amounts of energy (i.e., high temperatures and pressures).92 Finally,
the molecules in the crystal are well-separated due to the presence of the peripheral organic
groups, which prevent close contact of the neighboring molecules and do not allow significant
intermolecular interactions to dominate. This protection provided by the organic shell also
minimizes effects commonly observed in traditional nanoparticles, including surface variations,
roughness, defects, etc.
As a result of all the above advantages, it becomes obvious that there is a constant need
for new molecular materials with nanosized structures and improved, or even new, properties
than the ones seen to date from the bulk and traditional materials of the top-down approach. In
the case that the interest is focused on the magnetic properties, and consequently into the area of
molecule-based electronics,93 then the desired nanoscale molecular compounds may be
constituted of many paramagnetic metal ions surrounded and linked by flexible and
multifunctional bridging ligands. These high nuclearity metal species are known as polynuclear
metal complexes, and their synthesis and applications have become the center of intense research
of a large number of research groups worldwide.88,89
Polynuclear metal complexes or “coordination clusters”, or simply “clusters”, are
molecular species containing a large number of metal ions (Mn+; “n” varies).94 For the synthesis
of this type of compounds, the use of both bridging and terminal ligands is required by synthetic
chemists. Polydentate bridging organic ligands are necessary for the aggregation of metal ions
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into high-nuclearity products with unpredictable structures and novel topologies. On the other
hand, terminal ligands are employed to block the extensive polymerization in order to isolate
zero-dimensional structures and avoid the isolation of multi-dimensional polymers. In most of
the cases, the organic molecules can also act as chelating ligands, thus providing thermodynamic
stability and crystallinity to the resulting polymetallic complexes. The metal ions are mostly in
moderate-to-high oxidation states and they are considered, according to the HSAB (Hard and
Soft Acid and Base)95a principle, as relatively hard acids. Therefore, they prefer binding to
ligands that are moderate-to-hard bases; these metal cluster compounds are frequently bridged by
elements of the p-block such as oxygen bridges. Any type of exchange interactions (magnetic,
electronic, etc.) between the spin carriers is propagated through the orbitals of the bridging
ligand(s). These compounds are different from the metal-metal bonded complexes,95b which are
also termed “clusters” by many research groups.88,89

Figure 1.16. A three-dimensional, ordered array of monodisperse, identically oriented molecules
within a crystal. Each molecule comprises three dysprosium atoms (yellow) connected by
oxygen (red) atoms and surrounded by organic groups (grey). Reproduced from reference 91.
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For the nanoscale regime to be reached, the size of molecular clusters needs to be
increased. The size of a metal cluster is closely related to its nuclearity, and it increases as the
nuclearity increases. To date, the largest molecule-based clusters synthesized by bottom-up
strategies are of the same order of magnitude as the smallest classical nanoparticles fabricated by
top-down approaches.96 Still though, the synthesis and crystallization of such species is a
challenging task for coordination, inorganic, and structural chemists. Christou,97 Winpenny,98
Brechin,99 and others,100 have shown that 3d-metal clusters can indeed reach the size regimes of
small nanoparticles, and apart from their architectural beauty, they can also exhibit interesting
physicochemical properties.101 Record nuclearities for homometallic manganese clusters to date
are the {Mn84}102 (Figures 1.17) and {Mn70}103 (Figure 1.18, left) compounds with similar toruslike structures, and the {Mn44} cage with a loop-of-loops topology (Figure 1.18, right).104 With a
diameter of ~4.2 nm, the {Mn84} torus is of comparable size to the smallest nanoparticles and
represents the long-sought bridge between the molecular and nanoscale regimes. In
homometallic FeIII and heterometallic 3d/4f-metal cluster chemistry, the records in size are held
by the cubic cage-like {Fe64}105 (Figure 1.19, left) and the rectangular-shaped {Ni76La60}106
(Figure 1.19, right) clusters reported by Gao and Zheng, respectively.
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Figure 1.17. (left) Structure of the {Mn84} torus-like cluster. (right) Space-filling representations
showing that the torus has a diameter of about 4.2 nm and a thickness of about 1.2 nm, with a
central hole of diameter 1.9 nm. Hydrogen atoms have been omitted for clarity. Color scheme:
MnIII, blue; O, red; C, grey. Reproduced from reference 102.

Figure 1.18. (left) Structure of the {Mn70} torus-like cluster. (right) Structure of the anion of the
{Mn44} loop-of-loops. Hydrogen atoms have been omitted for clarity. Color scheme: MnII,
yellow; MnIII, blue; O, red; N, green; Cl, cyan; C, grey. Reproduced from references 103 and
104, respectively.
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Figure 1.19. (left) Structure of the {Fe64} cationic cubic cluster. (Right) Structure of the cation
of the {Ni76La60} rectangular cluster. Hydrogen atoms have been omitted for clarity. Color
scheme: FeIII, yellow; NiII, green; LaIII, purple; O, red; N, blue; C, grey. Reproduced from
references 105 and 106, respectively.

A number of new synthetic routes have been developed over the last 20 years as a result
of efforts to prepare new polynuclear Mn complexes. Most of them are based on serendipitous
assembly, while some are focused on targeted synthesis. Some synthetic methods include the use
of an alcohol as a reaction solvent, either by itself or as a mixture with other solvent media.
Alcoholysis can occur under such conditions, and the alcohol can thus serve not only as a
reaction solvent but also as a source of alkoxido bridging ligands and even as a reducing
agent.107 By using an alcohol as a solvent, formation of Mn clusters from the use of simple metal
salts can take place in the presence of an organic chelating/bridging ligand,108 while alcoholysis
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of preformed Mn clusters can also lead to new species.102,109 Taking into account the rich redox
chemistry of manganese, the “reductive aggregation” procedure is also employed and this
involves the reduction of MnO4- species in a mixture of an alcohol with a carboxylic acid and the
subsequent aggregation of the resulting Mn ions into a molecular cluster compound.110 Other
types of synthetic methods, which do not necessarily include the use of an alcohol as a solvent,
are (i) the comproportionation of MnII and MnVII ions, by usually employing a MnII source and
MnO4- ions in a suitably chosen ratio, in order to afford Mn III or mixed-valence MnIII/IV
clusters,111 and (ii) disproportionation reactions, utilizing MnIII-containing sources.112 If the Mn
source is a preformed cluster, aggregation of clusters of smaller nuclearity (also named ‘building
blocks’) to higher nuclearity species can be achieved with the help of an appropriate
chelating/bridging ligand to connect the smaller clusters into higher nuclearity products.113 On
the other hand, the fragmentation of higher nuclearity clusters to compounds of smaller
nuclearity can be facilitated by the presence of a ligand that will stabilize the smaller
fragments.114 A less straightforward technique is the electrochemical oxidation of a preformed
Mn species via controlled potential electrolysis procedures, which results in the formation of new
products with different physicochemical properties than the parent compounds.115 In attempts to
establish control over the synthesis of magnetically interesting MnIII-containing clusters,
reactions involving ligand substitution on preformed species have also been reported.116 Finally,
the most common synthetic approach to obtain MnIII-containing products is through the
spontaneous oxidation of simple MnII starting materials in the presence of atmospheric oxygen
and a carefully chosen organic chelating/bridging ligand.117
Since iron is a less redox-active metal compared to manganese, and it is particularly
stable in the +3 oxidation state under ambient conditions, the synthetic strategies employed for
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the isolation of polynuclear Fe complexes are less in number and simpler. Fe III clusters are
formed through reactions involving simple metal salts and an organic chelating/bridging
ligand,118 alcoholysis of preformed FeIII clusters,119 and the aggregation of smaller nuclearity
clusters.120 An example is shown in Figure 1.20, in which two [Fe3(μ3-O)]7+ units contained in
the starting material [Fe3O(O2CBut)6(H2O)3](OH) are bridged via two edteH3− ligands (edteH4 =
tetrakis(2-hydroxyethyl)ethylenediamine)

to

form

the

hexanuclear

complex

[Fe6O2(O2CBut)8(edteH)2].121,122

Figure 1.20. (left) Structure of the cationic complex [Fe3O(O2CBut)6(H2O)3]+, containing an
[Fe3(μ3-O)]7+ core. (right) Structure of the cluster [Fe6O2(O2CBut)8(edteH)2], containing two
[Fe3(μ3-O)]7+ units that are bridged through the alkoxido arms of the edteH3− ligands. Hydrogen
atoms have been omitted for clarity. Color scheme: FeIII, yellow; O, red; N, blue; C, grey.
Reproduced from references 122 and 121, respectively.
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As with many polynuclear homometallic complexes, the synthesis of heterometallic
Mn/Dy clusters with new structures and interesting properties most often follows the process of
serendipitous assembly, involving the use of simple manganese and dysprosium salts in the
presence of various different chelates.123 In the last few years, the targeted substitution of a
manganese ion by a lanthanide one in a known transition metal cluster has been successfully
developed and established. This method has led to the isolation of Mn/Dy complexes, where the
position of the lanthanide ion could be predicted at the synthesis step. The first example of this
synthetic route was the {Mn18Dy} complex, already mentioned in section 1.1. In a more recent
example, Sañudo and coworkers employed the ligand 3,5-di-tert-butylsalicylic acid (saloH2) in
Mn

coordination

chemistry

and

they

were

able

to

isolate

the

complex

[Mn7(OH)3(C5H12NO)2(C5H13NO)(salo)6(saloH)3] that consists of 1 MnII and 6 MnIII ions
(Figure 1.21, left).124 The compound contains a central MnII ion, which is coordinated to eight
oxygen atoms, and the shortest Mn-O distance is close to 2.3 Å. This coordination environment
is much better suited for a larger oxophilic ion, such as DyIII. By modifying the reaction
conditions,

the

authors

have

successfully

isolated

the

desired

complex

[Pr2NH2]3[Mn6DyO3(OMe)3(salo)6(saloH)3] (Figure 1.21, right).125 In order to substitute a 3dmetal for a lanthanide ion in a known complex there must be a metal site that is appropriate for
the lanthanide. This is not straightforward and there are not many examples in the literature
where controlled substitution is reported.
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Figure 1.21. (left) Structure of the {Mn7} cluster. (right) Structure of the anion of the {Mn6Dy}
cluster. Both complexes bear the organic chelating/bridging ligand saloH2 in conjunction with
oxido and alkoxido groups. Hydrogen atoms have been omitted for clarity. Color scheme: Mn II,
yellow; MnIII, blue; DyIII, purple; O, red; N, green; C, grey. Reproduced from references 124 and
125, respectively.

The term “serendipitous assembly”, which was mentioned earlier, accounts for the lack of
a systematic control in the synthesis of polynuclear metal complexes with metal ions in moderate
to high oxidation states.126 In these synthetic procedures, simple metal salts or preformed small
clusters (trinuclear or tetranuclear, mainly containing carboxylate ligands) react with multitopic
ligands under a variety of conditions.88,127 To date, serendipitous assembly is the dominant tool
and the vast majority of polymetallic complexes with interesting physical properties have been
created utilizing this route. This is because the accurate prediction of the physical properties of a
given molecule is extremely difficult, and designing molecules is only possible when working
with predictable metal-ligand combinations. The main principle of serendipitous assembly relies
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on the creation of a mismatch between either the number or the type of coordination sites
available on a single metal ion, as well as the nature of the donor atoms supplied by the ligand.
Polycarboxylic acids, such as nitrilotriacetic acid and its derivatives, have been used by Powell
and Heath for the synthesis of new metal complexes.128 In such ligands the disposition of the
donor atoms make it impossible for all of them to bind to a single metal ion. Thus, the formation
of a polymetallic compound is favored. In such polynuclear complexes the metal ions are
bridged by the organic ligand. The degree of metal binding can be elegantly controlled through
pH adjustment and careful choice of the metal-to-ligand ratio. The choice of the organic ligand is
particularly important since serendipitous assembly leads to unpredictable results. Ligands with
multiple donor atoms are preferred, while organic ligands that require considerable synthetic
effort may be avoided, as it cannot be foreseen whether they will be useful for the construction of
new and structurally interesting polynuclear compounds. Secondly, instead of a single organic
ligand, a series of related ligands should be ideally explored because minor variations in the
ligands’ substituents and functionalities may affect the nuclearity, core topology and
physicochemical properties of the resulting metal compounds.129 Lastly, it is important that the
organic molecules used as ligands have good solubilities in as many solvents as possible since a
range of solvents will need to be examined in order to improve the crystallinity of metal cluster
compounds.89
On the opposite end, “designed assembly” employs rigid ligands which have strong
preferences for specific bonding modes and metal ions with preferred coordination geometries.
Designed assembly has been successfully employed for the synthesis of metal complexes by
several research groups and has indeed led to many beautiful clusters.130 Approaches based on
designed assembly introduce an element of design into the aggregation process. As a result, the
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structures of the resulting compounds are moderately predictable, and are based on the preferred
coordination geometry of the metal ion, the number of pre-organized donor sites offered by the
ligand and the limited flexibility of the latter. Fujita and Stang131 have developed an attractive
projection of this approach towards the designed synthesis of new coordination clusters which
was dubbed ‘ligand-directed rational approach’. According to this route, the complexity of the
system has to be reduced by combining rigid, multi-branched monodentate ligands and partially
saturated (in terms of coordination number), labile metal centers with well-defined coordination
preferences (Figure 1.22). By avoiding ligands with multiple binding sites and metals with
multiple coordination geometries, it becomes much more practical to view a self-assembling
system as a “molecular Meccano”.132 It becomes evident that “designed assembly” or “molecular
paneling” cannot be easily employed in 4f- or 3d-metal coordination chemistry since lanthanides
and moderate-to-high oxidation 3d-metal ions are susceptible in adopting a variety of different
coordination geometries and ligand environments. Only metal ions with strict coordination
preferences, i.e. PdII, AgI and PtII, are usually employed in “designed assembly”.133
What is worth noting in these two synthetic approaches is the existence or absence of a
borderline between the two. As a matter of fact, some new and appealing synthetic endeavors are
now emerging, where results, originally obtained by serendipity, are further exploited through
design, or where careful design has not completely excluded the possibility of a fortunate
accident. However, the potential of the bottom-up approach to the nanoscale is immense.
Exploiting this potential requires the skills of synthetic coordination chemists, i.e., a pronounced
ability to design and test new procedures, and a capacity to develop new results obtained by
serendipity. It seems meaningless to follow blindly the “rational synthesis” when targeting the
construction of metal cluster compounds, especially the ones with interesting magnetic
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properties. Excluding serendipity from the synthetic toolbox is both impossible and
undesirable.126,133

Figure 1.22. (top) Two families of rigid, N-donor polydentate ligands with specific binding sites
(indicated with black arrows), and (bottom) their corresponding nanometer-sized metal cluster
compounds. “M” denotes to a divalent metal ion in the [M(en)] chelating unit, where “en” is
diethanolamine. Reproduced from reference 131a with permission from the Royal Society of
Chemistry.

51

Serendipitous assembly has brought considerable advantages in metal cluster chemistry.
Designed assembly in metal cluster chemistry restricts the number of accessible structures, e.g.
to Platonic solids, rings and grids, because these high-symmetry motifs require similar, if not the
same, coordination environments for each metal center.134 On the other hand, serendipitous or
less-designed assembly vastly increases the range of compounds available for isolation and
study. The unusual structures of some of these compounds can lead to novel physicochemical
(magnetic, optical and chirality) properties. Although there is little synthetic control with
serendipitous assembly, there are important synthetic parameters that must be taken into account,
for any significant progress to be made. These parameters are the choice of organic ligand and
metal ion(s), as well as the reaction conditions (i.e., ratios of reagents, apparent pH, solvent,
temperature, crystallization methods, etc.).135 Families of organic molecules that are frequently
used as bridging and/or bridging/chelating ligands in metal cluster chemistry are carboxylates,136
triols,137 pyridyl alcohols138 and pyridyl ketones,94,139 pyridyl oximes140 and hydroxamic acids
(Scheme 1.1).135,141 In all cases, the deprotonated oxygen atom(s) of these ligands is (are) not
coordinately saturated by binding to one metal, and therefore acts(act) as bridge, leading to the
build-up of high nuclearity metal clusters.133
Carboxylates (RCO2-; R = various) are widely used in metal cluster chemistry as ancillary
bridging ligands since they display a variety of advantages upon coordination to the metal ions.
They are bidentate bridging ligands, potentially capable of bridging up to five metal centers and
thus fostering the formation of polynuclear metal clusters. They are also flexible and versatile
bridging ligands, adopting a variety of different ligation modes (Scheme 1.2). 142 Furthermore,
they often occupy peripheral sites of a coordination cluster, thus offering some additional
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thermodynamic and kinetic stability to the resulting crystalline products. Finally, they can also
act as bases in solution, facilitating further the deprotonation of OH-containing groups.

Scheme 1.1. The families of organic chelating/bridging ligands discussed in the text (R = various
substituents with donor or non-donor atoms).

The wide variety of coordination modes for the RCO2- ions arises from the presence of
four lone pairs on the two oxygen atoms which are donated to the metal ions for bond formation.
Each lone pair is located in the plane of the carboxylate group. Due to steric and electronic
effects it has been proposed that the syn-lone pairs are more basic than the ones adopting the
anti-conformation; this observation has been also confirmed by theoretical calculations.142
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Scheme 1.2. The crystallographically established coordination modes of carboxylate ligands in
metal cluster chemistry (R = various; M = metal). Symbols “η” and “μ” denote to the “hapticity”
of the donor atoms and the “bridging” fashion of the entire group, respectively.

The preference of 3d-metal ions to bind to the syn-lone pair(s) of the RCO2− moiety is
due to their basicity. The syn-lone pairs are involved in all frequently observed coordination
modes of carboxylates, such as terminally-monodentate, bidentate-chelating, and bidentatebridging. Most likely due to the lower basicity of the anti-lone pairs, coordination modes such as
anti-(terminal-monodentate), syn-anti-(bidentate-bridging) and anti-anti-(bidentate-bridging) are
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rather scarce. The presence of a monoatomic bridge (Scheme 1.2, top right) is the only one that
utilizes both syn- and anti-lone pairs of a single O atom for the formation of coordination bonds.
On the other hand, the azide ion (N3-) is also one of the most commonly employed
pseudohalide bridging ligands for the preparation of transition metal clusters and coordination
polymers with characteristic and tunable physical properties.143 It also participates as a terminal
ligand in many metal complexes. When acting as a monoatomic bridge (end-on coordination
mode, EO, Scheme 1.3), the azido ligand can link up to four metal ions; using both terminal
nitrogen atoms, it can bridge two metal ions in an end-to-end coordination mode (EE, Scheme
1.3). Combining both the EO and EE modes (EO/EE), the azido groups are capable of bridging
up to six metal centers.144 All the crystallographically established bridging modes of the azido
ligand in coordination chemistry are shown in Scheme 1.3. Sometimes, azido groups exhibiting
two or even three different coordination modes coexist in the same cluster compound.145 The
ability of the N3− ion to adopt EO and EE/EO modes makes it an ideal ligand for the synthesis of
metal clusters with unique motifs and properties. The azide ion is also extremely versatile; this
reflects in unpredictable coordination chemistry with numerous structures, metal topologies and
novel supramolecular motifs.
The bridging azido ligand is also very popular in the field of molecular magnetism. The
different bridging modes and the ability to propagate a variety of magnetic exchange interactions
have led to plentiful magnetic behaviors, such as ferromagnetism, antiferromagnetism,
ferrimagnetism, canted ferromagnetism, spin-flop, SMM and SCM.146 In general, EE azido
groups propagate antiferromagnetic (AF) interactions, whereas the EO coordination modes are
associated with ferromagnetic coupling;133a,b exceptions to this general rule have been
reported.147
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The coordination mode is not the only factor that affects the magnetic coupling.
Parameters such as bridging angles, dihedral angles, bond distances, and factors such as strict
and accidental orthogonality of magnetic orbitals, spin polarization and delocalization of
unpaired electrons, including charge transfer, contribute significantly to the strength and sign of
the magnetic coupling between the spin carriers.133c

Scheme 1.3. Crystallographically established bridging modes of the azido ligand in coordination
chemistry. Reproduced from reference 143.
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1.3. Oximes and Poly-Alcohols as Ligands in Metal Cluster Chemistry

An important parameter in the synthesis of new polynuclear metal complexes is the
choice of the primary organic chelating/bridging ligands or “ligand blends”, since this often
dictates not only cluster symmetry, topology and the number of paramagnetic metal ions present,
but also the nature of the intramolecular magnetic exchange interactions.
There is currently renewed interest in the coordination chemistry of oximes. The research
efforts are driven by a number of considerations. These include the solution of pure chemical
problems,148 and the employment of oximato ligands in the synthesis of homometallic149 and
heterometallic150 clusters and coordination polymers with interesting magnetic properties,
including single-molecule magnetism151 and single-chain magnetism.152 The first family of
organic ligands that was explored in this thesis for the synthesis of new polynuclear metal
complexes with interesting magnetic properties was the 2-pyrrolyl oximes. The particular ligands
that were employed towards this goal are the pyrrole-2-carboxaldehyde oxime (praoH2) and the
1-methyl-1H-pyrrole-2-carbaldehyde oxime (mpraoH). Both ligands, shown in Scheme 1.4, are
not commercially available but their synthesis is quite straightforward through the reaction of
hydroxylamine with the corresponding 2-pyrrolyl aldehydes.
There has been a longstanding interest in oximate-based ligands, since they are known to
stabilize Mn atoms with moderate-to-high oxidation states140 and they also foster the formation
of metal cluster compounds with unique topologies due to the presence of M-N-O-M torsion
angles.153 Special focus has been given in the reactivity of the family of the 2-pyridyloxime
ligands, (py)C(R)NOH (R = H, Me, Ph, py, CN, NH2, Scheme 1.4, left), for the synthesis of
structurally novel and magnetically interesting 3d- and 3d/4f-metal clusters.135b,135c,140,154 The
57

initial use of the simplest tridentate (N,N,O) 2-pyridinealdoxime was followed by the logical
substitution of the non-donor R (= H) group by other similar groups, albeit bulkier, such as Me
and Ph. In further studies, the non-donor R group was replaced by a donor group, such as py,
CN, and NH2. In all cases, however, the 2-pyridyl moiety has remained unaltered. From one side
this is reasonable given that the 2-pyridyl functionality would provide what was necessary for the
construction of a five-membered chelate ring through the pyridyl N-donor atom and either the
oximate N or O atom.
It was decided in this research to replace for a first time the 2-pyridyl group with the 2pyrrolyl (praoH2) and the 1-methylpyrrolyl (mpraoH) groups, and explore the coordination
chemistry of the resulting 2-pyrrolyloximes towards the isolation of new polynuclear 3d-metal
complexes with potentially interesting magnetic properties. The ligand praoH2 has shown limited
previous use in coordination chemistry, affording trinuclear and hexanuclear FeIII clusters.155 It
was anticipated that the presence of the >N-H functionality on the 2-pyrrolyl group would alter
the coordination behavior of these ligands (and hence the identity of the resultant metal
complexes) in comparison with that of the (py)C(R)NOH (R = H, Me, Ph) ligands. Important
characteristics that differentiate the pyrrol group are its potential for deprotonation, different
electronic properties and hydrogen bonding effects. On the other hand, the ligand mpraoH has
never been previously utilized in coordination chemistry. In addition, the use of both praoH2 and
mpraoH ligands would allow us to compare their coordination abilities and subsequently the
structures and properties of the isolated products.
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Scheme 1.4. Structural formulae and abbreviations of the oximato ligands discussed in text.

Polyalcohols (pyridyl and non-pyridyl) belong to one of the most well-known families of
ligands in coordination cluster chemistry as a result of their remarkable versatility and bridging
capacity.156 They readily form stable complexes with most of the 3d- and 4f-metal ions.157 Upon
deprotonation, each oxygen atom can potentially bridge up to three metal ions. The latter can be
further bridged by O2- and/or OH- ions to form polymetallic complexes with interesting
magnetic158 and/or photoluminescence159 properties. The structures of the resulting compounds
are expected to rely on: (i) the number of oxygen atoms and the level of deprotonation of the
organic polyalcohol-type ligand(s), i.e., the mono-, di-, or tri-anionic forms, (ii) the presence of
other donor atom(s) of the polyalcohol ligand(s), and (iii) the presence of additional ancillary
bridging and/or terminal ligands, such as carboxylates and/or pseudohalides.
The second family of organic ligands that we decided to employ for the synthesis of new
polynuclear metal complexes was that of pyridine-2,6-diketones. The latter can be transformed in
situ into the corresponding polyalcohol ligands via metal-assisted hydrolysis (or solvolysis)
reactions (vide infra).160 The two ligands that we particularly chose to use are the 2,6-di-(2pyridylcarbonyl)pyridine

[(py)CO(py)CO(py)]

and

the

pyridine-2,6-diylbis(pyrazine-259

ylmethanone) [(pz)CO(py)CO(pz)]. Both ligands are shown in Scheme 1.5 and they are not
commercially available; their synthesis was very challenging and it was performed in
collaboration with research groups that specialize in synthetic organic chemistry.161
An example of a thoroughly studied ligand of this type is di-2-pyridyl ketone, (py)2CO
(Scheme 1.5), which has led to a large number of clusters with a variety of different metal ions
and nuclearities reaching 26, some of which exhibiting large spin ground state values and singlemolecule magnetism behavior.94,162 The particular interest in this ligand stems from the reactivity
of its carbonyl group, which can undergo metal-assisted hydrolysis or alcoholysis (ROH; R =
Me, Et), forming the ligands (py)2C(OH)2, the gem-diol form of (py)2CO (Scheme 1.6), and
(py)2C(OR)(OH), the hemiketal form of (py)2CO, respectively.94 These are considered as the
first generation of ligands derived from (py)2CO. Recent progress in the reactivity chemistry of
the (py)2CO ligand involves the attack by nucleophiles other than H2O and alcohols (i.e., MeCN,
Me2CO, etc.) on its carbonyl C atom in the presence of metal ions, which introduces a second
class of ligands derived from (py)2CO.163 These new derivatives of (py)2CO have led to
molecular species with different structural and physicochemical properties, further illustrating
the flexibility of pyridyl ketones in adopting a wide variety of binding forms. It must be noted
that the new ligands do not exist as free species but only as ligands in the respective metal
complexes.
A reasonable leap forward in the synthesis of novel 3d-metal clusters with carbonylbased functionalities was the exploration of the coordination and reactivity chemistry of 2,6-di(2-pyridylcarbonyl)pyridine, or (py)CO(py)CO(py) (Scheme 1.5), which contains two carbonyl
groups directly bonded to two 2-pyridyl groups, each in a way similar to that found in (py)2CO.
Boudalis and coworkers have shown that (py)CO(py)CO(py) is also an excellent bridging ligand
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but with increased binding properties due to the increased number of coordination sites
(N,N,N,O,O), thus fostering the formation of a plethora of new clusters with totally different
topologies and magnetic properties compared to the ones reported with (py)2CO-based
ligands.164 The highest nuclearity clusters obtained are a {Co20} SMM and a {Cu5} cage.164a,164b
These results have confirmed that the carbonyl groups of (py)CO(py)CO(py) can undergo similar
metal-assisted solvolysis as it is the case for the carbonyl group of (py)2CO. The ligands derived
from the transformation of (py)CO(py)CO(py) are only found in the respective metal complexes
and do not exist as isolated species.

Scheme 1.5. Structural formulae and abbreviations of the ligands (py)2CO, (py)CO(py)CO(py)
and (pz)CO(py)CO(pz) discussed in the text.
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The most promising form of these ligands in terms of bridging capacity is the bis(gemdiol) form, (py)C(OH)2(py)C(OH)2(py) (Scheme 1.6); the latter group possesses seven donor
atoms (N,N,N,O,O,O,O) and can bridge up to nine metal centers when all of the four hydroxyl
groups are deprotonated. The ligand (py)CO(py)CO(py) has shown limited previous use in
homometallic Mn coordination chemistry, stabilizing only a tetranuclear MnII/III complex.164g The
structurally similar ligand (pz)CO(py)CO(pz)contains two 2-pyrazinecarbonyl functional groups
connected to the central pyridine moiety instead of the two 2-pyridylcarbonyl groups found in
the ligand (py)CO(py)CO(py). Hence, the ligand (pz)CO(py)CO(pz) should exhibit different
electronic properties and it also contains additional donor atoms for binding to metal ions.
Pyrazines are very π-deficient heteroaromatics,165 and their incorporation to (pz)CO(py)CO(pz)
can potentially yield metal complexes with unusual ligand transformations and structural
topologies. The coordination chemistry of this ligand still remains unexplored and there are no
metal complexes reported to date.

Scheme 1.6. Structural formulae and abbreviations of the ligands (py)2C(OH)2 and
(py)C(OH)2(py)C(OH)2(py) discussed in the text; the reported two ligands are the gem-diol form
of (py)2CO and the bis(gem-diol) form of (py)CO(py)CO(py), respectively.
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The last ligand that was employed towards the isolation of new metal clusters and SMMs
is the 3-hydroxy-2-naphthohydroxamic acid (nhaH2, Scheme 1.7). This ligand is not
commercially available and was synthesized as reported elsewhere.166 However, the similar
ligand salicylhydroxamic acid (shaH2, Scheme 1.7) has been widely employed in 3d-metal
cluster chemistry.167 The special interest of this family of ligands originates from the fact that
they can potentially undergo a metal-assisted amide-iminol tautomerism, as shown by Pecoraro
and coworkers,168 which leads to salicylhydroxime and presumably naphthohydroxime (shiH3
and nhiH3, respectively; Scheme 1.7). These hydroxime-type ligands comprise four (N,O,O,O)
donor atoms available for coordination to various metal centers. Furthermore, the presence of the
oximato moiety (>C=N-OH) guarantees the stabilization of complexes with metal ions in high
oxidation states (i.e., MnIII and trivalent lanthanides) which is beneficial to a research project
oriented towards the synthesis of magnetically interesting species. The employment of the
nhaH2/nhiH3 ligands in 3d-metal cluster chemistry has been very little explored, and the
compounds {VV3}, {Cu5}, {Ni5} and {Ni2Mn2} are the only reported clusters to date.166,169 In the
latter two compounds, the naphthohydroxime is present along with the deprotonated form of a
second supporting chelating/bridging ligand, namely the di-2-pyridyl ketone oxime. However,
the homometallic Mn and heterometallic 3d/4f-metal cluster chemistry of the naphthohydroxime
ligand remains unexplored.
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Scheme 1.7. Structural formulae and abbreviations of the ligands shaH2 (top) and nhaH2
(bottom), and their corresponding hydroxime forms, shiH3 and nhiH3.

1.4. Long- and Short-Term Research Objectives

The long-term objectives of the present thesis are the synthesis and complete
characterization of new high-spin molecules and single-molecule magnets that will be based on
polynuclear metal complexes with new structural motifs and nanoscale dimensions. For the
accomplishment of the long-term objectives, research endeavours have been organized into six
short-term research objectives, which are: (i) the synthesis of new, high-nuclearity manganese
compounds bearing both pseudohalides and versatile alkoxido-, oximato- and hydroximato-based
chelating/bridging ligands, (ii) the synthesis of new, high-nuclearity iron clusters with oximatobased chelating/bridging ligands, (iii) the synthesis of heterometallic Mn/Dy complexes, as a
means of introducing or enhancing the magnetic anisotropy on non- or weak-SMMs,
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respectively, (iv) the growth of single-crystals of all the desired products suitable for X-ray
diffraction studies in order to elucidate their crystal structures; this is a very difficult and
demanding process given the fact that large nuclearity cluster compounds frequently crystallize
in irregular shapes and tiny sizes of crystals, (v) the complete spectroscopic and physicochemical
characterization of the synthesized compounds primarily in the solid-state and -when applicablein solution, utilizing IR, UV/Vis, electrochemistry, and elemental analyses techniques, and (vi)
the performance of detailed direct current (dc) and alternating current (ac) magnetic
susceptibility studies in order to assess the magnetic properties and dynamics of the synthesized
paramagnetic complexes.
The synthesis of structurally new, high-spin molecules and single-molecule magnets has
been approached by two different directions. The first approach includes the use of pyrrolyl
oximes, pyridyl/pyrazine diketones and the naphthalene hydroxamic acid for the synthesis of
polynuclear MnIII-containing clusters and FeIII complexes. The second route involves the targeted
replacement of divalent Mn ions in homometallic manganese clusters by dysprosium ions as a
means of obtaining heterometallic Mn/Dy clusters with enhanced SMM properties.
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CHAPTER 2: 2-Pyrrolyloximes in High-Nuclearity Transition
Metal Cluster Chemistry: {Fe10} and {Fe12} Complexes, and
Supramolecular Chains of {Mn25} Single-Molecule Magnets

2.1. Experimental section

2.1.1. Physical Measurements
Elemental Analysis: Elemental analyses (C, H, and N) were performed on a Perkin-Elmer 2400
Series II Analyzer.
FT-IR spectroscopy: Infrared (IR) spectra were recorded in the solid state on a Bruker FT-IR
spectrometer (ALPHA Platinum ATR single reflection) in the 4000-450 cm-1 range. Notation for
IR bands: vs, very strong; s, strong; m, medium; mb, medium broad; w, weak; b, broad.
Magnetic susceptibility measurements: Variable-temperature direct current (dc) and
alternating current (ac) magnetic susceptibility data were collected at the University of Florida
using a Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T magnet and
operating in the 1.8-300 K range. The Superconducting QUantum Interference Device (SQUID)
allows for the complete dc and ac study of the magnetic properties of bulk and molecule-based
materials at various temperatures and magnetic fields. The dc scan mode provides continual
plotting and capture of raw magnetic data points at static or sweeping fields and temperatures.
The ac susceptibility mode uses an oscillating magnetic field; this measurement uses the MPMS
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SQUID to measure the ac susceptibility of a sample. This is of vital importance for the study of
bistability (magnetization relaxation and quantum phenomena) associated with the anisotropic
and paramagnetic nature of the materials (both molecule-based and bulk). Many materials
display dissipative mechanisms when exposed to an oscillating magnetic field, and their
susceptibility is described as having real and imaginary components, the latter being proportional
to the energy dissipation in the sample. The key is resolving the component of the sample
moment that is out-of-phase with the applied ac field. SQUID technology is the measurement
system of choice because it offers a signal response that is virtually flat over a broad frequency
range (0.1 Hz to 1 kHz). In a SQUID system, the output voltage is proportional to the magnetic
flux in the pick-up coil instead of its time derivative as in conventional ac systems. Herein, the
samples were embedded in solid eicosane to prevent torquing. Alternating current (ac) magnetic
susceptibility measurements were performed in an oscillating ac field of 3.5 G and a zero dc
field. The oscillation frequencies were in the 5-1500 Hz range. Pascal’s constants were used to
estimate the diamagnetic corrections, which were subtracted from the experimental
susceptibilities to give the molar paramagnetic susceptibilities (χΜ).170 Low-temperature (< 1.8
K) hysteresis studies and dc relaxation measurements were performed at Grenoble using an array
of micro-SQUIDS.171 The high sensitivity of this magnetometer allows the study of single
crystals of SMMs of the order of 10-500 μm. The field can be applied in any direction by
separately driving three orthogonal coils. Crystals were maintained in mother liquor to avoid
degradation and were covered with grease for protection during transfer to the micro-SQUID.

2.1.2. Synthesis
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General considerations: All manipulations were performed under aerobic conditions. All
chemicals were purchased from Sigma Aldrich and Alfa Aesar. Chemicals and solvents were
used

as

received

without

further

purification.

[Fe3O(O2CBut)6(H2O)3](ClO4)172

and

[Fe3O(O2CBut)6(H2O)3]Cl173 starting materials, as well as the organic ligand praoH2174 were
synthesized as reported elsewhere. The organic ligand mpraoH was synthesized by following the
same procedure with that reported previously for the similar ligand praoH2.
Safety note: Although no such behavior was observed during the present work, azide (N3−) and
perchlorate (ClO4−) salts are potentially explosive; such compounds should be synthesized and
used in small quantities, and treated with utmost care at all times.
[Fe10O4(OH)4(O2CBut)14(praoH)4] (1). To a stirred solution of praoH2 (0.06 g, 0.5 mmol) in
MeCN (30 mL) was added solid [Fe3O(O2CBut)6(H2O)3](ClO4) (0.47 g, 0.5 mmol). The mixture
was stirred for a further 30 min, which caused a rapid color change from orange to dark red. The
solution was filtered, and the filtrate was allowed to slowly evaporate at room temperature. After
6 days, X-ray quality dark-red crystals of 1∙2.2MeCN∙1.6H2O were collected by filtration,
washed with cold MeCN (2 x 3 mL), and dried under vacuum; the yield was 30%. Elemental
analysis (%) calcd for dried 1 (solvent-free): C 42.51, H 5.95, N 4.41; found C 42.75, H 6.13, N
4.26. Selected IR data (cm-1): 3410 (m), 2962 (m), 2928 (w), 1620 (m), 1574 (m), 1542 (m),
1486 (s), 1426 (vs), 1378 (m), 1292 (w), 1230 (m), 1166 (w), 1123 (w), 1086 (w), 1038 (m), 946
(m), 858 (w), 788 (w), 742 (m), 600 (m), 558 (m), 488 (w), 446 (m).
[Fe12O8Cl2(O2CBut)12(praoH)6(H2O)2] (2). To a stirred solution of praoH2 (0.06 g, 0.5 mmol)
in MeCN (30 mL) was added solid [Fe3O(O2CBut)6(H2O)3]Cl (0.44 g, 0.5 mmol). The mixture
was stirred for a further 30 min, which caused a rapid color change from orange to dark red. The
solution was filtered, and the filtrate was allowed to slowly evaporate at room temperature. After
68

5 days, X-ray quality dark-red crystals of 2∙MeCN∙0.7H2O were collected by filtration, washed
with cold MeCN (2 x 3 mL), and dried under vacuum; the yield was 45%. Elemental analysis
(%) calcd for dried 2 (solvent-free): C 38.98, H 5.16, N 6.06; found C 38.63, H 5.11, N 6.32.
Selected IR data (cm-1): 3404 (m), 2962 (m), 1614 (m), 1570 (w), 1534 (vs), 1484 (s), 1424 (vs),
1378 (m), 1310 (w), 1230 (m), 1122 (w), 1084 (w), 1040 (w), 980 (w), 942 (m), 886 (w), 854
(w), 790 (w), 742 (m), 658 (mb), 602 (s), 484 (w), 440 (m).
[Mn25NaO20(OMe)12(N3)12(mprao)12(H2O)2]n (3). To a stirred, colorless solution of mpraoH
(0.12 g, 1.0 mmol) and NEt3 (0.14 mL, 1.0 mmol) in MeCN/MeOH (20 mL, 2:1 v/v) were added
solid Mn(ClO4)2∙6H2O (0.36 g, 1.0 mmol) and NaN3 (0.07 g, 1.0 mmol). The resulting orange
solution was stirred for 6 h, during which time all the solids dissolved and the color of the
solution changed to dark brown. The solution was filtered, and the filtrate was layered with Et2O
(40 mL, 1:1 v/v). After 4 days, X-ray quality dark-brown plate-like crystals of 3∙8MeOH had
appeared and were collected by filtration, washed with cold MeCN (1 x 3 mL) and Et 2O (2 x 5
mL), and dried in air. The yield was 30%. Elemental analysis (%) calcd for dried 3 (solventfree): C 24.57, H 3.04, N 20.46; found C 24.68, H 3.33, N 20.34. Selected IR data (cm-1): 3338
(sb), 2078 (m), 2057 (vs), 1600 (m), 1481 (m), 1405 (m), 1307 (m), 1060 (m), 989 (m), 670
(mb), 570 (m).

2.1.3. Single-crystal X-ray Crystallography
Crystals of complexes 1∙2.2MeCN∙1.6H2O and 2∙MeCN∙0.7H2O were taken from the
mother liquor and immediately cooled to 160 K. Diffraction measurements were performed on a
Rigaku R-AXIS SPIDER Image Plate diffractometer using graphite-monochromated Cu Kα
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radiation. Data collection (ω-scans) and processing (cell refinement, data reduction and empirical
absorption correction) were performed using the CrystalClear program package. 175 The
structures were solved by direct methods using SHELXS-97 and refined by full-matrix leastsquares techniques on F2 with SHELXL-97.176,177 All H atoms were located by difference maps
and refined isotropically or introduced at calculated positions as riding on their respective atoms.
All non-H atoms were refined anisotropically.
A crystal of the complex 3∙8MeOH was selected and mounted on a cryoloop using inert
oil.178 Diffraction data were collected at 150.0(2) K on a Bruker X8 Kappa APEX II ChargeCoupled Device (CCD) area detector diffractometer controlled by the APEX2 software
package179 (Mo Kα graphite-monochromated radiation, λ = 0.71073 Å), and equipped with an
Oxford Cryosystems Series 700 cryostream monitored remotely with the software interface
Cryopad.180 Images were processed with the software SAINT+,181 and absorption effects were
corrected with the multiscan method implemented in SADABS.182 The structure was solved by
direct methods employed in SHELXS-97,176,177 allowing the immediate location of the metals.
The other non-hydrogen atoms of the complex were located from difference Fourier maps
calculated by successive full-matrix least-squares refinement cycles on F2 using SHELXL97,176,177 and effectively refined with anisotropic displacement parameters. The programs used
for molecular graphics were MERCURY183 and DIAMOND.184 Unit cell parameters and
structure solution and refinement data for complexes 1-3 are listed in Table 2.1.
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Table 2.1. Crystallographic Data for Complexes 1-3.
1∙2.2MeCN∙1.6H2O

2∙MeCN∙0.7H2O

3∙8MeOH

C94.40H159.80Fe10N10.20

C92H146.40Cl2Fe12N13

C92H156Mn25NaN60O54

O41.60

O40.70

Fw / g mol-1

2661.82

2826.92

4363.25

Crystal type

Dark red plate

Dark red plate

Dark brown plate

Crystal size / mm

0.59 × 0.35 × 0.18

0.18 × 0.11 × 0.08

0.28 × 0.10 × 0.10

Crystal system

Triclinic

Triclinic

Triclinic

Space group

P-1

P-1

P-1

a/Å

13.5678(3)

15.4735(2)

16.233(3)

b/Å

15.6628(3)

16.0289(2)

16.707(3)

c/Å

18.6330(3)

16.9333(3)

17.691(3)

α/°

105.195(1)

116.870(1)

63.270(6)

β/°

92.884(1)

105.874(1)

80.447(7)

γ/°

113.185(1)

98.732(1)

65.254(6)

V / Å3

3459.66(12)

3412.82(9)

3890.2(12)

Z

1

1

1

T/K

160(2)

160(2)

150(2)

ρcalc / g cm-3

1.278

1.375

1.862

μ / mm-1

8.758

10.885

2.049

θ range / °

6.50−60.99

6.54−63.00

1.92-25.00

Index ranges

-14 ≤ h ≤ 15

-17 ≤ h ≤ 17

-19 ≤ h ≤ 19

-17 ≤ k ≤ 17

-18 ≤ k ≤ 17

-19 ≤ k ≤ 19

Formula
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-21 ≤ l ≤ 21

-19 ≤ l ≤ 19

-21 ≤ l ≤ 21

Collected reflections

42033

47154

54391

Independent

10090 (Rint = 0.073)

10443 (Rint = 0.055)

13608 (Rint = 0.0659)

R1 = 0.0582

R1 = 0.0917

reflections
Final

Ra,b

indices R1 = 0.0934

[I>2σ(I)]

wR2 = 0.2449

wR2 = 0.1517

wR2 = 0.2206

(Δρ)max,min / e Å-3

1.348 and −0.887

1.295 and −0.533

2.453 and −1.805

a

R1 = Σ(||Fo| – |Fc||)/Σ|Fo|. b wR2 = [Σ[w(Fo2 - Fc2)2]/ Σ[w(Fo2)2]]1/2, w = 1/[σ2(Fo2) + [(ap)2 +bp],

where p = [max(Fo2, 0) + 2Fc2]/3.

2.2. Results and Discussion

2.2.1. Synthetic Comments
Many synthetic routes have been employed towards the synthesis of new polynuclear
FeIII complexes. One of the most successful synthetic procedures to polynuclear iron clusters
relies on the reaction of triangular [Fe3O(O2CR)6(H2O)3](X) species, where X− are various
counteranions, with a potentially chelating ligand, and this was the route chosen in the present
work. In such reactions, the [Fe3O]7+ core of the trinuclear iron complex serves as a building
block for higher-nuclearity species, but the exact nuclearity and structure of the product depends
on several factors. In the present work, we have found that the identity of the counteranion, and
specifically its coordination ability (i.e., Cl−) or inability (i.e., ClO4−) with the metal centers, is
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one of these factors. These starting materials also contain carboxylates, which can serve as
ancillary bridging ligands fostering the formation of high nuclearity compounds.
A variety of reactions differing in the Fe:praoH2 ratio, the presence or absence of organic
base, and/or the reaction solvent or solvent mixture were explored in identifying the following
successful system. The one-pot reaction of [Fe3O(O2CBut)6(H2O)3](ClO4) and praoH2 in a 1:1
molar ratio in MeCN led to a dark red solution, which was allowed to slowly evaporate at room
temperature,

yielding

dark

red

plate-like

crystals

of

the

decanuclear

complex

[Fe10O4(OH)4(O2CBut)14(praoH)4] (1) in 30% yield. The formation of 1 is summarized in
equation 2.1.

10 [Fe3O(O2CBut)6(H2O)3]+ + 12 praoH2 →
3 [Fe10O4(OH)4(O2CBut)14(praoH)4] + 18 ButCO2H + 16 H2O + 10 H+

(2.1)

Complex 1 contains [Fe3O]7+ triangular subunits (vide infra), justifying the use of the
particular starting material towards the synthesis of high nuclearity species. The ButCO2− ions
carry out the role of the base, acting as proton acceptors and facilitating the deprotonation of the
praoH2 ligands. In addition, they facilitate the in situ generation of O2- and OH− ions through the
deprotonation of the H2O-containing starting materials and solvents. The presence of an external
base (NEt3, NMe3) leads to the precipitation of dark brown amorphous solids that were insoluble
in common organic solvents, most likely due to the strong basic conditions. The use of other
solvents (MeOH, Me2CO, etc.) did not lead to the isolation of crystalline products. Finally,
substitution of ButCO2− ions in the [Fe3O(O2CR)6(H2O)3](ClO4) precursor by other carboxylate
73

groups, such as MeCO2−, did not lead to any crystalline material under various crystallization
techniques and reaction conditions.
As a part of our continuous efforts in chemical reactivity studies on cluster compounds,
we decided to employ the triangular complex [Fe3O(O2CBut)6(H2O)3](Cl) as an iron-containing
starting material. The reason behind this choice is the presence of the Cl− counteranion, which
has the ability to coordinate to metal centers, unlike the ClO4− one, thus possibly leading to a
distinctly different structure with different magnetic properties. Indeed, the one-pot reaction of
[Fe3O(O2CBut)6(H2O)3](Cl) and praoH2 in a 1:1 molar ratio in MeCN led to a dark red solution,
which was allowed to slowly evaporate at room temperature, yielding dark red plate-like crystals
of the dodecanuclear complex [Fe12O8Cl2(O2CBut)12(praoH)6(H2O)2] (2) in 45% yield. The
formation of 2 is summarized in equation 2.2.

4 [Fe3O(O2CBut)6(H2O)3]+ + 2 Cl- + 6 praoH2 →
[Fe12O8Cl2(O2CBut)12(praoH)6(H2O)2] + 12 ButCO2H + 6 H2O + 2 H+

(2.2)

Confirming our initial hypothesis, chloride ions are present in complex 2 and are essential
for the stabilization of a different product than that of complex 1. As in complex 1, [Fe3O]7+
units are aggregated and led to the isolation of a higher nuclearity compound. In addition, the
ButCO2− ions facilitate the deprotonation of the praoH2 ligand and H2O molecules towards the
single-deprotonated praoH- ligand and O2− ions, respectively.
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Based on the ability of praoH2 ligand to coordinate to metal centers and subsequently
lead to the formation of high nuclearity FeIII complexes, we decided to explore the coordination
chemistry of this ligand with Mn ions, aiming at products with more interesting magnetic
properties compared to the ones observed in complexes 1 and 2 (vide infra). However, several
attempts to isolate MnIII-containing complexes with praoH2, which might offer large magnetic
anisotropy and SMM behavior, were all thwarted by the presence of the pyrrole N–H
functionality, a well-known reducing group.185 Evidence of such behaviour was the yellow or
pale-orange solutions indicative of MnII-containing products. In order to tackle this problem, we
turned our attention to the closely related ligand mpraoH, thinking that the replacement of the Nhydrogen atom by a methyl group will inhibit the rapid reduction of Mn III ions into MnII. A
variety of reactions differing in the Mn:mpraoH ratio, the Mn-containing starting material, the
presence or absence of organic base, and/or the reaction solvent or solvent mixture were
explored in an attempt to find the successful synthetic conditions. However, none of these
reactions afforded crystalline products; in many cases the result was dark brown precipitates that
were impossible to recrystallize and obtain single-crystals. Facing these synthetic challenges, we
decided to include azide ions in the reaction system. Azides are excellent ancillary bridging and
terminal ligands, and they belong to the most commonly employed family of pseudohalides.
Azides can also stabilize compounds in solution and consequently in the solid-state by filling
empty coordination sites of the metal ions and occasionally acting as counteranions, stabilizing
positively charged cluster compounds. Furthermore, their previous use in Mn cluster chemistry
has led to a large number of new clusters with nuclearities up to {Mn32}157d and ST values as
large as 83/2.72

75

Thus, the one-pot reaction of Mn(ClO4)2∙6H2O, mpraoH, NEt3 and NaN3 in a 1:1:1:1
molar ratio in a mixture of MeCN/MeOH led to a dark brown solution, which was layered with
Et2O,

yielding

dark-brown

plate-like

crystals

of

the

1D

coordination

polymer

[Mn25NaO20(OMe)12(N3)12(mprao)12(H2O)2]n (3) in 30% yield (vide infra). The formation of 3 is
summarized in equation 2.3.

25n Mn2+ + n Na+ + 12n mpraoH + 12n N3− + 12n MeOH +

25

19

2

2

n O2 +

n H2O + 39n NEt3 →

[Mn25NaO20(OMe)12(N3)12(mprao)12(H2O)2]n + 39n NHEt3+

(2.3)

The synthesis of complex 3 involves Mn oxidation, undoubtedly by O2 under the
prevailing basic conditions, and equation 2.3 has been balanced accordingly. The NEt3 is
essential to ensure basic conditions and to act as a proton acceptor to facilitate the deprotonation
of the mpraoH groups. In addition, the presence of NEt3 facilitates the in situ generation of MeOand O2- ions through the deprotonation of MeOH and the H2O-containing starting materials and
solvents, respectively. NaN3 provides azido ligation, thus stabilizing the core of the compound,
and NaI ions, which connect the {Mn25} clusters into 1D chains (vide infra). The performance of
the same reaction in the absence of an azido source or the replacement of NaN3 by other starting
materials (i.e., KN3, LiN3) did not yield any crystalline products. Finally, the MeCN/MeOH
reaction solvent mixture was identified as the one giving the highest product yield and purity, as
well as the best quality single-crystals.
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2.2.2. Description of Structures
A partially-labeled representation of complex 1 is shown in Figure 2.1. Complex 1
crystallizes in the triclinic space group P-1 and displays crystallographic Ci symmetry. The
structure of 1 comprises 10 Fe atoms in a closed, cagelike conformation (Figure 2.1, top).

Figure 2.1. Labeled PovRay representation of complex 1, with H atoms omitted for clarity (top)
and its [Fe10(μ3-O)4(μ-OH)4(μ-ON)4]14+ core (bottom). Color scheme: Fe, yellow; O, red; N, blue;
C, gray. Primes are used for symmetry-related atoms.
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This can be described as a central Fe4 rhombus (Fe3, Fe3′, Fe5, and Fe5′) whose two
edges (Fe3⋯Fe5 and Fe3′⋯Fe5′) and two of their apexes (Fe3 and Fe3′) are fused with the edges
of four [Fe3(μ3-O2−)] triangular subunits (Fe3, Fe4, Fe5/Fe3′, Fe4′, Fe5′ and Fe1, Fe2, Fe3/Fe1′,
Fe2′, Fe3′, respectively). The Fe atoms of the central Fe4 subunit are additionally bridged by two
μ-OH− (O52 and O52′) ions, as well as by the oximato NO− arms of two praoH− groups. Two
similarly coordinated groups serve to further link the Fe4 unit with two of the extrinsic Fe3
triangles, the edges of which are capped by two μ-OH− (O51 and O51′) ions. The complex,
therefore, contains a [Fe10(μ3-O)4(μ-OH)4(μ-ON)4]14+ core (Figure 2.1, bottom). Peripheral
ligation about the core is provided by 2 bidentate chelating and 12 η1:η1:μ-ButCO2− groups. All
praoH− groups are single-deprotonated and nonchelating and bind in a η1:η2:μ3 mode (Scheme
2.1), while the pyrrole H atom of each praoH− group is involved in the formation of a strong
intramolecular hydrogen bond with its parent oximato O atom (Figure 2.2). The bridging OHgroups are also involved into strong intramolecular hydrogen bonding interactions with the O
atoms of the bidentate chelating carboxylate groups (Figure 2.2). All Fe atoms are six-coordinate
and near-octahedral. The FeIII oxidation states and the degree of protonation of O2− and OH−
groups are confirmed by bond valence sum (BVS) calculations (Table 2.2).186

Scheme 2.1. The coordination modes of the praoH− and ButCO2− ligands in complex 1.
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Table 2.2. Bond Valence Sum (BVS) for Fea and Selected Oxygenb Atoms in complex 1.

a

Atom

FeII

FeIII

Fe1

2.87

3.12

Fe2

2.96

3.22

Fe3

2.65

2.91

Fe4

2.89

3.14

Fe5

2.91

3.19

BVS

assignment

O51

1.06

OH-

O52

1.05

OH-

O53

1.90

O2-

O54

1.99

O2-

The underlined value is the one closest to the charge for which it was calculated. The oxidation

state is the nearest whole number to the underlined value. b A BVS in the ~1.8-2.0, ~1.0-1.2, and
~0.2-0.4 ranges for an O atom is indicative of non-, single- and double-protonation, respectively,
but can be altered somewhat by hydrogen bonding.
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Figure 2.2. Wireframe representation of complex 1, illustrating with dashed lines the
intramolecular hydrogen bonding interactions. H atoms have been omitted for clarity. Color
scheme: FeIII, orange; O, red; N, blue; C, gray.

Complex 2 also crystallizes in the triclinic space group P-1 and displays crystallographic
Ci symmetry. The structure of 2 (Figure 2.3, left) consists of 12 Fe atoms linked through 8 μ3-O2−
ions (O1X, O2X, O3X, O4X, O1′X, O2′X, O3′X, and O4′X) and the oximato NO− arms of 6
praoH− groups. The simplified core of 2 (Figure 2.3, bottom right) can be described as three
adjacent [Fe4(μ3-O2−)2] butterfly units (Fe2′, Fe3, Fe4′, Fe5/Fe4, Fe4′, Fe6, Fe6′/Fe2, Fe3′, Fe4,
and Fe5′) fused to (i) each other at common atoms Fe4 and Fe4′ and (ii) two extrinsic [Fe3(μ3O2−)] triangular subunits (Fe1, Fe5, Fe6/Fe1′, Fe5′, and Fe6′) at common atoms Fe5, Fe5′, Fe6,
and Fe6′. Additional ligation between the Fe4⋯Fe4 and Fe4⋯Fe3 units is provided by the six NO−
oximato bridges, four of which bridge under the η1:η2:μ3 mode and two in a η1:η1:μ fashion
(Scheme 2.2). Thus, complex 2 contains an overall [Fe12(μ3-O)8(μ-ON)6]14+ core (Figure 2.3, top
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right), with peripheral ligation about it provided by 12 η1:η1:μ-ButCO2− groups and 2 each of the
Cl− groups and H2O molecules at Fe(6,6′) and Fe(3,3′), respectively.

Figure 2.3. Labeled PovRay representation of complex 2, with H atoms omitted for clarity (left),
and its complete [Fe12(μ3-Ο)8(μ-ΟN)6]14+ (top, right) and simplified [Fe12(μ3-Ο)8]20+ (bottom,
right) core topologies. Color scheme: Fe, yellow; O, red; N, blue; Cl, green; C, gray. Primes are
used for symmetry-related atoms.
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Scheme 2.2. The coordination modes of the praoH− and ButCO2− ligands in complex 2.

Eight of the Fe atoms (Fe1, Fe1′, Fe2, Fe2′, Fe3, Fe3′, Fe5, and Fe5′) are six-coordinate
with distorted octahedral geometries, whereas Fe4, Fe4′, Fe6, and Fe6′ are five-coordinate187
with very distorted trigonal bipyramidal geometries (τ = 0.81 and 0.68, where τ is 0 and 1 for
perfect square-pyramidal and trigonal bipyramidal geometries,187 respectively). BVS calculations
have again confirmed the FeIII oxidation states for all Fe atoms and the degree of protonation of
O2− and H2O groups (Table 2.3). Strong intramolecular hydrogen bonds are provided by
interaction of the pyrrole H atom of each praoH− group and the corresponding oximato O atom
(Figure 2.4).
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Table 2.3. Bond Valence Sum (BVS) for Fea and Selected Oxygenb Atoms in complex 2.

a

Atom

FeII

FeIII

Fe1

2.83

3.07

Fe2

2.89

3.14

Fe3

2.91

3.17

Fe4

2.80

3.07

Fe5

2.83

3.09

Fe6

2.75

3.00

BVS

assignment

O1X

1.96

O2-

O2X

1.98

O2-

O3X

2.06

O2-

O4X

1.95

O2-

O1W

0.38

H2O

The underlined value is the one closest to the charge for which it was calculated. The oxidation

state is the nearest whole number to the underlined value. b A BVS in the ~1.8-2.0, ~1.0-1.2, and
~0.2-0.4 ranges for an O atom is indicative of non-, single- and double-protonation, respectively,
but can be altered somewhat by hydrogen bonding.
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Figure 2.4. Wireframe representation of complex 2, illustrating with dashed lines the
intramolecular hydrogen bonding interactions. H atoms have been omitted for clarity. Color
scheme: FeIII, orange; O, red; N, blue; Cl, green; C, gray.

Complexes 1 and 2 are the third and fourth structurally characterized coordination
compounds to contain any form (neutral or mono- or dianionic) of praoH2, while 2 together with
[Fe12O8(OMe)2(O2CPh)12(pao)6]

(paoH

=

2-pyridinealdoxime)188a

and

[Fe12Na4O2(OH)8(sao)(OMe)6(MeOH)10] (saoH2 = salicylaldoxime)188b are the highest nuclearity
iron oximato clusters reported to date. Despite the nonchelating trend of the praoH− groups in
complexes 1 and 2, the oximato bridging arms foster the formation of species with distinctly
different topologies than the “ferric wheels” first reported by Taft and Lippard 189 using simple
alkoxido (OMe− or OH−) bridges.
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Compound 3 crystallizes in the triclinic space group P-1 with the molecule possessing
crystallographic Ci symmetry. The core of the cluster (Figure 2.5, top) is held together by twelve
μ4-O2−, eight μ3-O2−, six μ3- and six μ-OMe− ions, as well as the deprotonated oximato arms of
twelve η1:η2:μ3 mprao− groups (Scheme 2.3). The {Mn25} core can be dissected into five parallel
layers of three types with an ABCBA arrangement (Figure 2.5, bottom). Layer A is a Mn III3
triangular unit with a capping μ3-O2− ion; layer B is a MnIII6 triangle that can be described as
three corner-fused MnIII3 triangular moieties each capped by a μ3-O2− ion; and layer C is a disklike MnIII7 unit, reminiscent of the known Anderson-type structure.190 Each layer is held together
and linked to its neighbors by a combination of oxido, methoxido, and/or oximato bridges. All
Mn atoms are in the 3+ oxidation state and are six-coordinate with distorted octahedral
geometries. The oxidation states were determined qualitatively by inspection of metric
parameters and detection of MnIII Jahn–Teller (JT) elongation axes for all crystallographically
independent Mn ions, as well as quantitatively by bond valence sum (BVS) 19 calculations (Table
2.4). In the case of the central MnIII atom (Mn6), which lies on a crystallographic inversion
center, both the intermediate for a MnII/MnIII ion BVS value and the absence of a clear JT axis
are assigned to the static disorder among the three symmetry-equivalent O(15,19,22)–Mn(6)–
O(15ʹ,19ʹ,22ʹ) axes.117a,191
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Figure 2.5. (top) Core structure of the {MnIII25} barrel. Only the oxido, methoxido and oximato
arms of the mprao− ligands are shown for clarity. H atoms are omitted for clarity. (bottom)
ORTEP representations of the three types of constituent Mnx layers in 3. Colour scheme: MnIII,
blue; O, red; N, green; C, gray.

Peripheral ligation about the {Mn25} core is provided by twelve terminally bound N3−
ions, four of which assemble end-to-end linking the {Mn25} units to a NaI ion at each end,
affording a 1D linear chain (Figure 2.6). The coordination sphere of the octahedral Na I cations is
completed by two axially bonded H2O molecules. The shortest Mn···Mn separation between the
{Mn25} magnetic units is appreciably large (11.23(5) Å), while there are no other significant
intermolecular interactions between the 1D chains. The overall barrel shape and nanometer size
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of the {Mn25} unit in 3 are emphasized in the space-filling plots shown in Figure 2.7. The cluster
has a length of ~18.5 Å and a diameter of ~17.2 Å, excluding the H-atoms.

Figure 2.6. A small portion of the 1D polymeric structure of 3. Colour scheme: MnIII, blue; NaI,
yellow; O, red; N, green; C, gray. H-atoms are omitted for clarity.

Scheme 2.3. The coordination modes of all ligands present in compound 3.
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Table 2.4. Bond Valence Sum (BVS)a,b,c Calculations for Mn Atoms in Complex 3.

a

Atom

MnII

MnIII

MnIV

Mn1

3.16

2.93

3.01

Mn2

3.10

2.83

2.97

Mn3

3.36

3.13

3.19

Mn4

3.26

3.04

3.10

Mn5

3.13

2.91

2.99

Mn6

2.67

2.46

2.42

Mn7

3.17

2.94

3.02

Mn8

3.15

2.88

3.02

Mn9

3.21

2.98

3.06

Mn10

3.17

2.90

3.05

Mn11

3.05

2.84

2.90

Mn12

3.18

2.96

3.02

Mn13

3.25

3.02

3.10

The underlined value is the one closest to the charge for which it was calculated. The oxidation

state is the nearest whole number to the underlined value. b An O BVS in the ~1.7-2.0, ~1.0-1.2,
and ~0.2-0.4 ranges is indicative of non-, single- and double-protonation, respectively.

c

BVS

calculations for selected oxygen atoms in 3 gave values of: 1.70-1.85 for O2-, 1.91-1.97 for MeOand 0.23 for H2O.
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18.5 Å

17.2 Å

Figure 2.7. (top) Space-filling representation of the {Mn25} cluster unit of the 1D coordination
polymer 3, indicating the length of the molecule. (bottom) Space-filling representation and width
of the {Mn25} cluster unit, viewed approximately along the virtual C3 axis. Colour scheme: MnIII
blue; O red; N green; C gray.
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Complex 3 joins a handful of previously reported Mn clusters with a nuclearity of
25.70,108c,192 Whilst the core geometry is similar to that previously observed for the mixedvalence

MnII6MnIII18MnIV

barrels

[Mn25O18(OH)2(N3)12(pdm)6(pdmH)6]2+

and

[Mn25O18(OH)(OMe)(hmp)6(pdm)6(pdmH)6]8+ (pdmH2 = 2,6-pyridinedimethanol; hmpH = 2(hydroxymethyl)pyridine),70,108c the oxidation states of the Mn ions in 3 are all assigned to MnIII.

2.2.3. Solid-state Magnetic Susceptibility Studies
Solid-state direct-current (dc) magnetic susceptibility (χM) data were collected on
powered polycrystalline samples of 1 and 2 in a 1 kG (0.1 T) field in the 5.0-300 K range. The
obtained data are plotted as χMT vs. T in Figure 2.8: the χMT product for both complexes steadily
decreases with decreasing temperature from 10.59 (for 1) and 10.22 (for 2) cm3Kmol−1 at 300 K
to 1.75 and 0.19 cm3Kmol−1 at 5 K, respectively, suggesting the presence of strong
antiferromagnetic exchange interactions between the metal ions and very small (for 1) or zero
(for 2) ground-state spin values. In order to determine the ground-state S values for 1 and 2, we
carried out alternating-current (ac) susceptibility studies, a powerful complement to dc studies
for determining the S value of a system. The in-phase (χM′) ac signals for 1 and 2, shown as χM′T
in Figure 2.9, are both temperature dependent in the 4−15 K region, indicating the presence of
low-lying excited states with S larger than the ground state.97a,110a,d,193 For 2, the plot is clearly
heading for χM′T ∼ 0 at 0 K, suggesting an S = 0 ground state, but for 1, the plot does not appear
to be heading for zero, and, in fact, extrapolation of the plot to 0 K gives a χM′T value of ∼1.0
cm3Kmol−1, which is consistent with an S = 1 ground state and g ∼ 2.0. Undoubtedly, we cannot
rule out the possibility that it is an S = 0 ground state with very low-lying S > 0 excited states.
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Unfortunately, no out-of-phase ac signals were observed for both complexes, suggesting 1 and 2
are not SMMs.

Figure 2.8. Plot of χMT vs. T for complexes 1 (black circles) and 2 (red circles).
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Figure 2.9. Plots of the in-phase ac susceptibility signals (χM′ as χM′T) of 1 (top) and 2 (bottom)
in a 3.5 G field oscillating at the indicated frequencies.

Solid-state, dc magnetic susceptibility data for an air-dried sample of 3 were collected in
the temperature range 5-300 K and in an applied field of 0.1 T. The data reveal that χMT steadily
decreases from 73.48 cm3Kmol−1 at 300 K to 20.62 cm3Kmol−1 at 5.0 K (Figure 2.10). The 300
K value is slightly less than the spin-only (g = 2) value of 75 cm3Kmol−1 for 25 MnIII noninteracting ions, indicating the presence of dominant antiferromagnetic exchange interactions
within the cage. The 5 K value suggests that 3 possesses a fairly large ground state spin value of
possibly S = 6; the spin-only (g = 2) value for S = 6 is 21 cm3Kmol−1. Given the size of the
{Mn25} core, and the resulting number of inequivalent exchange constants, it was not possible to
determine the individual pairwise Mn2 exchange interaction parameters. Thus, we concentrated
instead on characterizing the ground state spin, S, and the ZFS parameter, D, by performing
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magnetization (M) vs. dc field measurements in a magnetic field and temperature range 0.1-7 T
and 1.8-10.0 K, respectively. Unfortunately, we were unable to obtain an acceptable fit for the
data collected over the whole field range. This is a common problem in many large Mn clusters
due to the population of low-lying excited states even at ultra-low temperatures, especially if
some have an S value greater than that of the ground state.

Figure 2.10. Plot of χMT vs. T for complex 3.

A powerful complement to dc studies for determining the ground state of a system, and
also to study magnetization dynamics, is ac magnetic susceptibility measurements which
preclude any complications arising due to the presence of a dc field. These were performed in a
3.5 G ac field oscillating at different frequencies. The in-phase susceptibility (χM′) is shown as
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χM′T vs. T plot in Figure 2.11 (top), and reveals several pertinent features: (i) χM′T decreases
linearly with decreasing temperature in the 4-15 K range, indicating depopulation of a high
density of excited states with spin S greater than that of the ground state, which is in agreement
with the conclusion of the dc studies; (ii) extrapolation of the χM′T data from above ~4.0 K to 0 K
gives a value of ~21 cm3 K mol−1, which is indicative of an S = 6 ground state with g = 2; (iii)
below ~4 K, there is a frequency-dependent decrease in χM′T and a concomitant appearance of
frequency-dependent χM′ʹ signals (Figure 2.11, bottom); such signals are an indication of the
superparamagnetic-like slow relaxation of an SMM. It should be pointed out that complex 3 is
simply too complicated to rationalize the S = 6 ground state on the basis of its structure alone.
There are extensive spin frustration effects operating within the many fused Mn3 triangular units,
which render any spin assignment inaccurate and superficial.
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Figure 2.11.

The in-phase (χΜ′) (as χΜ′T, top) and out-of-phase (χΜ′′, bottom) vs. T ac

susceptibility signals for complex 3.

To confirm this last observation, magnetization vs. applied dc field data were collected on
a single-crystal of 3·8MeOH down at 0.03 K on a micro-SQUID. Hysteresis loops are seen
below ~0.8 K, whose coercivities increase with increasing sweep rate (Figure 2.12, top) and with
decreasing temperature (Figure 2.12, bottom), confirming 3 to be an SMM. These loops do not
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show the steps characteristic of quantum tunnelling, as expected for large SMMs which are more
susceptible to various step-broadening effects.70,108c,192,194

Figure 2.12. Magnetization (M) vs. applied dc field (H) hysteresis loops for a single-crystal of
3·8MeOH at the indicated field sweep rates (top) and temperatures (bottom). The magnetization
is normalized to its saturation value (Ms).
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2.3. Conclusions and Perspectives
In this chapter, we have shown that the use of pyrrole-2-carboxaldehyde oxime (praoH2),
the simplest and most flexible member of 2-pyrrolyloxime ligands, in 3d metal cluster chemistry
has afforded two new {FeIII10} and {FeIII12} clusters with a closed, cagelike topology. There are
currently no other Fe/oximato clusters with a nuclearity of ten, while complex 2 is one of the
highest nuclearity iron clusters containing an oximate ligand. These high nuclearity products
suggest that reactions of this ligand with other paramagnetic metal ions promise to deliver many
new and beautiful clusters, and why not with some fascinating magnetic properties. With regards
to complex 3, we have established that the N-alkylation of a 2-pyrrolyloxime stabilizes a redoxactive molecule with respect to oxidation. The resultant mprao− ligand was therefore able to
bridge MnIII ions affording a large polynuclear barrel-shaped {MnIII25} cluster that is structurally
related to the examples of mixed-valence {Mn25} barrel-like SMMs reported in the
literature.70,108c Despite the structural similarities, all the Mn ions in 3 are present in the more
magnetically interesting 3+ oxidation state. To date, this system represents the highest nuclearity
Mn cluster which is organized into a 1D polymer through chelation with diamagnetic metal
centers.195
In conclusion, we believe that this is a new area for scientists to follow and is promising
in leading the scientific community (i.e., inorganic chemists, structural chemists and
magnetochemists) to new molecular compounds with interesting physical properties. We are
currently working to assess the effect of the carboxylate in the FeIII/praoH2 reaction system by
replacing the ButCO2− ions with other carboxylates, such as PhCO2− and polyaromatic
carboxylate ions (i.e., naphthoate, anthracene carboxylate, etc.). Regarding compound 3, its
redox activity is being actively pursued, given the apparent stability of these barrel-like clusters
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in multiple oxidation states. Furthermore, strategies aimed at the selective replacement of the
diamagnetic NaI cations with paramagnetic 4f-metal ions, targeting the rational assembly of 3
into new classes of SCMs, seem to be a promising direction.
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CHAPTER 3: Synthesis, Structural and Physicochemical
Characterization of New Mn Clusters Featuring Pyridyl- and
Pyrazine-based Dicarbonyl Ligands: {Mn6}, {Mn10} and {Mn3Na2}
Complexes

3.1. Experimental Section

3.1.1. Physical Measurements
Elemental Analysis: Elemental analyses (C, H, and N) were performed on a Perkin-Elmer 2400
Series II Analyzer.
FT-IR spectroscopy: Infrared (IR) spectra were recorded in the solid state on a Bruker FT-IR
spectrometer (ALPHA Platinum ATR single reflection) in the 4000-450 cm-1 range. Notation for
IR bands: vs, very strong; s, strong; m, medium; mb, medium broad; w, weak; b, broad.
Electrochemical studies: Electrochemical studies were performed under argon using a BASi
EC-epsilon Autoanalyzer and a standard three-electrode assembly (glassy carbon working, Pt
wire auxiliary, and Ag/AgNO3 reference) with 0.1 M NBun4PF6 as supporting electrolyte.
Quoted potentials are versus the ferrocene/ferrocenium couple, used as an internal standard. The
scan rates for cyclic voltammetry were 50 mV/s. Distilled solvents were employed, and the
concentrations of the complexes were approximately 1 mM.
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Magnetic susceptibility measurements: Direct current (dc) magnetic susceptibility studies
were performed at the Chemistry Department of the University of Barcelona on a Quantum
Design SQUID magnetometer equipped with a 7 T magnet and operating in the 1.8-300 K range.
Samples were embedded in solid eicosane to prevent torquing. Pascal’s constants were used to
estimate the diamagnetic correction, which was subtracted from the experimental susceptibility
to give the molar paramagnetic susceptibility (χΜ).170

3.1.2. Synthesis
General considerations: All manipulations were performed under aerobic conditions. All
chemicals were purchased from Sigma Aldrich and Alfa Aesar. Chemicals and solvents were
used as received without further purification. The ligand (py)CO(py)CO(py) was synthesized by
R. Ballesteros et al.161a The ligand (pz)CO(py)CO(pz) was synthesized by C. Metallinos et al.161b
Safety note: Although no such behavior was observed during the present work, metal azide (N3−)
and perchlorate (ClO4−) salts are potentially explosive; such compounds should be synthesized
and used in small quantities, and treated with utmost care at all times.
[Mn6(N3)6Cl4(L1)2(DMF)4] (4). To a stirred, pale yellow solution of (py)CO(py)CO(py) (0.08 g,
0.25 mmol) and NEt3 (0.035 mL, 0.25 mmol) in MeCN/DMF (20 mL, 3:1 v/v) were added solid
MnCl2∙4H2O (0.10 g, 0.5 mmol) and NaN3 (0.03 g, 0.5 mmol). The resulting orange solution was
stirred for 1 h, during which time all the solids dissolved and the color of the solution changed to
dark brown. The solution was filtered, and the filtrate was layered with Et2O (40 mL, 1:1 v/v).
After three weeks, X-ray quality dark red plate-like crystals of 4 had appeared and were collected
by filtration, washed with cold MeCN (1 × 3 mL) and Et2O (2 × 5 mL), and dried in air. The
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yield was 20%. Elemental analysis (%) calcd for dried 4 (solvent-free): C, 33.97; H, 3.10; N,
24.11; found: C, 33.75; H, 3.02; N, 24.25. Selected IR data (cm-1): 2073 (vs), 1652 (s), 1599 (w),
1437 (m), 1386 (w), 1322 (m), 1281 (m), 1234 (w), 1103 (w), 1051 (m), 829 (w), 758 (w), 681
(s), 620 (s), 511 (w), 482 (w), 415 (m).
[Mn10O2(N3)10(L1)2(L2)2(MeCN)2(DMF)6] (5). To a stirred, pale yellow solution of
(py)CO(py)CO(py) (0.08 g, 0.25 mmol) and NEt3 (0.07 mL, 0.5 mmol) in MeCN/DMF (20 mL,
3:1 v/v) were added solid Mn(ClO4)2∙6H2O (0.18 g, 0.5 mmol) and NaN3 (0.03 g, 0.5 mmol).
The resulting orange solution was stirred for 1 h, during which time all the solids dissolved and
the color of the solution changed to dark brown. The solution was filtered, and the filtrate was
allowed to slowly evaporate at room temperature. After one day, X-ray quality dark red rod-like
crystals of 5 had appeared and were collected by filtration, washed with cold MeCN (1 × 3 mL),
and dried in air. The yield was 50%. Elemental analysis (%) calcd for dried 5 (solvent-free): C,
38.95; H, 3.34; N, 25.23; found C, 38.84; H, 3.22; N, 25.33. Selected IR data (cm-1): 2089 (vs),
2050 (vs), 1653 (vs), 1599 (s), 1471 (w), 1437 (s), 1386 (s), 1336 (m), 1282 (m), 1234 (m), 1157
(w), 1103 (vs), 1047 (vs), 829 (w), 758 (m), 679 (s), 619 (s), 515 (w), 413 (m).
[Mn3Na2O(N3)3(L3)3] (6). To a stirred solution of (pz)CO(py)CO(pz) (0.03 g, 0.1 mmol) and
n

Bu3N (0.07 mL, 0.3 mmol) in Me2CO (10 mL) was added solid Mn(ClO4)2∙6H2O (0.04 g, 0.1

mmol). The resulting orange solution was kept under magnetic stirring at room temperature for
about 20 min, followed by the consecutive addition of solid NaN3 (0.01 g, 0.1 mmol). The
resulting suspension was stirred for 4 h, during which time all the solids dissolved and the color
of the solution changed to dark red. The solution was filtered and left to evaporate slowly at
room temperature. After 7 days, X-ray quality dark-blue plate-like crystals of 6∙Me2CO∙xH2O
had appeared and were collected by filtration, washed with cold Me2CO (2 × 5 mL) and dried in
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air; the yield was 30%. Elemental analysis (%) calcd for dried 6 (solvent-free): C, 48.23; H, 3.66;
N, 21.42; found: C, 48.06; H, 3.42; N, 21.58. Selected IR data (cm−1): 2033 (vs), 1704 (s), 1591
(m), 1572 (m), 1523 (w), 1458 (m), 1397 (m), 1362 (m), 1283 (m), 1157 (s), 1076 (vs.), 1045 (s),
1017 (s), 820 (m), 774 (mw), 700 (s), 629 (sb), 545 (sb).

3.1.3. Single-crystal X-ray Crystallography
Crystals of the complexes 4 and 5 were selected and mounted on cryoloops using inert
oil.178 Diffraction data were collected at 150.0(2) K on a Bruker X8 Kappa APEX II ChargeCoupled Device (CCD) area detector diffractometer controlled by the APEX2 software
package179 (Mo Kα graphite-monochromated radiation, λ = 0.71073 Å), and equipped with an
Oxford Cryosystems Series 700 cryostream monitored remotely with the software interface
Cryopad.180 Images were processed with the software SAINT+,181 and absorption effects
corrected with the multiscan method implemented in SADABS.182 The structures were solved by
direct methods employed in SHELXS-97,176,177 allowing the immediate location of the metals.
The other non-hydrogen atoms of the complexes were located from difference Fourier maps
calculated by successive full-matrix least-squares refinement cycles on F2 using SHELXL97,176,177 and effectively refined with anisotropic displacement parameters.
A clear dark-blue plate-like crystal of 6∙Me2CO∙xH2O was mounted on a MiTeGen
kapton loop in the 100(2) K nitrogen cold stream provided by an Oxford Cryosystems
Cryostream 700 Plus apparatus. The crystal was transferred to the goniometer head of a Bruker
D8 diffractometer equipped with an ApexII CCD detector on beamline 11.3.1 at the Advanced
Light Source in Berkeley National Laboratory. Diffraction data were collected in synchrotron
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radiation, monochromated using silicon(111) to a wavelength of 0.7749(1) Å. An approximate
full sphere of data to 2θmax = 64.34° was collected using 0.3° ω scans. The structure was solved
by intrinsic phasing and refined by full-matrix least-squares on F2 (SHELXL-2014/6)9 using 175
parameters and 15 restraints. The lattice Me2CO and H2O solvate molecules were severely
disordered and could not be modeled properly; thus, they were removed by utilizing the
SQUEEZE algorithm in the PLATON software package.196 The coordinated azido groups were
also disordered and split across the mirror plane. The restraints used are to model the disordered
azides. The hydrogen atoms on carbon atoms were generated geometrically and refined as riding
atoms with C–H = 0.95–0.99 Å and Uiso(H) = 1.2 × Ueq(C) for CH and CH2 groups. The
programs used for molecular graphics were MERCURY183 and DIAMOND.184 Unit cell
parameters and structure solution and refinement data for complexes 4-6 are listed in Table 3.1.

Table 3.1. Crystallographic Data for Complexes 4-6.
4

5

6∙Me2CO∙xH2O

Formula

C46H50Cl4Mn6N28O10

C90H92Mn10N50O22

C63H57Mn3Na2N24O13

Fw / g mol-1

1626.58

2882.82

1569.12

Crystal type

Dark red plate

Dark red rod

Dark blue plate

Crystal size / mm

0.07 × 0.04 × 0.03

0.05 × 0.06 × 0.07

0.10 × 0.10 × 0.02

Crystal system

Triclinic

Monoclinic

Hexagonal

Space group

P-1

P21/c

P63/m

a/Å

10.6867(9)

29.294(6)

13.3404(4)

b/Å

12.6297(12)

28.311(6)

13.3404(4)
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c/Å

14.2706(13)

16.462(3)

24.3913(9)

α/°

113.964(4)

90

90

β/°

104.709(4)

100.953(7)

90

γ/°

97.420(4)

90

120

V / Å3

1642.5(3)

13404.3(3)

3759.3(3)

Z

1

4

2

T/K

150(2)

150(2)

100(2)

ρcalc / g cm-3

1.656

1.428

1.386

μ / mm-1

1.360

0.990

0.731

θ range / °

3.65-24.69

1.59-23.32

2.65-32.17

Index ranges

-12 ≤ h ≤ 12

-31 ≤ h ≤ 32

-18 ≤ h ≤ 13

-13 ≤ k ≤ 14

-31 ≤ k ≤ 31

-17 ≤ k ≤ 18

-16 ≤ l ≤ 16

-18 ≤ l ≤ 18

-30 ≤ l ≤ 33

Collected reflections

25410

164504

26944

Independent

5448 (Rint = 0.053)

19226 (Rint = 0.150)

3473 (Rint = 0.050)

R1 = 0.1036

R1 = 0.0531

reflections
Final

Ra,b

indices R1 = 0.0605

[I>2σ(I)]

wR2 = 0.1441

wR2 = 0.2341

wR2 = 0.1700

(Δρ)max,min / e Å-3

0.943 and −0.503

0.833 and −0.463

0.707 and −0.494

a

R1 = Σ(||Fo| – |Fc||)/Σ|Fo|. b wR2 = [Σ[w(Fo2 - Fc2)2]/ Σ[w(Fo2)2]]1/2, w = 1/[σ2(Fo2) + [(ap)2 +bp],

where p = [max(Fo2, 0) + 2Fc2]/3.

3.2. Results and Discussion
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3.2.1. Synthetic Comments
Given the similarities between the reactivity of the ligands

(py)2CO and

(py)CO(py)CO(py), we sought to explore the coordination chemistry of Mn with the bis(gemdiol) form of (py)CO(py)CO(py), (py)C(OH)2(py)C(OH)2(py). The most structurally and
magnetically impressive results reported to date, bearing the gem-diol form of (py)2CO
[(py)2C(OH)2], are the {Mn24}, {Mn26} and {Mn16} clusters which confirm the ability of this
ligand to yield products with high nuclearities and interesting physical properties.162a,197
However, there are no Mn complexes containing the ligand (py)C(OH)2(py)C(OH)2(py). For the
purpose of this project, the use of alcoholic solvents, such as MeOH and EtOH, was avoided in
order to exclude the formation of the hemiketal forms of (py)CO(py)CO(py), resulting from the
nucleophilic attack of the carbonyl C atoms by MeO− and EtO− nucleophiles, respectively.164c-e
Simple MnII salts were used as metal sources, with the coordination ability (i.e., Cl−) or inability
(i.e., ClO4−) of the counteranion being a key factor for determining the nuclearity and structure of
the final products (vide infra). In addition, NaN3 was used as an azido source, since “ligand
blends” containing polyalcohols and azides are known to lead to polynuclear compounds with
interesting magnetic properties, such as high-spin ground state values and SMM
behavior.72,157d,198
A variety of reactions differing in the Mn:(py)CO(py)CO(py):N3− ratio, the presence or
absence of organic base, and/or the reaction solvent or solvent mixture were explored in
identifying the following successful system. The one-pot reaction of MnCl2∙4H2O,
(py)CO(py)CO(py), NEt3 and NaN3 in a 2:1:1:2 molar ratio in a mixture of MeCN/DMF led to a
dark brown solution, which upon layering with Et2O afforded dark red plate-like crystals of the
hexanuclear complex [MnII4MnIII2(N3)6Cl4(L1)2(DMF)4] (4) in 20% yield, where L12- is the
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dianion of the ketone-diol form of (py)CO(py)CO(py) (Scheme 3.1). The formation of 4 is
summarized in equation 3.1, and L12- was formulated as (py)CO(py)C(O)2(py) for mass and
charge balanced considerations.

1

6 Mn2+ + 2 (py)CO(py)CO(py) + 6 N3− + 4 Cl− + 2 O2 + 2 NEt3 + H2O + 4 DMF →
[Mn6(N3)6Cl4{(py)CO(py)C(O)2(py)}2(DMF)4] + 2 NHEt3+

(3.1)

The synthesis of complex 4 involves Mn oxidation by atmospheric O2, under the
prevailing basic conditions, and equation 3.1 has been balanced accordingly. The L1H2 ligand is
the ketone-diol form of (py)CO(py)CO(py) (Scheme 3.1) and results from the metal-assisted,
nucleophilic attack of H2O at one of the carbonyl C atoms of (py)CO(py)CO(py).

Scheme 3.1. Structural formulae and abbreviations of the diketone ligand (py)CO(py)CO(py)
and the ketone-diol ligand L1H2 which are discussed in the text. Note that L1H2 and its anions do
not exist as free species but exist only in their respective metal complexes.
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The base NEt3 is necessary to ensure basic conditions and to act as a proton acceptor to
facilitate the deprotonation of the L1H2 groups. In addition, the presence of NEt3 facilitates the
nucleophilic attack of H2O at (py)CO(py)CO(py) through the deprotonation of H2O towards OH−
ions.94,199 In the absence of base, yellow or pale-orange solutions were observed, indicative of
MnII products. The use of larger molar amounts of base led to the formation of dark brown
amorphous solids. The presence of chloride ions is also important, since they act as both bridging
and terminal ligands (vide infra). Finally, the solvent mixture of MeCN/DMF was found to be
crucial for the formation and crystallization of complex 4; this was eventually rationalized by the
presence of DMF molecules as terminal ligands in the structure of 4. Performance of the exact
same reaction but solely in MeCN led to the precipitation of brown non-crystalline solids, while
the reaction in DMF only led to a dark brown solution which remained clear for more than six
months without affording any solid-state material.
In the next step, and as a part of the chemical reactivity studies on metal cluster
compounds, it was decided to replace MnCl2∙4H2O with Mn(ClO4)2∙6H2O. Chloride ions were
present as bridging and terminal ligands in complex 4; thus, we anticipated a different metal
source, containing an anion unable to coordinate to metal centers, would lead to a structurally
different compound. Indeed, the one-pot reaction of Mn(ClO4)2∙6H2O, (py)CO(py)CO(py), NEt3
and NaN3 in a 2:1:2:2 molar ratio in a mixture of MeCN/DMF led to a dark brown solution,
which was allowed to slowly evaporate at room temperature, yielding dark red rod-like crystals
of the decanuclear complex [MnII4MnIII6O2(N3)10(L1)2(L2)2(MeCN)2(DMF)6] (5) in 50% yield.
The ligand L24- is the tetraanion of the bis(gem-diol) form of (py)CO(py)CO(py) (Scheme 3.2).
The formation of 5 is summarized in equation 3.2, and L12- and L24- were formulated as
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(py)CO(py)C(O)2(py) and (py)C(O)2(py)C(O)2(py), respectively, for mass and charge balanced
considerations.

3

10 Mn2+ + 4 (py)CO(py)CO(py) + 10 N3− + 10 NEt3 + 2 O2 + 5 H2O + 2 MeCN + 6 DMF →
[Mn10O2(N3)10{(py)CO(py)C(O)2(py)}2{(py)C(O)2(py)C(O)2(py)}2(MeCN)2(DMF)6]
+ 10 NHEt3+

(3.2)

The synthesis of complex 5 involves Mn oxidation by atmospheric O2 under the
prevailing basic conditions, and equation 3.2 has been balanced accordingly. Complex 5 contains
two forms of (py)CO(py)CO(py): the deprotonated ligand L12- (ketone-diol form; also present in
complex 4) and the ligand L24-, which is the bis(gem-diol) form of (py)CO(py)CO(py) (Scheme
3.2), and results from the metal-assisted, nucleophilic attack of H2O at both carbonyl carbon
atoms of the parent ligand. The base NEt3 is essential to ensure basic conditions and to act as a
proton acceptor to facilitate the deprotonation of the L1H2 and L2H4 groups. In addition, the
presence of NEt3 facilitates the in situ generation of OH− and O2− ions through the deprotonation
of the H2O-containing starting materials and solvents, and the nucleophilic attack of H2O at
(py)CO(py)CO(py) through the deprotonation of H2O to OH− ions. In the absence of base,
yellow or pale-orange solutions were observed, indicative of MnII products. The performance of
the same reaction with Mn(NO3)2∙4H2O in place of Mn(ClO4)2∙6H2O led to the isolation of 5,
albeit in lower yields (~5%). As in the case of complex 4, the solvent mixture of MeCN/DMF
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was important for the formation of 5, since both solvate molecules participate in the structure as
terminal ligands (vide infra).

Scheme 3.2. Structural formulae and abbreviations of the organic ligands (py)CO(py)CO(py),
L1H2 and L2H4 discussed in the text. Note that L1H2, L2H4 and their anions do not exist as free
species but exist only in their respective metal complexes.

Inspired by the rich coordination chemistry of (py)CO(py)CO(py), it was decided to
replace the 2,6-di-(2-pyridylcarbonyl) functional groups with the 2-pyrazinecarbonyl ones, hence
altering the electronic properties of the compound and introducing additional donors for binding
to metal ions. Pyrazines are very π-deficient heteroaromatics that can potentially yield metal
complexes with unusual ligand transformations and structural topologies. The resulting ligand
employed was (pz)CO(py)CO(pz), as shown in Scheme 3.3. Various reactions were
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systematically explored with differing MnII salts, reagent ratios, reaction solvents, organic bases,
and other conditions, in order to isolate polynuclear Mn clusters in moderate-to-high oxidation
states. However, all such reactions but one failed to give any crystalline material, the remainder
producing oily products and amorphous precipitates that were not able to further characterize.
Most likely these materials are polymeric and/or mixtures of various products.
The one-pot reaction though of Mn(ClO4)2∙6H2O, (pz)CO(py)CO(pz), nBu3N and NaN3
in a 1:1:3:1 molar ratio in Me2CO gave, upon stirring for a prolonged time at room temperature,
a dark red solution from which well-formed, dark-blue crystals of [MnIII3Na2O(N3)3(L3)3] (6)
were successfully grown in 30% yield. The self-assembly synthesis of heterometallic 6 is
associated with some notable features which deserve further discussion. First, the oxidation of
MnII to MnIII is almost certainly by atmospheric O2 under the prevailing basic conditions. In
addition, the use of Me2CO as reaction solvent is crucial for both the clean and crystalline
product formation and the metal-ion promoted (or assisted) generation of the unusual ligand L32-,
which is the dianion (pz)C(CH2COCH3)(O-)(py)C(CH2COCH3)(O-)(pz) (vide infra). Finally, the
role of nBu3N as proton acceptor is also important for the in situ generation of deprotonated L32groups, and consequently for the stabilization of polynuclear complex 6. When base was omitted
from the reaction mixture, only pale yellow solutions indicative of Mn II products were obtained,
likely containing neutral derivatives of the (pz)CO(py)CO(pz) ligand. Omission of NaN3 from
the reaction that led to 6 resulted in the isolation of solid, non-crystalline materials that had poor
solubilities in all common organic solvents. Reactions with higher Mn:(pz)CO(py)CO(pz) ratios,
to foster the formation of higher nuclearity Mn clusters, did not give any new products other than
6 in lower yields (5-10%).
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A simplified mechanism for the formation of L32- is proposed in Scheme 3.3. The
moderately strong base nBu3N (pKa ~ 11)200 abstracts an α-hydrogen from acetone (pKa ~ 20)
which is in equilibrium with the corresponding resonance-stabilized carbanion.164g,201 It is also
possible that the acidity of acetone is increased by its prior coordination to Mn, which thereby
assists its deprotonation. Once the carbanion CH3COCH2- is formed, it may attack the
electrophilic carbonyl carbons of (pz)CO(py)CO(pz). As the nucleophilic addition forms new CC bonds, the π electrons of the two carbonyl groups of (pz)CO(py)CO(pz) are transferred
completely to the corresponding oxygen atoms, forming two alkoxide ions. The reaction that
leads to (pz)C(CH2COCH3)(O-)(py)C(CH2COCH3)(O-)(pz) is not an aldol condensation, because
the product is not further dehydrated to form a carbon-carbon double bond.164g,201 Possible
reasons for resistance of (pz)C(CH2COCH3)(O-)(py)C(CH2COCH3)(O-)(pz) to loss of water are
the strongly basic medium that does not permit the existence of neutral alcohol functions and/or
its prior stabilization by the Mnn+ ions mentioned previously. It was not possible to date to
synthesize the free, neutral L3H2 ligand (this compound is not known) by the reaction of
(pz)CO(py)CO(pz) and acetone in the presence of nBu3N or any other strong base under several
reaction conditions. This further emphasizes the importance of Mn ions in the metal-assisted
formation of L32-.
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N
O
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(pz)CO(py)CO(pz)

L32-

Scheme 3.3. (top) Structural formula and abbreviation of the ligand (pz)CO(py)CO(pz)
discussed in the text. (bottom) The proposed simplified mechanism that leads to L32- which is
present as chelating/bridging ligand in complex 6; the Mnn+ ions stabilize the resonancestabilized enolate intermediate and the final ketone/alkoxido product.

3.2.2. Description of Structures
Complex 4 crystallizes in the triclinic space group P-1 and displays crystallographic Ci
symmetry. The structure of 4 (Figure 3.1, top) consists of six Mn atoms linked through the
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alkoxido arms (O2, O3, O2ʹ, O3ʹ) of two η1:η1:η2:η2:η1:μ4 L12− ligands, four μ-N3− and two μ-Cl−
ligands (Figure 3.2). The simplified core of 4 (Figure 3.1, bottom) can be described as a central
Mn4 parallelogram (Mn1, Mn1′, Mn2, and Mn2′) that is further linked to two extrinsic Mn ions
(Mn3 and Mn3ʹ) via bridging chlorido and alkoxido bridges. The four Mn ions within the
parallelogram are bridged by the four end-on azido ligands, while each L12− ligand bridges four
metal centers in total (three Mn ions within the parallelogram and the extrinsic one) through its
two alkoxido arms. Thus, complex 4 contains an overall [Mn6(μ-N3)4(μ–Cl)2(μ-OR)4]4+ core,
with peripheral ligation about it provided by the pyridine groups of the L12− ligands, two
terminally bound azides at Mn1 and Mn1ʹ, two terminally bound chlorides at Mn3 and Mn3ʹ, and
four coordinated DMF molecules, two at Mn2 and two at Mn2ʹ. Mn3 and Mn3ʹ are fivecoordinate with distorted square pyramidal geometries (τ = 0.35, where τ is 0 and 1 for perfect
square-pyramidal and trigonal bipyramidal geometries,187 respectively). The remaining four Mn
ions are six-coordinate with distorted octahedral geometries. The MnII and MnIII oxidation states
were determined by metric parameters (bond distances and angles) and charge balance
considerations, and confirmed by bond valence sum (BVS) calculations (Table 3.2).186 Finally,
there are some weak but noticeable intermolecular hydrogen bonding interactions between the
methyl H atoms of the coordinated DMF molecules and the Cl- ligands of adjacent molecules;
these interactions serve to weakly link the {Mn6} clusters into 1-D chains along the
crystallographic a axis (Figure 3.3).
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Figure 3.1. (top) PovRay representation of complex 4, with H atoms omitted for clarity, and
(bottom) its complete [Mn6(μ–N3)4(μ–Cl)2(μ–OR)4]4+ core. Color scheme: MnII, yellow; MnIII,
blue; O, red; N, green; Cl, cyan; C, gray. Primes are used for symmetry-related atoms.
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N
Mn

II

MnIII

2.20 (μ-1,1)

η1:η1:η2:η2:η1:μ4

Figure 3.2. The coordination modes of the L12−, N3− and Cl− bridging ligands in complex 4.
Color scheme for L12− as in Figure 3.1.

Table 3.2. Bond Valence Sum (BVS)a Calculations for Mn Atoms in Complex 4.

a

Atom

MnII

MnIII

MnIV

Mn1

3.20

3.03

3.02

Mn2

1.97

1.86

1.88

Mn3

1.89

1.81

1.85

The underlined value is the one closest to the charge for which it was calculated. The oxidation

state is the nearest whole number to the underlined value.
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Figure 3.3. Wireframe representation of complex 4, illustrating with dashed lines the
intermolecular hydrogen bonding interactions. Color scheme: Mn, purple; O, red; N, blue; Cl,
green; C, gray.

Complex 5 crystallizes in the monoclinic space group P21/c and displays crystallographic
Ci symmetry. There are two crystallographically independent {Mn10} complexes present in the
unit cell and both of them comprise the same ligands and metal ions in the same oxidation state
levels. Therefore, only the structure of one of these molecules (the one containing Mn(1,2,3,4,5)
and their symmetry equivalents) will be described in detail. The structure of 5 (Figure 3.4, top)
consists of 10 Mn atoms linked through the alkoxido arms (O1, O4, O9 O1ʹ, O4ʹ, O9ʹ) of two
L12− and two L24− ligands, four μ-N3− and two μ3-O2− groups (O12, O12ʹ). The coordination
modes of the L12− and L24− ligands are shown in Figure 3.5; the former bridges four metal ions
while the latter brings together as many as five Mn ions, clearly demonstrating the bridging
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capacity of these anions and their ability to form polynuclear metal complexes. The simplified
core of 5 (Figure 3.4, bottom) can be described as a central Mn4 rectangle (Mn3, Mn4, Mn3′,
Mn4′) in which the metal centers are bridged by two μ3-O2− ligands. The central Mn4 subunit is
linked to two Mn3 nearly linear subunits (Mn1, Mn2, Mn5ʹ and Mn1ʹ, Mn2ʹ, Mn5) through the
alkoxido arms of the two L12− and two L24− ligands, as well as by two end-on N3− (N38 and
N38ʹ) groups. The three metal ions in each Mn3 subunit are bridged through an alkoxido group
(O9 and O9ʹ) and two end-on N3− (N16, N17 and N16ʹ, N17ʹ) groups. Thus, complex 5 contains
an overall [Mn10(μ3-Ο)2(μ–N3)6(μ3–OR)2(μ–OR)4]10+ core, with peripheral ligation provided by
(i) the non-bridging parts of L12− and L24− ligands, except from a pyridine group of each L12ligand which remains unbound, (ii) four terminally ligated azido ligands (on Mn1 and Mn1ʹ), and
(iii) two terminal MeCN (on Mn3 and Mn3ʹ) and six terminal DMF solvate molecules (on Mn1,
Mn2, Mn5, and their symmetry equivalents).
Charge considerations and an inspection of the metric parameters indicated a 4Mn II,
6MnIII description for 5. This was confirmed quantitatively by bond valence sum (BVS)
calculations (Table 3.3),186 which identified Mn2 and Mn5 (and their symmetry equivalents) as
the MnII ions, and the others as MnIII. The latter was also consistent with the Jahn-Teller (JT)
axial elongations at Mn1, Mn3, Mn4, and their symmetry equivalents, as expected for high-spin
d4 ions in near-octahedral geometry. The Mn5 and Mn5ʹ atoms are seven-coordinate with
distorted pentagonal bipyramidal geometries, whereas the remaining MnII ions (Mn2 and Mn2ʹ)
are six-coordinate with distorted octahedral geometries. The protonation level of O2- groups was
also confirmed by BVS calculations (Table 3.3). Finally, there are no significant intermolecular
interactions in the crystal structure of complex 5, other than some weak π-π stacking interactions
between the pyridine groups of L12- and L24- in neighboring {Mn10} compounds.
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Complexes 4 and 5 are the first coordination complexes containing the organic ligands
L12− and L24−, derived from the metal-assisted hydrolysis of (py)CO(py)CO(py). Furthermore,
both compounds are the highest nuclearity Mn complexes reported to date containing any form
of (py)CO(py)CO(py), and they also possess unique topologies in their oxidation state levels.

Mn1′

Mn5′
O1′
O4′

N17′

Mn3′

N16
Mn4′

N38
Mn2′

O12
O9
N16′

Mn2

N38′

Mn4
O1

Mn5

O9′

O12′

Mn3

O4

N17

Mn1

Figure 3.4. PovRay representation of complex 5, with H atoms omitted for clarity (top) and the
labeled [Mn10(μ3-Ο)2(μ–N3)6(μ3–OR)2(μ–OR)4]10+ core (bottom). Color scheme: MnII, yellow;
MnIII, blue; O, red; N, green; C, gray. Primes are used for symmetry-related atoms.
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Figure 3.5. The coordination modes of the ligands L12− (left) and L24− (right) in complex 5.
Color scheme as in Figure 3.4.

Table 3.3. Bond Valence Sum (BVS)a,b Calculations for Mn and Selected Oxygenb Atoms in
Complex 5.
Atom

MnII

MnIII

MnIV

Mn1

3.28

3.04

3.13

Mn2

1.91

1.80

1.80

Mn3

3.14

2.94

2.98

Mn4

3.17

3.02

2.98

Mn5

2.00

1.88

1.89

BVS

Assignment

1.95

O2−

O12
a

The underlined value is the one closest to the charge for which it was calculated. The oxidation

state is the nearest whole number to the underlined value. b A BVS in the ~1.8-2.0, ~1.0-1.2, and
~0.2-0.4 ranges for an O atom is indicative of non-, single- and double-protonation, respectively.
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A partially labelled representation of complex 6 is shown in Figure 3.6 (top). Complex 6
crystallizes in the hexagonal space group P63/m and consists of three Mn and two Na atoms
arranged in an almost perfect trigonal bipyramidal topology with an ideal D3h point-group
symmetry (Figure 3.6, bottom right). The apical positions are occupied by the two NaI ions,
whereas the three MnIII ions reside in the equatorial trigonal plane. The oxidation states for the
MnIII ions were confirmed by bond valence sum (BVS) calculations,186 which gave a value of
3.12 (the three Mn atoms are symmetry-related). The Mn⋯Mn⋯Mn, Mn⋯Mn⋯Na, and
Mn⋯Na⋯Mn angles are 60°, 63.4(3)°, and 53.2(4)°, respectively, while the angle between
Na⋯Mn⋯Na is 117.7(4)°, deviating only slightly from the ideal 120° value of a trigonal
bipyramidal geometry. The three MnIII ions are solely bridged by a μ3-O2− ion (BVS = 2.07) to
form an equilateral triangle (Mn⋯Mn separations of 3.208 Å) without additional bridging
ligation provided on any Mn⋯Mn edge. The crystallographic C3 axis is passing from the central
O2− ion. To the current knowledge, this class of ‘edge-naked’ equilateral triangles is
unprecedented in metal cluster chemistry. The central oxido ion, O3, lies exactly in the Mn 3
plane (Mn–O3–Mn = 120°), while the MnIII–O3 bonds (1.852(5) Å) are the shortest and
strongest in compound, consistent with the HSAB principle. Each Mn III ion is linked to the two
apical NaI ions by two monoatomic RO− bridges of the same L32− ligand, thus stabilizing a
complete [Mn3Na2(μ3-O)(μ-OR)6]3+ core (Figure 3.6, bottom left).
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Figure 3.6. (top) Partially labelled PovRay representation of complex 6. H atoms have been
omitted for clarity. (bottom, left) PovRay representation of the complete [Mn3Na2(μ3-O)(μOR)6]3+ core of 6. (bottom, right) The {Mn3Na2} trigonal bipyramidal topology of 6. Colour
scheme: MnIII, blue; Na, yellow; O, red; N, green; C, grey. Symmetry operations: a = x, y, 1.5-z;
b = -x+y, 1-x, z; c = 1-y, 1+x-y, z; d = -x+y, 1-x, 1.5-z; e = 1-y, 1+x-y, 1.5-z.
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Each of the Mn atoms is coordinated to the pyridine N atom and two alkoxido O atoms
from one L32− ligand, as well as a terminal N3− group, to complete a MnN2O3 chromophore. The
coordination spheres of Na atoms is each completed by three ketone O atoms belonging to three
different L32− ligands, thus giving an overall NaO6 chromophore. Consequently, Mn atoms are
five-coordinate with distorted square pyramidal geometries (τ = 0.20,187 where τ is 0 and 1 for
perfect square pyramidal and trigonal bipyramidal geometries, respectively); the terminallyligated N3− ions occupy the apical positions. In contrast, the Na atoms are six-coordinate with
very distorted octahedral geometries. That was confirmed by the Continuous Shape Measure
(CShM) approach.202 The best fit was obtained for the octahedron (Figure 3.7, left) with CShM
value of 5.03 (Table 3.4). The corresponding CShM value for a trigonal prismatic geometry was
6.06, close to the octahedral one, hence justifying the very distorted coordination geometries of
Na atoms. Values of CShM between 0.1 and 3 usually correspond to a not negligible but still
small distortion from ideal geometry.203 Each of the potentially nonadentate L32− ions practically
act as a η1:η2:η1:η2:η1:μ3 pentadentate ligand, with both pyrazine functionalities remaining
unbound (Figure 3.7, right). This is not surprising given the fact that pyrazine N atoms are
expected to be much poorer donors than the corresponding pyridine one (pKa (pz) << pKa (py)).
Distinguishable C-O single [C4-O1 = 1.410(3) Å] and C=O double bonds [C6-O2 = 1.206(4) Å]
are evident in L32-, confirming two single and two double carbon-oxygen bonds. From a
supramolecular viewpoint, there are no significant intermolecular interactions other than some
weak π–π stacking interactions between the pyrazine groups of neighbouring molecules and Hbonding interactions that presumably derive from the interactions of dangling N atoms (from
both pyrazine and azido groups) with –CH3 groups (from L32− and likely acetone lattice
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solvents). Finally, complex 6 is the first molecular species stabilized by the organic ligand L32and the first coordination cluster bearing any form of the (pz)CO(py)CO(pz) ligand. Further, 6
has a 3Mn:2Na stoichiometry not previously observed for any molecular system.

Na

Figure 3.7. (left) Distorted octahedral coordination geometry of NaI atoms in 6; the points
connected by the black lines define the vertices of the ideal polyhedron. (right) The coordination
mode of the dianion of L32- in complex 6. Colour scheme as in Figure 3.6; H atoms are herein
illustrated with a purple coloration.

Table 3.4. SHAPE Measures for the Six-Coordinate Na1 Coordination Polyhedron in Complex
6.a
Polyhedronb

Na1

HP-6

34.54

PPY-6

20.62

OC-6

5.03
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a

TPR-6

6.06

JPPY-6

24.59

The values in boldface indicate the closest polyhedron according to the Continuous Shape

Measures (CShM).

b

Abbreviations: HP-6, hexagon; PPY-6, pentagonal pyramid; OC-6,

octahedron; TPR-6, trigonal prism; JPPY-6, Johnson pentagonal pyramid.

3.2.3. Electrochemistry
The redox activity of electrochemically prominent metal complexes can be assessed by
cyclic voltammetry. This technique is of significant importance in the field of molecular
magnetism. For example, electrochemical studies on different members of the family of
[MnIII8MnIV4O12(O2CR)16(H2O)4] compounds have revealed a rich redox chemistry involving
several quasi-reversible oxidation and reduction processes.107c,204 Four different oxidation levels
of this family of clusters have been isolated and the corresponding 1-, 2-, 3-, and 4-electron
reduced species were characterized in the solid-state and demonstrated their unique singlemolecule magnetism properties compared to the parent, neutral {Mn12} complex.1 To that end,
the electrochemical properties of complex 5 were studied in MeCN and its cyclic voltammogram
(CV) is shown in Figure 3.8. It displays a well-defined reversible oxidation at ~0.45 V and a
less-defined reversible reduction at approximately -1.55 V. For the reversible redox couples, the
forward and reverse waves are well formed with a peak separation of ~100 mV comparable to
that of ferrocene under the same conditions; this is indicative of a one-electron process.46 Thus,
the electrochemical results may be illustrated as {Mn10}+ ↔ {Mn10} ↔ {Mn10}−. Synthetic
efforts to isolate and structurally characterize the monocation and monoanion all turned out to be
unsuccessful. The electrochemical properties of complexes 4 and 6 were not pursued for
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different reasons: complex 4 has poor solubilities on all common organic solvents, while
complex 6 was found to be unstable in solution as suggested by the presence of multiple signals
in the ESI-MS spectra (both negative and positive ion).

-1.55

-1.45

Figure 3.8. Cyclic voltammogram at 50 mV s-1 for complex 5 in MeCN containing 0.1 M
NBun4PF6 as supporting electrolyte. The indicated potentials are vs. Fc/Fc+.

3.2.4. Solid-state Magnetic Susceptibility Studies
Solid-state direct-current (dc) magnetic susceptibility (χM) data were collected on a
powered polycrystalline sample of 4 in a 1 kG (0.1 T) field in the 2.0-300 K range. The obtained
data are plotted as χMT vs. T in Figure 3.9 (top). Field-dependent magnetization studies were also
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performed and the obtained data are plotted as M vs. H in Figure 3.9 (bottom). The χMT value at
300 K is 20.94 cm3Kmol−1, less than the theoretical value of 23.5 cm3Kmol−1 for four MnII and
two MnIII non-interacting ions (g = 2.00); the χMT product steadily decreases to a value of 10.11
cm3Kmol−1 at 12 K, and then decreases more rapidly to a value of 7.02 cm3Kmol−1 at 2 K. The
overall decrease of the χMT product and the shape of the curve indicate the presence of
predominant antiferromagnetic exchange interactions between the metal centers. The very low
temperature decrease of the χMT product may be attributed to the presence of zero-field splitting,
Zeeman effects and/or weak intermolecular antiferromagnetic exchange interactions between
adjacent {Mn6} clusters. The χMT value at 12 K is suggestive of an S = 4 spin ground state; the
spin-only value for S = 4 is 10 cm3Kmol-1. The magnetization reaches the value of ~8 NμB at the
highest fields (5.0 T) and lowest possible temperature (2 K), in agreement with an S = 4 ground
state. The lack of true saturation of magnetization indicates the presence of magnetic anisotropy
and/or population of low-lying excited states. Unfortunately, the magnetization vs. field data
could not be fit to give reasonable values of the zero-field splitting parameter, D, for a wellisolated S = 4 spin ground state. This is likely due to the presence of low-lying excited states and
intercluster interactions; the latter are indeed present in the crystal structure of 4 (Figure 3.3).
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Figure 3.9. (top) Plot of χMT vs. T for complex 4. The solid red line is the fit of the data; see the
text for the fit parameters. (bottom) Plot of magnetization (M) vs. field (H) for complex 4 at 2 K.

Given the topology and symmetry of complex 4, and considering the bridging ligation
within its {Mn6} core, there are three different exchange pathways and thus three different J
coupling constants (Figure 3.10). J1 is associated with the interaction between Mn1 (S1) and
Mn1ʹ (S1ʹ), bridged by the two alkoxido bridges O2 and O2ʹ; the Mn1-O2-Mn1ʹ angle is 104.4°.
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J2 is associated with the interactions between Mn1⋯Mn2 (S2), Mn2⋯Mn1ʹ, Mn1ʹ⋯Mn2ʹ (S2ʹ)
and Mn1⋯Mn2ʹ. These pairs are bridged by end-on azido ligands, with the Mn1-N4-Mn2 and
Mn1ʹ-N7-Mn2 angles being 120.2° and 119.9°, respectively. Finally, J3 is associated with the
interactions between Mn2⋯Mn3 (S3) and Mn2ʹ⋯Mn3ʹ (S3ʹ). Each pair is bridged by a μ-Clgroup and an alkoxido O atom from the organic chelate; the Mn2-Cl1-Mn3 and Mn2-O3-Mn3
angles are 85.2° and 111.4°, respectively. To that end, the spin Hamiltonian employed for this
system is given by equation 3.3. An excellent fit of the experimental data (red solid line in Figure
3.9, top) for the temperature range 300-12 K was obtained using the program PHI (𝐻 = −𝐽𝑖𝑗 𝑆̂𝑖 ∙
𝑆̂𝑗 convention).205 The best-fit parameters for an overall 3-J model were: J1 = -1.7 cm-1, J2 = -5.4
cm-1, J3 = -0.5 cm-1, and g = 2.01.

𝐻 = −𝐽1 (𝑆̂1 ∙ 𝑆̂1′ ) − 𝐽2 (𝑆̂1 ∙ 𝑆̂2 + 𝑆̂1 ∙ 𝑆̂2′ + 𝑆̂1′ ∙ 𝑆̂2 + 𝑆̂1′ ∙ 𝑆̂2′ ) − 𝐽3 (𝑆̂2 ∙ 𝑆̂3 + 𝑆̂2′ ∙ 𝑆̂3′ )

(3.3)

Figure 3.10. The core of complex 4, as also shown in Figure 3.1 (left), and a diagram showing
the exchange interactions between the spin carriers, with their respective J-coupling constants, as
discussed in text (right).
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The simulation of the data was performed in the 300-12 K range because at lower
temperatures the effect of D would become apparent and this could not be modeled due to
computer limitations. The obtained J1 value corresponds to a moderate antiferromagnetic
exchange interaction between the Mn III atoms. This value is in agreement with previously
reported J values that correspond to magnetic exchange interactions between Mn III centers
bridged by alkoxido bridges with similar Mn-O-Mn angles.156c,d,206 The obtained J2 value
corresponds to stronger antiferromagnetic exchange interactions promoted by the end-on azido
ligands. This is not surprising given the fact that end-on azides are known to promote
antiferromagnetic coupling when the bridging angles between the metal ions are larger than
110°.143 The Mn-Nazide-Mn angles in complex 4 are around 120°, so the coupling between the
MnII∙∙∙MnIII atoms is expected to be antiferromagnetic.207 Finally, the J3 value corresponds to
weak antiferromagnetic exchange interactions between the MnII atoms bridged by an alkoxido
and a chlorido bridge. The sign and magnitude of this interaction is mainly determined by the
Mn-O-Mn angle; for MnII-O-MnII angles of ~110° the exchange interaction is expected to be
antiferromagnetic.208 The antiferromagnetic contribution of the alkoxido bridge to the magnetic
coupling of the two metal ions can be further supported or -in few cases- overcome by the
presence of the bridging chloride group.209 Finally, with the obtained J-coupling constants (J1, J2,
J3 < 0) it becomes apparent that the dominant antiferromagnetic interaction in 4 is the one
between the MnII∙∙∙MnIII atoms (J2 = -5.4 cm-1). This interaction will force the spin vectors of
MnII (S = 5/2) and MnIII (S = 2) to be antiparallel to each other, thus leaving the interaction
between the MnIII∙∙∙MnIII atoms to be frustrated. Furthermore, the antiferromagnetic interaction

129

between the MnII atoms (J3 < 0) completes the ‘spin-up’/‘spin-down’ vector scheme which
rationalizes the proposed S = 4 spin ground state value (Figure 3.10, right).
Solid-state direct-current (dc) magnetic susceptibility (χM) data were collected on a
powered polycrystalline sample of 5 in a 1 kG (0.1 T) field in the 2.0-300 K range. The obtained
data are plotted as χMT vs. T in Figure 3.11 (top). Field-dependent magnetization studies were
also performed and the obtained data are plotted as M vs. H in Figure 3.11 (bottom). The χMT
value at 300 K is 32.74 cm3Kmol−1, less than the theoretical value of 35.5 cm3Kmol−1 for four
MnII and six MnIII non-interacting ions (g = 2.00), and it steadily decreases to 7.99 cm3Kmol−1 at
2 K. The decrease of the χMT product and the overall shape of the curve suggest the presence of
predominant antiferromagnetic interactions between the metal centers. The non-zero χMT value at
2 K is suggestive of an S ≠ 0 spin ground state. Given the size of the {Mn10} cluster, and the
resulting number of inequivalent exchange constants, it was not possible to apply the Kambe
method210 to determine the individual pairwise Mn2 exchange interaction parameters; direct
matrix diagonalization methods were also computationally unfeasible. With the structure of 5
being more complicated than that of 4, any attempt to rationalize the spin ground state of the
system based on its structural components and parameters could have led to inaccuracies and
superficial results. Many of the metal ions in complex 5 are bridged through end-on azido and μalkoxido groups (O atoms from L12− and L24−), which are known ferromagnetic couples.72,143,156c
In addition though, there are two μ3-O2− and two μ3-OR− groups, which arrange the metal ions
into fused triangular Mn3 subunits within 5. The bridging oxido groups are known to promote
antiferromagnetic exchange interactions while the alkoxido groups -for Mn-O-Mn angles below
100°- can propagate ferromagnetic coupling between the metal centers or antiferromagnetic
interactions for larger Mn-O-Mn angles. In this case, spin frustration effects may arise from the

130

presence competing exchange interactions,111,190b,211 preventing a ready rationalization of the
ground state S value.
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Figure 3.11. (top) Plot of χMT vs. T for complex 5. (bottom) Plot of magnetization (M) vs. field
(H) for complex 5 at 2 K.

131

The efforts were concentrated instead on characterizing the spin ground state, S, and the
zero-field splitting parameter, D, by performing magnetization (M) vs. dc field measurements at
applied magnetic fields and temperature in the 0.1-5 T and 2 K ranges, respectively. However, an
acceptable fit using data collected over the entire field range could not be obtained, which is a
common problem in high-nuclearity metal complexes caused by low-lying excited states,
especially if some have an S value greater than that of the ground state.70,156c The magnetization
increases almost linearly with increasing field without reaching any saturation; this behavior is
attributed to the presence of low-lying excited states and probably some intercluster interactions.
With respect to the magnetic properties, complex 6 comprises a {MnIII3(μ3-O2−)}7+
triangle with C3 symmetry. Although there are many triangular motifs reported to date, most of
them either exhibit a lower symmetry than that of 6 or include additional bridges across the
Mn⋯Mn edges. To that end, complex 6 is a unique {MnIII3} triangle. High-symmetry, oxidobridged {MnIII3} triangles, albeit with additional oximate,212 alkoxido213 or carboxylate214
bridges, are of precedence. These compounds can either be ferro- or antiferromagnetic, with the
torsion and Mn–OR–Mn angles, oxido displacement from the Mn3 plane, and orientation of
Jahn–Teller axes contributing the most to the large differences in magnetic behavior. 215 In a
perfectly symmetric, equilateral {MnIII3} triangle (pure 1-J model) there are two possible ground
state spin values, S = 0 or S = 6 for antiferromagnetic or ferromagnetic interactions, respectively.
However, an isosceles triangle model (2-J model) is almost always applied in such complexes
because, even if these compounds are crystallographically equilateral or equilateral within the
usual 3σ criterion, they are known to undergo magnetic Jahn–Teller distortion,216 resulting in an
isosceles situation.
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Variable-temperature magnetic susceptibility measurements were performed on a
powdered polycrystalline sample of complex 6 in the temperature range 2.0–300 K; a dc field of
0.3 T was applied from 20 to 300 K and a weaker dc field of 0.03 T was applied from 2 to 20 K
to avoid saturation effects. The data are shown as χMT vs. T plot in Figure 3.12. The χMT product
shows a room temperature value of 7.24 cm3Kmol−1, lower than the value of 9.00 cm3Kmol−1
expected for three non-interacting MnIII atoms (g = 2.00). On cooling, the χMT value steadily
decreases down to a value of ∼3 cm3Kmol−1 at 19 K, and then slightly increases to a value of
∼3.2 cm3Kmol−1 at 5 K before further decreasing to a minimum value of 2.96 cm3Kmol−1 at 2 K.
The shape of the χMT vs. T curve clearly indicates the presence of predominant antiferromagnetic
exchange interactions between the three MnIII atoms with a resulting non-zero, but most likely an
S = 2 ground state spin value; the spin-only (g = 2) value for a complex with an S = 2 ground
state is 3.00 cm3Kmol−1. The decrease in the χMT value at the lowest temperatures (<5 K) is
probably due to zero-field splitting and any weak intermolecular antiferromagnetic exchange
interactions.212–214 Magnetization (M) vs. field (H) studies at 2 K (inset of Figure 3.12) show a
nearly saturated value of ~2.51 NμB under a maximum field of 5 T.
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Figure 3.12. Plot of χMT vs. T for complex 6. The solid red line is the fit of the data; see the text
for the fit parameters. (inset) Plots of magnetization (M) vs. field (H) at 2 K. The solid black
lines show the calculated magnetization plots for an isosceles or scalene triangular model; see the
text for details.

Isotropic and equilateral homometallic triangles can show competitive antiferromagnetic
interactions that lead to an S = 0 ground state. For isosceles {MnIII3} triangles, several ground
states can be populated as a function of the J1/J2 ratio (i.e., S = 2 for J1/J2 < 1/3 or J1/J2 > 2.0, S =
1 for 1/3 < J1/J2 < 2/3 or 3/2 < J1/J2 < 2.0 and S = 0 for 2/3 < J1/J2 < 3/2), with various frustration
points at J1/J2 = 1/3, 2/3, 3/2 and 2.0.212–216 However, such a distribution of ground states seems
incompatible with the structural data of complex 6, which shows an imposed C3 symmetry
associated with an S = 0 ground state. Deviations from the expected magnetic response could be
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attributed to the following factors or combination of them: (i) asymmetrization of the equilateral
triangle due to structural distortions below the temperature at which the crystal structure was
determined, (ii) oversimplification of the magnetic model due to the assumption of a purely
isotropic system, and (iii) presence of Dzaloshinskii-Moriya antisymmeric exchange interaction
which is permitted in compounds crystallizing in non-centrosymmetric space groups.217
Investigation of the magnetic response of previously reported equilateral, or near equilateral,
planar triangles, with Mn–O–Mn bond angles spanning the range 120 ± 2°, revealed that only in
few cases the magnetic data were successfully reproduced with the equilateral, isotropic
model.218 In contrast, for the majority of such compounds the fitting of the experimental data
required the employment of the isosceles model with two coupling constants (2-J model).212–215
As a result, S = 1219 or S = 2 ground states108c,220 were established, even for the case of imposed
C3 crystallographic symmetry.219 A very precise explanation to this fact was provided by
Hendrickson and coworkers;217,219c,221 in particular, the in-depth analysis of the energy levels of
equilateral {MnIII3} triangles possessing D values of the same order of magnitude as the J
coupling constant(s) revealed a strong mixing of spin levels which were better fit to an
apparently isosceles system.217,220b,221
In light of these findings, the χMT vs. T and M vs. H data of 6 were initially simulated
using the equilateral triangle model with J = -10 cm−1, g = 2.00, and variable D values spanning
the range 0-10 cm−1 (Figure 3.13). The spin Hamiltonian employed for this system is given by
equation 3.4 and the fitting program used was PHI.205

𝐻 = −𝐽(𝑆̂1 ∙ 𝑆̂2 + 𝑆̂2 ∙ 𝑆̂3 + 𝑆̂1 ∙ 𝑆̂3 )

(3.4)
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Three important features emerged from these plots: (i) as a function of the D parameter,
the χMT data and shape of plots reach the isotropic limit with S = 1 or 2 ground states, (ii) the χMT
data are almost insensitive to D at T > 50 K, thus providing reliable J values at that temperature
region, and (iii) M tends to an unusual value close to 2.5 ΝμB, deviating from the expected 2 or 4
ΝμB for an S = 1 or 2 ground state, respectively. Therefore, it was decided to perform
simultaneous fits of the χMT and M data using the anisotropic equilateral triangular model; good
fits were obtained for both types of measurements. The best-fit parameters were: J = -10.8 cm−1,
D = -5.3 cm−1, and g = 1.99 (red line in Figure 3.12). Alternative fits using either the isosceles or
scalene triangle model were discarded because, despite the fact that they can fit the χMT data
until low temperatures, they give unreasonable J values (-14.1/-2.5 cm−1 for the isosceles model
and -12.2/-4.7/-1.3 cm−1 for the scalene model). These values must imply significant deviations
of the Mn–O–Mn bond angles from 120°, opposed to the case of 6, and are further unable to
reproduce the shape and values of the magnetization data (Figure 3.12, inset).
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Figure 3.13. Simulations of the χMT product (left) and magnetization (right) for a symmetric
{MnIII3} triangle with a fixed J = -10.0 cm−1 and variable Dion values (in cm-1); the external field
used for the susceptibility fits is 0.01 T.

The cores of all the previously reported, planar oxido-centered {MnIII3} triangles are
further supported by either carboxylate or oximato bridges, or both; the corresponding J values
are strongly dependent on the nature of the carboxylate group and the Mn–O–N–Mn torsion
angles.212,213 Complex 6 is the first {Mn3} triangle in which the superexchange interactions are
solely propagated by the central μ3-O2− ion, and therefore strict comparisons with other {Mn3}
triangles may lead to superficial conclusions.
Finally, none of the reported compounds 4-6 exhibit out-of-phase (imaginary) ac
magnetic susceptibility signals down to 1.8 K, suggesting these are not SMMs.

137

3.3. Conclusions and Perspectives
In this chapter, it was shown that the metal-assisted hydrolysis of (py)CO(py)CO(py)
towards the bis(gem-diol) form, (py)C(OH)2(py)C(OH)2(py) or L2H4, in Mn cluster chemistry
has afforded two new complexes, {MnII4MnIII2} (4) and {MnII4MnIII6} (5). These results were
obtained by the performance of one-pot reactions in the non-alcoholic solvents, MeCN and
DMF. Both compounds are the only complexes containing the doubly-deprotonated ketone-diol
form (L12−) of the parent ligand, while complex 5 contains both L12− and L24− ligands.
Furthermore, both compounds are the highest nuclearity Mn clusters containing any form of
(py)CO(py)CO(py). Despite the plethora of reported {Mn6} and {Mn10} complexes in the
literature, both 4 and 5 possess unique topologies in their respective oxidation state levels.
Complex 4 is the first hexanuclear Mn cluster to contain both bridging azido and alkoxidobridges; to date all the previously reported {Mn6}/N3− complexes are supported by bridging
oximato ligands.127c,222
Complex 6 is the only compound containing any form of the (pz)CO(py)CO(pz) ligand to
date. It has been also shown that the synthesized (pz)CO(py)CO(pz) ligand is capable of
undergoing a unique, Mn-assisted reactivity in acetone under basic conditions, due to the
presence of acidic α-hydrogens in the solvent and to the δ+ character of the carbonyl groups of
the ligand. The resulting dianion, L32− of the bis-(β-hydroxy)ketone that is formed bridges three
MnIII and two NaI ions through its alkoxido groups facilitating the formation of a highly
symmetric [Mn3Na2(μ3-O)(μ-OR)6]3+ core with an almost ideal trigonal bipyramidal geometry
and a metal stoichiometry not previously observed for any molecular system. Complex 6
contains the first {MnIII3(μ3-O2−)}7+ triangular core where the Mn centers are solely bridged by
an oxido group, without additional bridges across the Mn⋯Mn edges. The magnetic
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susceptibility data of the equilateral {MnIII3} triangle have been treated with an anisotropic
model that includes zero-field splitting and serves to quantify the antiferromagnetic interactions
between the metal centres.
In conclusion, the ligands (py)CO(py)CO(py) and (pz)CO(py)CO(pz) have proven to be
very promising in their respective reaction systems. Their chemical reactivity through the
carbonyl carbon atoms and the bridging capability of the resulting organic molecules show an
immense potential towards the isolation of products with novel metal topologies and interesting
physicochemical properties. With respect to (py)CO(py)CO(py), we currently focus on: i) the use
of MnII sources that contain carboxylates in order to introduce additional bridging groups in the
system and reach higher nuclearities than the ones currently obtained, ii) the employment of
different bases with different levels of basicity in order to ensure the complete hydrolysis and
deprotonation of the ligand, thus unveiling the maximum number of donor atoms available for
coordination to the metal centers, and iii) the isolation of new 3d/4f-metal clusters that will
contain the deprotonated forms of the L2H4 ligand. Regarding (pz)CO(py)CO(pz), we are
investigating

the

incorporation

of

additional

bridging

groups

in

the

general

Mnn+/(pz)CO(py)CO(pz) reaction system, as well as the effect of the solvent and base on the
structural chemistry of cluster compounds. In future steps, we will also consider the isolation of
many new 3d- and/or 4f-metal clusters that will contain an accessible form of the
(pz)CO(py)CO(pz) ligand and will preferably possess large spin ground states and SMM
behavior.
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CHAPTER 4: Molecular Cages and Capsules Made of Square
Pyramidal Repeating Units: Synthesis, Structures and Magnetic
Properties of a Series of {Mn10}, {Mn4Dy}, and {Mn8Dy2} Complexes
Bearing the Naphthalenehydroximate Ligand

4.1. Experimental Section

4.1.1. Physical Measurements
Elemental Analysis: Elemental analyses (C, H, and N) were performed on a Perkin-Elmer 2400
Series II Analyzer.
FT-IR spectroscopy: Infrared (IR) spectra were recorded in the solid state on a Bruker FT-IR
spectrometer (ALPHA Platinum ATR single reflection) in the 4000-450 cm−1 range. Notation for
IR bands: vs, very strong; s, strong; m, medium; mb, medium broad; w, weak; b, broad.
Magnetic susceptibility measurements: Variable-temperature direct current magnetic
susceptibility studies were performed at the Chemistry Department of the University of Florida
on 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 solid eicosane to prevent torquing.
Alternating current magnetic susceptibility measurements were performed in an oscillating ac
field of 3.5 G and a zero dc field. The oscillation frequencies were in the 5-1500 Hz range.
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Pascal’s constants were used to estimate the diamagnetic correction, which was subtracted from
the experimental susceptibility to give the molar paramagnetic susceptibility (χΜ).170

4.1.2. Synthesis
General considerations: All manipulations were performed under aerobic conditions. All
chemicals were purchased from Sigma Aldrich and Alfa Aesar. Chemicals and solvents were
used as received without further purification. The ligand nhaH2 (Scheme 1.7) was synthesized as
reported elsewhere.166 The Mn(O2CBut)2∙xH2O starting material was synthesized through the 1:2
reaction between MnCO3 and ButCO2H in H2O, in a similar manner as the synthesis of the
previously reported Mn(O2CEt)2∙xH2O.223
(NHEt3)4[Mn10(O2CMe)8(nhi)8(H2O)2] (7). To a stirred, yellow solution of nhaH2 (0.04 g, 0.2
mmol) and NEt3 (0.084 mL, 0.6 mmol) in MeCN (15 mL) was added solid Mn(O2CMe)2∙4H2O
(0.05 g, 0.2 mmol). The resulting orange solution was stirred for 1 h, during which time all the
solids dissolved and the color of the solution changed to dark brown. The solution was filtered,
and the filtrate was allowed to slowly evaporate at room temperature. After one week, X-ray
quality dark brown plate-like crystals of 7 had appeared and were collected by filtration, washed
with cold MeCN (1 × 3 mL), and dried in air. The yield was 30%. Elemental analysis (%) calcd
for dried 7 (solvent-free): C, 50.11; H, 4.60; N, 5.48; found C, 50.35; H, 4.69; N, 5.33. Selected
IR data (cm-1): 1626 (m), 1593 (m), 1553 (s), 1524 (s), 1370 (vs), 1257 (vs), 1216 (s), 1170 (s),
1092 (m), 1022 (s), 938 (w), 914 (w), 869 (w), 803 (vs), 748 (vs), 663 (s), 586 (vs).
[Mn10(O2CBut)4(nhi)8(MeCN)4(H2O)2] (8). This complex was prepared in the same manner as
complex 7 but using Mn(O2CBut)2∙xH2O (0.05 g, 0.2 mmol, anhydrous basis) instead of
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Mn(O2CMe)2∙4H2O. After five days, X-ray quality dark brown plate-like crystals of 8 had
appeared and were collected by filtration, washed with cold MeCN (1 × 3 mL), and dried in air.
The yield was 40%. Elemental analysis (%) calcd for dried 8 (solvent-free): C, 50.56; H, 3.66; N,
6.10; found C, 50.36; H, 3.53; N, 6.27. Selected IR data (cm-1): 1628 (w), 1593 (m), 1517 (vs),
1482 (s), 1422 (s), 1369 (vs), 1327 (s), 1250 (m), 1219 (vs), 1170 (s), 1147 (s), 1027 (s), 939
(w), 870 (m), 842 (w), 803 (s), 608 (vs).
(NHPr3)2[Mn4Dy(O2CMe)5(nhi)4] (9). To a stirred, yellow solution of nhaH2 (0.04 g, 0.2
mmol) and NPr3 (0.112 mL, 0.6 mmol) in MeCN (15 mL) were added solids Mn(O2CMe)2∙4H2O
(0.02 g, 0.1 mmol) and Dy(NO3)3∙5H2O (0.05 g, 0.1 mmol). The resulting orange solution was
stirred for 1 h, during which time all the solids dissolved and the color of the solution changed to
dark brown. The solution was filtered, and the filtrate was allowed to slowly evaporate at room
temperature. After three days, X-ray quality dark brown plate-like crystals of 9 had appeared and
were collected by filtration, washed with cold MeCN (1 × 3 mL), and dried in air. The yield was
40%. Elemental analysis (%) calcd for dried 9 (solvent-free): C, 48.95; H, 4.74; N, 4.76; found
C, 49.13; H, 4.83; N, 4.61. Selected IR data (cm-1): 1626 (w), 1592 (m), 1431 (vs), 1370 (vs),
1326 (s), 1255 (s), 1216 (s), 1168 (m), 1092 (m), 1025 (s), 940 (w), 903 (w), 804 (s), 744 (vs),
662 (m), 609 (vs), 557 (s).
(NHnBu3)2[Mn4Dy(O2CBut)4(nhi)4](NO3) (10). This complex was prepared in the same manner
as complex 9 but using Mn(O2CBut)2∙xH2O (0.02 g, 0.1 mmol, anhydrous basis) and base nBu3N
(0.143 mL, 0.6 mmol) instead of Mn(O2CMe)2∙4H2O and NPr3, respectively. After two days, Xray quality dark brown plate-like crystals of 10 had appeared and were collected by filtration,
washed with cold MeCN (1 × 3 mL), and dried in air. The yield was 40%. Elemental analysis
(%) calcd for dried 10 (solvent-free): C, 52.27; H, 5.78; N, 4.85; found C, 52.49; H, 5.96; N,
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4.61. Selected IR data (cm-1): 1627 (w), 1593 (m), 1544 (vs), 1482 (m), 1457 (m), 1422 (vs),
1373 (vs), 1261 (s), 1220 (s), 1169 (m), 1096 (w), 1028 (s), 941 (w), 913 (w), 806 (s), 749 (vs),
595 (vs).
(NHnBu3)2[Mn8Dy2(O2CMe)8(nhi)8] (11). To a stirred, yellow solution of nhaH2 (0.04 g, 0.2
mmol) and

n

Bu3N (0.143 mL, 0.6 mmol) in MeOH (15 mL) were added solids

Mn(O2CMe)2∙4H2O (0.02 g, 0.1 mmol) and Dy(NO3)3∙5H2O (0.05 g, 0.1 mmol). The resulting
orange solution was stirred for 1 h, during which time all the solids dissolved and the color of the
solution changed to dark brown. The solvent was removed under reduced pressure and the dark
brown residue was dissolved in CH2Cl2 (20 mL). The solution was filtered, and the filtrate was
layered with hexane (40 mL, 1:1 v/v). After two days, X-ray quality dark brown plate-like
crystals of 11 had appeared and were collected by filtration, washed with Et2O (2 × 5 mL), and
dried in air. The yield was 40%. Elemental analysis (%) calcd for dried 11 (solvent-free): C,
47.88; H, 4.02; N, 4.36; found C, 47.62; H, 3.88; N, 4.43. Selected IR data (cm-1): 1626 (w),
1593 (m), 1557 (s), 1432 (vs), 1371 (s), 1327 (s), 1259 (m), 1217 (m), 1169 (m), 1147 (w), 1094
(w), 1026 (m), 941 (w), 869 (w), 805 (s), 749 (s), 611 (vs).
(NHEt3)2[Mn8Dy2(O2CBut)8(nhi)8] (12). This complex was prepared in the same manner as
complex 11 but using Mn(O2CBut)2∙xH2O (0.02 g, 0.1 mmol, anhydrous basis) and base NEt3
(0.084 mL, 0.6 mmol) instead of Mn(O2CMe)2∙4H2O and nBu3N, respectively. After five days,
X-ray quality dark brown plate-like crystals of 12 had appeared and were collected by filtration,
washed with Et2O (2 × 5 mL), and dried in air. The yield was 40%. Elemental analysis (%) calcd
for dried 12 (solvent-free): C, 49.76; H, 4.53; N, 4.14; found C, 49.64; H, 4.32; N, 4.42. Selected
IR data (cm-1): 1627 (w), 1593 (m), 1547 (vs), 1482 (s), 1422 (vs), 1372 (vs), 1328 (s), 1170 (s),
1094 (m), 1028 (s), 983 (w), 941 (w), 894 (m), 804 (s), 744 (vs), 612 (vs), 594 (vs).
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4.1.3. Single-crystal X-ray Crystallography
Crystals of the complexes 7-12 were selected and mounted on cryoloops using inert
oil.178 Diffraction data were collected at 150.0(2) K on a Bruker X8 Kappa APEX II ChargeCoupled Device (CCD) area detector diffractometer controlled by the APEX2 software
package179 (Mo Kα graphite-monochromated radiation, λ = 0.71073 Å), and equipped with an
Oxford Cryosystems Series 700 cryostream monitored remotely with the software interface
Cryopad.180 Images were processed with the software SAINT+,181 and absorption effects
corrected with the multiscan method implemented in SADABS.182 The structures were solved by
direct methods employed in SHELXS-97,176,177 allowing the immediate location of the metals.
The other non-hydrogen atoms of the complexes were located from difference Fourier maps
calculated by successive full-matrix least-squares refinement cycles on F2 using SHELXL97,176,177 and effectively refined with anisotropic displacement parameters. The programs used
for molecular graphics were MERCURY183 and DIAMOND.184 Unit cell parameters and
structure solution and refinement data for complexes 7-12 are listed in Tables 4.1 and 4.2.
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Table 4.1. Crystallographic Data for Complexes 7-9.
7

8

9

Formula

C128H140Mn10N12O42

C116H100Mn10N12O34

C72H83Mn4DyN6O22

Fw / g mol-1

3067.98

2755.53

1766.74

Crystal type

Dark brown plate

Dark brown plate

Dark brown plate

Crystal size / nm

0.16 × 0.04 × 0.09

0.10 × 0.08 × 0.06

0.12 × 0.09 × 0.11

Crystal system

Monoclinic

Triclinic

Orthorhombic

Space group

P21/n

P-1

P212121

ɑ/Å

19.188(3)

14.5994(12)

20.260(5)

b/Å

18.477(3)

15.3390(14)

20.870(5)

c/Å

23.481(4)

17.5345(17)

21.210(5)

α/°

90

64.226(4)

90

β/°

95.398(6)

72.723(4)

90

γ/°

90

69.413(4)

90

V / Å3

8288(2)

3261.5(5)

8968(4)

Z

4

1

8

T/K

150(2)

150(2)

150(2)

ρcalc / g cm-3

1.473

1.528

2.056

μ / mm-1

1.175

1.018

3.567

θ range / °

3.66-25.03

3.65−25.03

3.64−23.25

Index ranges

-22 ≤ h ≤ 22

-17 ≤ h ≤ 16

-21 ≤ h ≤ 21

-20 ≤ k ≤ 21

-18 ≤ k ≤ 18

-22 ≤ k ≤ 20

-27 ≤ l ≤ 27

-20 ≤ l ≤ 20

-21 ≤ l ≤ 23
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Collected reflections

100113

40186

44972

Independent

14504 (Rint = 0.109)

11214 (Rint = 0.051)

11132 (Rint = 0.074)

R1 = 0.0702

R1 = 0.0811

reflections
Final

Ra,b

indices R1 = 0.0851

[I>2σ(I)]

wR2 = 0.1771

wR2 = 0.1244

wR2 = 0.1651

(Δρ)max,min / e Å-3

1.686 and −0.786

1.166 and −0.518

1.718 and −0.470

a

R1 = Σ(||Fo| – |Fc||)/Σ|Fo|. b wR2 = [Σ[w(Fo2 - Fc2)2]/ Σ[w(Fo2)2]]1/2, w = 1/[σ2(Fo2) + [(ap)2 +bp],

where p = [max(Fo2, 0) + 2Fc2]/3.

Table 4.2. Crystallographic Data for Complexes 10-12.
10

11

12

Formula

C88H116Mn4DyN7O23

C128H128Mn8Dy2N10O40 C140H152Mn8Dy2N10O40

Fw / g mol-1

2022.19

3210.99

3379.32

Crystal type

Dark brown plate

Dark brown plate

Dark brown plate

Crystal size / nm

0.24 × 0.12 × 0.10

0.14 × 0.06 × 0.05

0.03 × 0.05 × 0.12

Crystal system

Monoclinic

Triclinic

Triclinic

Space group

P21/n

P-1

P-1

a/Å

20.553(2)

16.140(2)

18.0364(15)

b/Å

25.719(3)

16.186(2)

18.6992(15)

c/Å

20.909(2)

16.263(3)

18.8414(15)

α/°

90

78.306(7)

60.701(4)

β/°

91.483(4)

68.096(7)

67.465(4)
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γ/°

90

71.800(7)

70.829(4)

V / Å3

11049(2)

3726.7(9)

5039.7(7)

Z

4

1

1

T/K

150(2)

150(2)

150(2)

ρcalc / g cm-3

1.261

1.401

1.227

μ / mm-1

1.896

1.889

1.434

θ range / °

3.66−25.03

3.66−25.68

3.66−25.03

Index ranges

-24 ≤ h ≤ 24

-19 ≤ h ≤ 19

-21 ≤ h ≤ 21

-30 ≤ k ≤ 30

-19 ≤ k ≤ 19

-22 ≤ k ≤ 22

-24 ≤ l ≤ 24

-19 ≤ l ≤ 19

-21 ≤ l ≤ 22

111837

71812

77829

19219 (Rint = 0.081)

14008 (Rint = 0.051)

17360 (Rint = 0.053)

Final Ra,b indices R1 = 0.0997

R1 = 0.0712

R1 = 0.0693

[I>2σ(I)]

wR2 = 0.2289

wR2 = 0.1701

wR2 = 0.1761

(Δρ)max,min / e Å-3

5.151 and −1.726

4.601 and −1.115

2.895 and −1.269

Collected
reflections
Independent
reflections

a

R1 = Σ(||Fo| – |Fc||)/Σ|Fo|. b wR2 = [Σ[w(Fo2 - Fc2)2]/ Σ[w(Fo2)2]]1/2, w = 1/[σ2(Fo2) + [(ap)2 +bp],

where p = [max(Fo2, 0) + 2Fc2]/3.

4.2. Results and Discussion
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4.2.1. Synthetic Comments
Salicylhydroxamic acid (shaH2) has been employed widely in metal cluster chemistry
through its salicylhydroxime (shiH3) form (Scheme 1.7). Its use in homometallic Mn cluster
chemistry has afforded {Mn5} complexes with the metal centers being arranged in a square
pyramidal topology.167c,224 An example is complex [MnIIMnIII4(O2CMe)2(shi)4(DMF)6], which is
shown in Figure 4.1 (left).167c Also a number of {Mn6} complexes, adopting either a pentagonal
pyramidal topology or a square pyramid with an extended apex, have been reported. 167d-e,224,225
An example of a complex with the aforementioned, quite rare, topology is [Mn II2MnIII4(2,4DP)2(O2CH)2(shi)4(py)6], where H-2,4-DP is 2-(2,4-dichlorophenoxy)propionic acid (Figure 4.1
(right).167d Regarding the magnetic properties of the reported Mn/shiH3 complexes, temperaturedependent magnetic susceptibility studies have been performed for the {Mn6} complex shown in
Figure 4.1, as well as another similar {Mn6} complex with the formula [MnIIMnIII5(2,4D)2(shi)5(py)6], where H-2,4-D is 2,4-dichlorophenoxyacetic acid.167d In both complexes,
antiferromagnetic exchange interactions dominate, as indicated by a decrease of the χMT product
as the temperature decreases. The SMM behaviour of the {Mn5} compound shown in Figure 4.1
(left) was determined twenty years after its reported synthesis. 226 The title compound possesses
an S = 1/2 ground state, resulting from the antiferromagnetic coupling between the basal MnIII
ions and the apical MnII ion with the MnIII ones. In addition, it possesses an energy barrier for the
magnetization reversal of 21.1 K as a result of the presence of low-lying excited states very close
to the ground state. Although the spin of this system was very small, the parallel alignment of the
Jahh-Teller axes of the 4 MnIII atoms resulted in an appreciable D value and consequently a
relative large energy barrier.
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Figure 4.1. Structures of the complexes [MnIIMnIII4(O2CMe)2(shi)4(DMF)6] (left) and
[MnII2MnIII4(2,4-DP)2(O2CH)2(shi)4(py)6] (right) discussed in text, with H atoms omitted for
clarity. Color scheme: MnII, yellow; MnIII, blue; O, red; N, green; Cl, cyan; C, gray. Reproduced
from references 167c and 167d, respectively.

With the shiH3 ligand proven to generate products with novel topologies in Mn cluster
chemistry, our attention was turned into the related 3-hydroxy-2-naphthohydroxamic acid
(nhaH2), which has limited previous use in 3d- and 3d/4f-metal cluster chemistry.166,169 The
anticipated amide-iminol tautomerism of 3-hydroxy-2-naphthohydroxamic acid to the potentially
capable bridging/chelating naphthalenehydroxime ligand (nhiH3, Scheme 1.7) and the steric
hindrance of the naphthalene functional group urged us to investigate the coordination chemistry
of nhiH3 with Mn and Mn/Dy ions, and compare the resulting products and magnetic properties
with those obtained from the related shiH3 ligand.
Various MnII sources containing carboxylates as anions were utilized, thus introducing
additional bridging ligands in the reaction system as a means of obtaining high-nuclearity
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products with interesting magnetic properties. A variety of reactions differing in the Mn:nhaH2
ratio, the presence or absence of organic base, and/or the reaction solvent or solvent mixture
were explored in identifying the following successful systems. The one-pot reaction of
Mn(O2CMe)2∙4H2O, nhaH2 and NEt3 in a 1:1:3 molar ratio in MeCN led to a dark brown
solution which was allowed to slowly evaporate at room temperature, yielding dark brown platelike crystals of the decanuclear complex (NHEt3)4[Mn10(O2CMe)8(nhi)8(H2O)2] (7) in 30% yield.
The coordinated anion of nhi3- was resulted from the metal ion-assisted transformation of nhaH2
under basic conditions. The formation of 7 is summarized in equation 4.1.

10 Mn2+ + 8 nhiH3 + 8 MeCO2− + 2 O2 + 16 NEt3 →
(NHEt3)4[Mn10(O2CMe)8(nhi)8(H2O)2] + 12 NHEt3+ + 2 H2O

(4.1)

The synthesis of complex 7 involves Mn oxidation by atmospheric O2 under the
prevailing basic conditions, and the equation 4.1 was balanced accordingly. The base NEt 3 is
essential to ensure basic conditions and to act as a proton acceptor to facilitate the deprotonation
of the nhiH3 ligands. A similar role could also be carried out by the MeCO2− ions; however, in
the absence of NEt3, longer reaction times (>24 h) are required to get a significant dark brown
coloration, and the yield of isolated 7 is much lower (<10%). Performance of the reaction with
non-carboxylate MnII sources, such as Mn(NO3)2∙4H2O, Mn(ClO4)2∙6H2O, MnCl2∙4H2O and
MnBr2∙4H2O led to the precipitation of dark brown amorphous solids that were insoluble in
common organic solvents, highlighting the importance of the MeCO2− ions in the stabilization
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and crystallization of 7. Finally, reactions in different solvents and/or solvent mixtures (i.e.,
MeOH, MeCN/MeOH and Me2CO) failed to give any crystalline products.
In the next step of the synthetic efforts, and as a part of the chemical reactivity on cluster
compounds, it was decided to replace Mn(O2CMe)2∙4H2O with Mn(O2CBut)2∙xH2O. The
ButCO2− ion is larger in size than the MeCO2−, and the three methyl groups rotate around the
CBu-CO2− single bond, thus affecting the crystal lattice dynamics. 227 In addition, the conjugated
acids have similar but not the same pka values (MeCO2H: pka = 4.76; ButCO2H: pka = 5.03),
which was expected to affect the binding properties of the corresponding anions. The effect of
these two different carboxylates with respect to their chemical reactivity has already been
demonstrated in Mn cluster chemistry.162a To that end, the one-pot reaction of
Mn(O2CBut)2∙xH2O, nhaH2 and NEt3 in an 1:1:3 molar ratio in MeCN led to a dark brown
solution which was allowed to slowly evaporate at room temperature, yielding dark brown platelike crystals of the new decanuclear complex [Mn10(O2CBut)4(nhi)8(MeCN)4(H2O)2] (8) in 40%
yield. The formation of 8 is summarized in equation 4.2.

10 Mn2+ + 8 nhiH3 + 4 ButCO2− + 2 O2 + 16 NEt3 + 4 MeCN →
[Mn10(O2CBut)4(nhi)8(MeCN)4(H2O)2] + 16 NHEt3+ + 2 H2O

(4.2)

Although the nuclearity and the oxidation state description of both complexes 7 and 8 are
the same (2MnII,8MnIII, vide infra), the structural arrangement of the metal ions is very different
mainly due to the absence of countercations and the presence of less bridging carboxylate groups
in 8 compared to 7. The synthesis of complex 8 involves again a Mn oxidation by atmospheric
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O2, under the prevailing basic conditions, and the equation 4.2 was balanced accordingly. As in
the case of 7, performance of the reaction with non-carboxylate Mn sources led to the
precipitation of dark brown amorphous solids that were insoluble in common organic solvents.
Closer inspection in the structure of complex 7 reveals that there are two MnII ions, each
coordinated to seven oxygen atoms (vide infra). This coordination environment is better suited
for a larger oxophilic ion, such as DyIII. It was thus decided to explore the possibility of a
targeted replacement of the MnII ions by the magnetically more interesting DyIII ions. By all
means, such a deliberate replacement is not always synthetically feasible but, regardless, the
incorporation of DyIII ions into the Mn/nhiH3/RCO2- ‘blends’ could alter the kinetics and
thermodynamics, thus leading to unprecedented heterometallic structural motifs. Therefore, the
one-pot reaction of Mn(O2CMe)2∙4H2O, Dy(NO3)3∙5H2O, nhaH2 and NPr3 in a 1:1:2:6 molar
ratio in MeCN led to a dark brown solution which was allowed to slowly evaporate at room
temperature, yielding dark brown plate-like crystals of the pentanuclear heterometallic complex
(NHPr3)2[Mn4Dy(O2CMe)5(nhi)4] (9) in 40% yield. The reaction failed to yield the isostructural
to complex 7 {Mn8Dy2} cluster but it led instead to a structurally new {Mn4Dy} compound (9)
with a discrete square pyramidal topology (vide infra). This is most likely due to the different
geometrical properties and charge of DyIII ions compared to the MnII ones. The formation of 9 is
summarized in equation 4.3.

4 Mn2+ + Dy3+ + 4 nhiH3 + 5 MeCO2− + O2 + 8 NPr3 →
(NHPr3)2[Mn4Dy(O2CMe)5(nhi)4] + 6 NHPr3+ + 2 H2O

(4.3)
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The synthesis of complex 9 involves Mn oxidation by atmospheric O2, under the
prevailing basic conditions, and the equation 4.3 was balanced accordingly. The base NPr3 is
necessary to ensure basic conditions and to act as a proton acceptor to facilitate the deprotonation
of the nhiH3 ligands. A similar role could also be carried out by the MeCO2− ions; however, in
the absence of NPr3, longer reaction times are required to get a significant dark brown coloration,
and the yield of isolated 9 is much lower (< 5%). Performance of the same reaction in the
presence of different bases (NEt3, NMe3, etc.) led to the formation of 9 in comparable yields but
the use of NPr3 gave the best quality single-crystals for a complete X-ray diffraction analysis. In
addition, the use of Dy(O2CMe)3∙4H2O starting material instead of Dy(NO3)3∙5H2O led to the
same complex 9 in comparable yields; however, longer stirring times were required in order to
ensure the complete dissolution of the Dy(O2CMe)3∙4H2O since it is much less soluble than the
Dy(NO3)3∙5H2O.
Following the successful incorporation of ButCO2− ions in the structure of complex 8 and
the subsequent isolation of a new {Mn10} product compared to the one obtained from the
Mn/nhiH3/MeCO2- system, it was decided to perform similar reactions with Mn(O2CBut)2 and
nhaH2 in the presence of DyIII salts. Thus, the one-pot reaction of Mn(O2CBut)2∙xH2O,
Dy(NO3)3∙5H2O, nhaH2 and nBu3N in a 1:1:2:6 molar ratio in MeCN led to a dark brown solution
which was allowed to slowly evaporate at room temperature, yielding dark brown plate-like
crystals of the pentanuclear heterometallic complex (NHnBu3)2[Mn4Dy(O2CBut)4(nhi)4](NO3)
(10) in 40% yield. The molecular structures of 9 and 10 are very similar to each other differing
only in the counterions and the number of coordinating carboxylate groups (vide infra). The
formation of 10 is summarized in equation 4.4.
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4 Mn2+ + Dy3+ + 4 nhiH3 + 4 ButCO2− + NO3− + O2 + 8 nBu3N →
(NHnBu3)2[Mn4Dy(O2CBut)4(nhi)4](NO3) + 6 NHnBu3+ + 2 H2O

(4.4)

In this case, the nature of the carboxylate groups does not affect the molecular structures
of the pentanuclear heterometallic products. Under the reported conditions, the square pyramidal
{Mn4Dy} motifs appear to be very stable and could not be altered even by the performance of
the same reaction in different basic media, such as NEt3 and NPr3. The interest was instead
focused on the investigation of the effect of the solvent in the Mn/Dy/nhiH3/RCO2- general
reaction system. Recall that all previously reported reactions and products were performed and
isolated in MeCN by slow evaporation of the resulting dark brown solutions. It was decided this
time to use a different solvent mixture of both polar and non-polar solvents in order to drive the
reactions into structurally new motifs than the {Mn4Dy} complexes, 9 and 10.
Therefore, the one-pot reaction of Mn(O2CMe)2∙4H2O, Dy(NO3)3∙5H2O, nhaH2 and
n

Bu3N in a 1:1:2:6 molar ratio in MeOH led to a dark brown solution. The solvent was removed

in vacuo, and the dark brown residue was dissolved in CH2Cl2. The dark brown solution was
filtered and the filtrate was layered with hexane, yielding dark brown plate-like crystals of the
new decanuclear heterometallic complex (NHnBu3)2[Mn8Dy2(O2CMe)8(nhi)8] (11) in 40% yield.
The formation of 11 is summarized in equation 4.5.

8 Mn2+ + 2 Dy3+ + 8 nhiH3 + 8 MeCO2− + 2 O2 + 16 nBu3N →
(NHnBu3)2[Mn8Dy2(O2CMe)8(nhi)8] + 14 NHnBu3+ + 4 H2O

(4.5)
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The atmospheric O2, under the reported conditions, facilitates the oxidation of MnII ions
to MnIII. The different nuclearity of complex 11, compared to the {Mn4Dy} complexes, cannot
be rationalized or explained in depth; however, 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
energies, and related factors. The use of MeOH/CH2Cl2 as the reaction solvent mixture is crucial
for clean product formation; oily products were obtained when the reaction was performed in
EtOH, DMF or CHCl3. Performance of the same reaction in the presence of NEt3 or NPr3 led to
the precipitation of 11 in similar yields. However, the use of nBu3N led to the best quality singlecrystals.
The effect of the carboxylate ions on the structural identity of the {Mn8Dy2} cluster was
also explored. The one-pot reaction of Mn(O2CBut)2∙xH2O, Dy(NO3)3∙5H2O, nhaH2 and NEt3 in
a 1:1:2:6 molar ratio in MeOH led to a dark brown solution. The solvent was removed in vacuo,
and the dark brown residue was dissolved in CH2Cl2. The dark brown solution was filtered and
the filtrate was layered with hexane yielding dark brown plate-like crystals of the decanuclear
complex (NHEt3)2[Mn8Dy2(O2CBut)8(nhi)8] (12) in 40% yield. The formation of 12 is
summarized in equation 4.6.

8 Mn2+ + 2 Dy3+ + 8 nhiH3 + 8 ButCO2− + 2 O2 + 16 NEt3 →
(NHEt3)2[Mn8Dy2(O2CBut)8(nhi)8] + 14 NHEt3+ + 4 H2O

(4.6)
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Complex 12 is isostructural with complex 11 and the only differences are located on the
nature of the countercations and the carboxylate groups. The reaction solvent mixture of MeOH
and CH2Cl2 was again responsible for driving the equilibrium into the {Mn8Dy2} motif instead
of the {Mn4Dy} clusters which appear to be stable when the reactions are performed in MeCN.

4.2.2. Description of Structures
The structure of the anion of complex 7 (Figure 4.2, top) consists of 10 Mn atoms
arranged into two symmetry-related and covalently-linked {Mn5} units, each with a square
pyramidal topology. The tetra-anion of complex 7 is stabilized by the presence of four NHEt3+
countercations in the crystal lattice; the NHEt3+ cations are H-bonded with the O atoms of the
bridging acetate groups. The simplified core of 7 (Figure 4.2, bottom) can be described as two
‘on-set’ square pyramids linked through four anti,anti-η1:η1:μ bridging MeCO2− ions (Scheme
4.1). Each {Mn5} unit consists of four MnIII and a MnII ions arranged in a slightly distorted
square pyramidal topology (Figure 4.3, left), with the MnII atom occupying the apical position
and the MnIII atoms forming the square base. The Mn⋯Mn⋯Mn angles are spanning the range
of 89.4-90.6°, deviating only slightly from the ideal 90°, and the Mn⋯Mn⋯Mn angles of the
four triangular faces lie within the 82.4-86.1° range. The MnIII atoms form a near-planar square,
with each of the edges bridged by a diatomic NO oximate group from a nhi3− ligand, thus giving
Mn⋯Mn separations of 4.610(1)-4.660(1) Å. The almost perfectly planar {Mn4} subunit is
clearly due to the large Mn-O-N-Mn torsion angles of 173.3° (Mn1-O1-N12-Mn2), 177.2°
(Mn2-O4-N2-Mn5), 174.5° (Mn5-O17-N7-Mn4), and 169.8° (Mn1-N3-O9-Mn4), very close to
the ideal linearity of 180°. The linkage between the basal Mn III atoms and the apical MnII atom is
provided by the oximate O atoms of nhi3− ligands. Also, one syn,syn-η1:η1:μ MeCO2− group
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bridges one of the basal MnIII atoms (Mn2) with the apical MnII atom, and one H2O molecule is
terminally coordinated to a MnIII atom (Mn5). Ligation around each MnIII atom is completed by
the alkoxido and naphthoxido O atoms of the nhi3− groups; thus, the nhi3− ligands act in a
η1:η1:η2:η1:μ3 bridging fashion (Scheme 4.1). In addition, an O atom from an anti,anti-bridging
MeCO2− group completes the coordination sphere of each MnIII atom. These MeCO2− groups
serve as bridges between the two square pyramids, while the distances between the basal Mn III
atoms of the square pyramids are 6.425 Å (Mn2⋯Mn4ʹ) and 6.418 Å (Mn5⋯Mn1ʹ).
The complex therefore contains an overall [MnII2MnIII8(μ3-ON)8(μ-O2CMe)4]16+ core,
which can be also described as a ‘molecular capsule’. The cylindrical part of the ‘capsule’ can be
considered as consisting of the two {Mn4} square bases linked by the anti,anti-bridging acetate
groups; the average distance between the two {Mn4} square bases is 6.422 Å and this can be
considered as the height, α, of the cylindrical part.228 The apical MnII atoms appear at the
hemispherical ends of the ‘capsule’. The radius, r, of the cylinder is defined as the half of the
average MnIII⋯MnIII distance within the two {Mn4} square bases; the r is thus: 4.643/2 Å =
2.321 Å. Therefore the volume of the ‘capsule’ can be calculated by the formula: V = πr2(4/3r +
α) and was found to be 161.0 Å3. In addition, the surface area of the ‘capsule’ is given by the
formula: SA = 2πr(2r + α) and it was calculated as SA = 161.3 Å2.
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Figure 4.2. (top) Partially labelled PovRay representation of the [Mn10(O2CMe)8(nhi)8(H2O)2]4−
anion of complex 7. H atoms and the NHEt3+ countercations have been omitted for clarity.
(bottom) PovRay representation of the [Mn10(μ3-ON)8(μ-O2CMe)4]16+ core. Only the ipso C
atoms of the MeCO2− groups are shown. Color scheme: MnII, yellow; MnIII, blue; O, red; N,
green; C, grey. Primes are used for symmetry-related atoms.
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Figure 4.3. (left) Representation of the {MnIIMnIII4} square pyramidal topology. (right) Capped
trigonal prismatic geometry of the MnII atoms in complex 7. The points connected by the black
lines define the vertices of the ideal polyhedron. Color scheme as in Figure 4.2.

Atoms Mn2, Mn5, Mn2ʹ and Mn5ʹ are six-coordinate with Jahn-Teller distorted
octahedral geometries. The elongated Jahn-Teller axes of these atoms are parallel in pairs due to
the symmetry of the complex, and the non-parallel axes form an angle of 5.4° (Figure 4.4).
Atoms Mn1, Mn1ʹ, Mn4 and Mn4ʹ are five-coordinate with distorted square pyramidal
topologies187 (τ = 0.10 and 0.17, where τ is 0 and 1 for ideal square pyramidal and trigonal
bipyramidal geometries,187 respectively). The Mn oxidation states were established by charge
balance considerations, metric parameters, and bond valence sum calculations (BVS, Table
4.3).186

159

Scheme 4.1. (top) Structural formula of nhiH3, indicating the types of the ligand’s O donor
atoms discussed in text. (bottom) The coordination modes of the nhi3− and MeCO2− ligands in
the structure of complex 7.
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Figure 4.4. The orientation of the MnIII Jahn-Teller axes of Mn2, Mn5, Mn2ʹ and Mn5ʹ in
complex 7.

Table 4.3. Bond Valence Sum (BVS)a Calculations for Mn Atoms in Complex 7.

a

Atom

MnII

MnIII

MnIV

Mn1

3.25

3.01

3.10

Mn2

3.36

3.11

3.21

Mn3

1.93

1.76

1.85

Mn4

3.13

2.90

2.99

Mn5

3.28

3.04

3.13

The underlined value is the one closest to the charge for which it was calculated. The oxidation

state is the nearest whole number to the underlined value.
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The MnII atoms (Mn3, Mn3ʹ) are seven-coordinate in a MnO7 environment, completed by
a bidentate chelating MeCO2− group on each MnII atom (Scheme 4.1). Each MnII atom possesses
a capped trigonal prismatic geometry, as confirmed by the Continuous Shape Measure (CShM)
approach.202 The best fit was obtained for the capped trigonal prism (Figure 4.3, right) with
CShM value of 1.97 (Table 4.4). Values of CShM between 0.1 and 3 usually correspond to a not
negligible but still small distortion from ideal geometry.203 Regarding complex 7, there is an
intramolecular H-bonding interaction between the coordinated H2O molecule and the syn,synη1:η1:μ MeCO2− group in each {Mn5} unit.
Table 4.4. SHAPE Measures for the Seven-Coordinate Mn3 Coordination Polyhedron in
Complex 7.a

a

Polyhedronb

Mn3

HP-7

32.52

HPY-7

16.70

PBPY-7

5.83

COC-7

3.03

CTPR-7

1.97

JPBPY-7

9.81

JETPY-7

18.47

The values in boldface indicate the closest polyhedron according to the Continuous Shape

Measures (CShM).

b

Abbreviations: HP-7, heptagon; HPY-7, hexagonal pyramid; PBPY-7,

pentagonal bipyramid; COC-7, capped octahedron; CTPR-7, capped trigonal prism; JPBPY-7,
Johnson pentagonal bipyramid; JETPY-7, Johnson elongated triangular pyramid.
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Complex 8 crystallizes in the triclinic space group P-1 and displays crystallographic Ci
symmetry. The structure of 8 (Figure 4.5, top) consists of 10 Mn atoms arranged into two
covalently-linked {Mn5} square pyramids. The simplified core of 8 (Figure 4.5, bottom) can be
described as two ‘off-set’ square pyramids linked through the naphthoxido O atoms (O5, O5ʹ) of
two nhi3− ligands. Similar to complex 7, each {Mn5} square pyramid in complex 8 comprises
four MnIII and a MnII ions, with the MnII atom occupying the apical position and the MnIII atoms
forming the square base. The Mn⋯Mn⋯Mn angles span the range of 89.2-89.5°, and the
Mn⋯Mn⋯Mn angles of the four triangular faces lie within the 82.1-84.2° range. The MnIII
atoms form a near-planar square, with each of the edges bridged by a diatomic NO oximate
group from a nhi3− ligand, thus giving Mn⋯Mn separations of 4.585(1)-4.644(1) Å. The large
Mn-O-N-Mn torsion angles of 172.7° (Mn2-O2-N1-Mn3), 160.5° (Mn3-O3-N4-Mn4), 170.7°
(Mn4-O4-N2-Mn5), and 164.9° (Mn5-O1-N3-Mn2) are close to the ideal linearity of 180°. The
linkage between the basal MnIII atoms and the apical MnII atom is provided by the oximate O
atoms of the nhi3− ligands and two syn,syn-η1:η1:μ bridging ButCO2− groups. In addition, two
MeCN molecules are terminally coordinated to a MnIII atom (Mn3) and a H2O molecule is
terminally bound to Mn5. Further ligation around each MnIII atom within the square bases is
provided by the chelating part of the η1:η1:η2:η1:μ3 nhi3- groups (Scheme 4.2). The two {Mn5}
square pyramids are interlinked to each other through the naphthoxido O atoms of two nhi3−
ligands; these ligands are thus acting as η1:η1:η2:η2:μ4 (Scheme 4.2).
The complex therefore contains an overall [MnII2MnIII8(μ3-ON)8(μ-OR)2]18+ core. Mn2,
Mn2ʹ, Mn4 and Mn4ʹ are five-coordinate with slightly distorted square pyramidal topologies (τ =
0.10 and 0.01, respectively). The divalent Mn1 and Mn1ʹ atoms are six-coordinate with distorted
octahedral geometries. The trivalent Mn3, Mn5, Mn3ʹ and Mn5ʹ atoms are also six-coordinate
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with Jahn-Teller distorted octahedral geometries. Their elongated Jahn-Teller axes are parallel in
pairs due to the symmetry of the complex, and the non-parallel axes form an angle of 11.6°
(Figure 4.6). The Mn oxidation states were established by charge balance considerations, metric
parameters, and bond valence sum calculations (BVS, Table 4.5). Regarding complex 8, there
are intramolecular H-bonding interactions between the coordinated H2O molecules and the
ButCO2− groups.

Figure 4.5. (top) Partially labelled PovRay representation of complex 8. H atoms have been
omitted for clarity. (bottom) PovRay representation of the [Mn10(μ3-ON)8(μ-OR)2]18+ core. Color
scheme: MnII, yellow; MnIII, blue; O, red; N, green; C, grey. Primes are used for symmetryrelated atoms.
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Scheme 4.2. The coordination modes of the nhi3− ligands in complex 8.

Table 4.5. Bond Valence Sum (BVS)a Calculations for Mn Atoms in Complex 8.

a

Atom

MnII

MnIII

MnIV

Mn1

2.01

1.84

1.93

Mn2

3.25

3.02

3.10

Mn3

3.32

3.10

3.15

Mn4

3.18

2.95

3.04

Mn5

3.25

3.01

3.10

The underlined value is the one closest to the charge for which it was calculated. The oxidation

state is the nearest whole number to the underlined value.
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Figure 4.6. The orientation of the MnIII Jahn-Teller axes of Mn3, Mn5, Mn3ʹ and Mn5ʹ in
complex 8.

Complexes 7 and 8 are the first homometallic Mn clusters containing the nhiH3 ligand.
Despite the plethora of previously reported {Mn10} clusters, both 7 and 8 possess unique metal
topologies, especially in their oxidation state levels (MnII2MnIII8). It is also worthy to note that
there are no {Mn10} complexes reported to date with the similar salicylhydroximate ligand; this
clearly emphasizes the effect of the naphthalene substituent on the stabilization and
crystallization of new molecular cluster compounds. Furthermore, the nature of the carboxylate
group (MeCO2− vs. ButCO2−) was found to affect the orientation of the {Mn5} square pyramids,
yielding two ‘on-set’ square pyramids in 7 and two ‘off-set’ square pyramids in 8. It is very
likely that the size of the pivalate groups (compared to the more flexible acetate ions) does not
allow them to stabilize the ‘on-set’ motif, which requires the bridging contribution from four
carboxylate groups, but they instead “force” the two square pyramids to adopt the ‘off-set’
topology, which is accomplished by the bridging naphthoxido O atoms of two nhi3- ligands.
The crystal structure of complex 9 consists of the [Mn4Dy(O2CMe)5(nhi)4]2− dianion
(Figure 4.7, top) and two Pr3NH+ cations. The core of 9 (Figure 4.7, bottom) comprises four
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MnIII and one DyIII atoms arranged in a slightly distorted square pyramidal topology, with the
DyIII atom occupying the apical position and the MnIII atoms forming the square base. The
Mn⋯Mn⋯Mn angles are spanning the range of 89.5-90.3°, deviating only slightly from the ideal
90°, and the Mn⋯Dy⋯Mn angles of the four triangular faces lie within the 75.4-77.6° range.
The MnIII atoms form a near-planar square, with each of the edges bridged by a diatomic NO
oximate group from a nhi3− ligand, thus giving Mn⋯Mn separations of 4.579(1)-4.682(1) Å. The
almost perfectly planar {Mn4} unit is clearly due to the large Mn-O-N-Mn torsion angles of
172.6° (Mn2-O15-N29-Mn4), 171.5° (Mn4-O10-N30-Mn5), 173.4° (Mn5-O6-N4-Mn6), and
166.9° (Mn6-O18-N19-Mn2), very close to the ideal linearity of 180°. The linkage between the
basal MnIII atoms and the apical DyIII atom is provided by the oximate O atoms of nhi3− ligands,
and four syn,syn-η1:η1:μ bridging MeCO2− groups. One MeCO2− group is terminally bound to
Mn2. Additional ligation around each MnIII atom is completed by the alkoxido and naphthoxido
O atoms of the nhi3− groups; these groups are thus bridging in the familiar η1:η1:η2:η1:μ3 fashion.
The complex therefore contains an overall [Mn4Dy(μ3-ON)4]11+ core, which can also be
described as a [12-MCMn(III)N(nhi)-4] metallacrown229 surrounding a DyIII atom. The latter lies
1.828 Å out of the Mn4 plane.
Mn2 exhibits a near octahedral geometry that takes the form of an axially elongated JahnTeller (JT) distortion, as expected for a high-spin d4 ion in this geometry. The JT axis involves
the O atoms from the monodentate and a bidentate carboxylate group. Mn4, Mn5 and Mn6 are
five-coordinate with slightly distorted square pyramidal topologies (τ = 0.08, 0.11 and 0.08,
respectively). The Mn oxidation states were established by charge balance considerations, metric
parameters, and bond valence sum calculations (BVS, Table 4.6). The DyIII atom is eightcoordinate in a DyO8 environment, possessing square antiprismatic geometry, as confirmed by
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the Continuous Shape Measure (CShM) approach. The best fit was obtained for the square
antiprism (Figure 4.8) with a CShM value of 0.58 (Table 4.7). Regarding complex 9, there are H
bonding interactions between the terminally bound MeCO2− group and the two Pr3NH+ ions.

Figure 4.7. (top) Partially labelled PovRay representation of the [Mn4Dy(O2CMe)5(nhi)4]2−
anion of complex 9. H atoms have been omitted for clarity. (bottom) PovRay representation of
the [Mn4Dy(μ3-ON)4]11+ core. Color scheme: DyIII, yellow; MnIII, blue; O, red; N, green; C, grey.
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Table 4.6. Bond Valence Sum (BVS)a Calculations for Mn Atoms in Complex 9.

a

Atom

MnII

MnIII

MnIV

Mn2

3.49

3.23

3.33

Mn4

3.13

2.90

2.98

Mn5

3.35

3.10

3.20

Mn6

3.21

2.97

3.06

The underlined value is the one closest to the charge for which it was calculated. The oxidation

state is the nearest whole number to the underlined value.

Figure 4.8. Square antiprismatic coordination geometry of the DyIII atom in complex 9. The
points connected by the black lines define the vertices of the ideal polyhedron. Color scheme as
in Figure 4.7.
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Table 4.7. SHAPE Measures for the Eight-Coordinate Dy1 Coordination Polyhedron in
Complex 9.a

a

Polyhedronb

Dy1

OP-8

30.82

HPY-8

23.55

HBPY-8

16.72

CU-8

9.68

SAPR-8

0.58

TDD-8

2.16

JGBF-8

16.48

JETBPY-8

29.64

JBTPR-8

2.33

BTPR-8

1.33

JSD-8

5.15

TT-8

10.50

ETBPY-8

24.96

The values in boldface indicate the closest polyhedron according to the Continuous Shape

Measures (CShM).

b

Abbreviations: OP-8, octagon; HPY-8, heptagonal pyramid; HBPY-8,

hexagonal bipyramid; CU-8, cube; SAPR-8, square antiprism; TDD-8, triangular
dodecahedron; JGBF-8, Johnson gyrobifastigium; JETBPY-8, Johnson elongated triangular
bipyramid; JBTPR-8, biaugmented trigonal prism; BTPR-8, biaugmented trigonal prism; JSD-8,
snub diphenoid; TT-8, triakis tetrahedron; ETBPY-8, elongated trigonal bipyramid.
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The crystal structure of complex 10 consists of a [Mn4Dy(O2CBut)4(nhi)4]− anion (Figure
4.9, top), two Bu3NH+ cations and a NO3− anion. The {Mn4Dy} monoanion of complex 10 is
structurally very similar to the {Mn4Dy} dianion of complex 9, with the main differences being
the nature of the carboxylate group and the absence of a fifth, terminally bound, carboxylate
group in one of the MnIII atoms. Therefore, all four MnIII atoms in complex 10 are fivecoordinate with slightly distorted square pyramidal topologies (τ = 0.05, 0.05, 0.07 and 0.06 for
Mn1, Mn2, Mn3 and Mn4, respectively). The Mn oxidation states were again established by
charge balance considerations, metric parameters, and bond valence sum calculations (BVS,
Table 4.8). The DyIII atom is eight-coordinate in a DyO8 environment, possessing square
antiprismatic geometry, and it lies 1.802 Å out of the Mn4 plane. Finally, in the crystal lattice of
complex 10, there are H bonding interactions between the NO3- counteranion and the two
Bu3NH+ countercations.
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Figure 4.9. (top) Partially labelled PovRay representation of the [Mn4Dy(O2CBut)4(nhi)4]− anion
of complex 10. H atoms have been omitted for clarity. (bottom) PovRay representation of the
[Mn4Dy(μ3-ON)4]11+ core. Color scheme: DyIII, yellow; MnIII, blue; O, red; N, green; C, grey.
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Table 4.8. Bond Valence Sum (BVS)a Calculations for Mn Atoms in Complex 10.

a

Atom

MnII

MnIII

MnIV

Mn1

3.27

3.03

3.12

Mn2

3.35

3.10

3.20

Mn3

3.27

3.03

3.12

Mn4

3.36

3.11

3.20

The underlined value is the one closest to the charge for which it was calculated. The oxidation

state is the nearest whole number to the underlined value.

Complexes 9 and 10 are the first Mn/Dy clusters possessing a 4Mn:1Dy stoichiometry,
with the metal centers being arranged in a square pyramidal topology. The presence of Dy affects
the structural identity of the final product, since it leads to the isolation of compounds containing
a single square pyramidal topology, in contrast to 7 and 8. While in the complexes
[Mn4NaDy(O2CMe)4(shi)4(H2O)4] and [Mn4KDy(O2CMe)4(shi)4(H2O)4], which contain the
similar salicylhydroximate ligand,230 the four MnIII atoms and the Dy atom form a square
pyramid (with the Mn atoms forming the square base), the presence of the alkaline metal ion on
the opposite side of the lanthanide with respect to the Mn4 plane leads to an overall octahedral
topology.
Complexes 11 and 12 crystallize in the triclinic space group P-1 and they both display
crystallographic Ci symmetry. The compounds are isostructural and differ only in the nature of
the carboxylate ligand and the countercations resulting from the use of different external organic
bases. Thus, only the structure of complex 11 will be discussed in detail. The molecular
structures of complexes 11 (Figure 4.10, top) and 12 (Figure 4.11) consist of eight Mn and two
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Dy atoms arranged into two, covalently-linked {Mn4Dy} square pyramids. The simplified core
of 11 (Figure 4.10, bottom) can be described as two ‘off-set’ square pyramids linked through the
naphthoxido O atoms (O13 and O13ʹ) of two nhi3− ligands; these ligands are thus bridging in an
overall η2:η1:η2:η1:μ4 fashion. The two {Mn4Dy} square pyramids of 11 are very similar to the
discrete {Mn4Dy} square pyramids of complexes 9 and 10. The DyIII atom in each {Mn4Dy}
subunit of 11 occupies the apical position and it is displaced 1.734 Å out of the {Mn 4} square
base. The Mn⋯Mn⋯Mn angles are spanning the range of 89.0-91.0°, deviating only slightly
from the ideal 90°, and the Mn⋯Dy⋯Mn angles of the four triangular faces lie within the 77.278.1° range. The MnIII atoms form a near-planar square, with each of the edges bridged by a
diatomic NO oximate group from a nhi3− ligand, thus giving Mn⋯Mn separations of 4.641(1)4.681(1) Å. The large Mn-O-N-Mn torsion angles of 172.8° (Mn6-N21-O31-Mn3), 172.8°
(Mn3-N27-O24-Mn4), 170.9° (Mn4-N15-O47-Mn5), and 178.2° (Mn5-N12-O40-Mn6) are close
to the ideal linearity of 180°. The linkage between the basal MnIII atoms and the apical DyIII atom
within each {Mn4Dy} subunit of 11 is provided by the oximate O atoms of the nhi3− ligands and
four syn,syn-η1:η1:μ bridging MeCO2− groups. Ligation around each MnIII atom is completed by
the alkoxido and naphthoxido O atoms of the nhi3- groups; these groups are thus acting in an
η1:η1:η2:η1:μ3 fashion (Scheme 4.3).
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Figure 4.10. (top) Partially labelled PovRay representation of the [Mn8Dy2(O2CMe)8(nhi)8]2−
anion of complex 11. H atoms have been omitted for clarity. (bottom) PovRay representation of
the [Mn8Dy2(μ3-ON)8(μ-OR)2]20+ core. Color scheme: DyIII, yellow; MnIII, blue; O, red; N, green;
C, grey. Primes are used for symmetry-related atoms.
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Figure 4.11. (top) Partially labelled PovRay representation of the [Mn8Dy2(O2CBut)8(nhi)8]2−
anion of complex 12. H atoms have been omitted for clarity. (bottom) PovRay representation of
the [Mn8Dy2(μ3-ON)8(μ-OR)2]20+ core. Color scheme as in Figure 4.10. Primes are used for
symmetry-related atoms.
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Scheme 4.3. The coordination modes of the nhi3− ligands in complexes 11 and 12.

The complex therefore contains an overall [Mn8Dy2(μ3-ON)8(μ4-OR)2]20+ core. Mn3,
Mn3ʹ, Mn5, Mn5ʹ, Mn6 and Mn6ʹ are five-coordinate with slightly distorted square pyramidal
geometries (τ = 0.03, 0.18 and 0.04, respectively). Mn4 and Mn4ʹ are six-coordinate with JahnTeller distorted octahedral geometries; the Jahn-Teller axes are parallel to each other and they
involve the O atom from a bridging carboxylate group and the naphthoxido O atom from a
η2:η1:η2:η1:μ4 nhi3- ligand. The Mn oxidation states were established by charge balance
considerations, metric parameters, and bond valence sum calculations (BVS, Table 4.9). The
crystallographically independent DyIII atom (Dy1) in complex 11 is eight-coordinate in a DyO8
environment. Dy1 possesses a square antiprismatic geometry as confirmed by the Continuous
Shape Measure (CShM) approach. The best fit was obtained for the square antiprism (Figure
4.12) with CShM value of 0.59 (Table 4.10).
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Table 4.9. Bond Valence Sum (BVS)a Calculations for Mn Atoms in Complexes 11 and 12.
MnII

MnIII

MnIV

Mn3

3.10

2.87

2.96

Mn4

3.31

3.07

3.16

Mn5

3.31

3.07

3.15

Mn6

3.21

2.97

3.06

Mn1

3.18

2.95

3.04

Mn2

3.23

2.99

3.08

Mn3

3.23

2.99

3.08

Mn4

3.22

2.98

3.07

Complex Atom
11

12

a

The underlined value is the one closest to the charge for which it was calculated. The oxidation

state is the nearest whole number to the underlined value.

Figure 4.12. Square antiprismatic coordination geometry of the DyIII atoms in complex 11. The
points connected by the black lines define the vertices of the ideal polyhedron. Color scheme as
in Figure 4.10.
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Table 4.10. SHAPE Measures for the Eight-Coordinate Dy1 Coordination Polyhedron in
Complex 11.a

a

Polyhedronb

Dy1

OP-8

31.59

HPY-8

23.48

HBPY-8

17.46

CU-8

10.19

SAPR-8

0.59

TDD-8

2.72

JGBF-8

17.38

JETBPY-8

29.85

JBTPR-8

2.83

BTPR-8

1.79

JSD-8

5.75

TT-8

11.04

ETBPY-8

25.36

The values in boldface indicate the closest polyhedron according to the Continuous Shape

Measures (CShM).

b

Abbreviations: OP-8, octagon; HPY-8, heptagonal pyramid; HBPY-8,

hexagonal bipyramid; CU-8, cube; SAPR-8, square antiprism; TDD-8, triangular
dodecahedron; JGBF-8, Johnson gyrobifastigium; JETBPY-8, Johnson elongated triangular
bipyramid; JBTPR-8, biaugmented trigonal prism; BTPR-8, biaugmented trigonal prism; JSD-8,
snub diphenoid; TT-8, triakis tetrahedron; ETBPY-8, elongated trigonal bipyramid.
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Complexes 11 and 12 are the first Mn/Dy clusters having a 8Mn:2Dy stoichiometry. The
metals are arranged in two ‘off-set’ square pyramids, a novel structural motif in Mn/Dy cluster
chemistry, and very similar to that of complex 8. We have thus been able to isolate compounds
isostructural to 8, but with the MnII atoms replaced by DyIII ions. Furthermore, neither the metal
stoichiometry nor the topology of 11 and 12 resemble the Mn/Dy clusters reported with
salicylichydroxamic acid as a chelating/bridging ligand.231

4.2.3. Solid-state Magnetic Susceptibility Studies
Although attempts to fit the dc magnetic susceptibility data were made for all complexes,
these turned out to be unsuccessful due to the large nuclearities of the cluster compounds and the
resulting number of inequivalent exchange constants between the metal ions. Furthermore, the
fits were also unsuccessful when assuming that the {Mn5} and {Mn4Dy} subunits within the
complexes 7/8 and 11/12 are weakly interacting with each other. This is reasonable provided that
the square pyramidal repeating units in 7/8 and 11/12 are all bridged to each other through
coordination bonds from either carboxylate groups or nhi3- ligands.
Solid-state direct-current (dc) magnetic susceptibility (χM) data were collected on a
powered polycrystalline sample of 7 in a 1 kG (0.1 T) field in the 5.0-300 K range. The obtained
data are plotted as χMT vs. T in Figure 4.13 (top). Magnetization (M) vs. dc field measurements
were also performed in the magnetic field (H) ranges of 1.0-70.0 kG (0.1-7 T) and at low
temperatures. The obtained data are shown in Figure 4.13 (bottom) as a reduced magnetization
(M/NμB) vs. H/T plot, where N is Avogadro’s number and μB is the Bohr magneton. The χMT
product at 300 K is 30.15 cm3Kmol−1, less than the theoretical value of 32.75 cm3Kmol−1 for two
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MnII and eight MnIII non-interacting ions (g = 2.00), and it steadily decreases to 6.20 cm3Kmol−1
at 5 K. The decrease of the χMT product and the shape of the curve suggest the presence of
predominant antiferromagnetic exchange interactions between the metal centers. The χMT value
at 5 K is suggestive of an S = 3 ground-state spin; the spin-only value for an S = 3 is 6 cm3Kmol1

. In the reduced magnetization plot, the lack of superposition of the curves at different applied

fields is indicative of the presence of magnetic anisotropy and/or low-lying excited states.
Unfortunately, the magnetization vs. field data could not be fit to give reasonable values of the
zero-field splitting parameter, D, for a well-isolated S = 3 spin ground state. This is likely due to
the presence of low-lying excited states with spin values close to the spin ground state of the
system. This is not surprising, as it is common in high-nuclearity Mn cluster chemistry the
MnII∙∙∙MnIII and MnIII∙∙∙MnIII magnetic interactions to be weak and therefore, in the presence of
even weak dc fields, the spin ground states and the excited states can be populated at the same
temperature regimes.
Alternating-current (ac) magnetic susceptibility studies were performed in a 3.5 G ac
field oscillating at different frequencies in order to determine the spin ground state, S, of
complex 7 and evaluate its magnetization dynamics. The in-phase (χM′) and out-of-phase (χM′ʹ)
ac signals for 7 are shown in Figure 4.14. The in-phase susceptibility (Figure 4.14, top) reveals
the following features: (i) χM′T product decreases linearly with decreasing temperature in the 415 K range, indicating depopulation of a high density of excited states with spin S greater than
that of the ground state, which is in agreement with the conclusion from the dc studies; (ii)
extrapolation of the χM′T data from above ~4.0 K to 0 K gives a value of ~6 cm3Kmol−1, which is
indicative of an S = 3 ground state with g = 2; (iii) below ~4 K, there is a frequency-dependent
decrease in χM′T and a concomitant appearance of frequency-dependent χM′ʹ tails of signals
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(Figure 4.14, bottom); the appearance of such signals are indicative of the superparamagneticlike slow relaxation of an SMM.

Figure 4.13. (top) Plot of χMT vs. T for complex 7. (bottom) Plot of reduced magnetization
(M/NμB) vs. H/T for complex 7 in a magnetic field and temperature range 0.1-7 T and 1.8-10.0 K,
respectively.
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Figure 4.14. (top) The in-phase (χΜ′) (as χΜ′T) and (bottom) out-of-phase (χΜ′′) vs. T ac
susceptibility signals for 7 at the indicated frequencies.

Given the lack of clear χΜ′′ peak maxima, the energy barrier of 7 was approximated using
a method employed by Bartolomé et al.,232 which is based on the equation 4.7, where Ea is the
activation energy akin to the energy barrier for the magnetization reversal of an SMM.
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Considering a single relaxation process, the least-squares fits of the experimental data (Figure
4.15) gave an energy barrier of ~22.3(1) K and a pre-exponential factor, τ0, of ~3.8(1) × 10−7 s,
consistent with the expected τ0 values for a fast-relaxing SMM.57,68,76,80,233,234

𝜒′′

ln ( 𝜒′ ) = ln(𝜔𝜏0 ) + 𝐸𝑎 /𝑘𝐵 𝑇

(4.7)

Figure 4.15. Plots of ln(χ′′/χ′) vs. 1/T for 7 at different frequencies of the 3.5 G oscillating ac
field. The solid lines are the best-fit curves; see the text for the fit parameters. The very low-T
data (T < 2.5 K) were excluded because of the very fast QTM.

Alternating-current susceptibility studies were also performed in the presence of an
external dc field (0.1 T) so as to remove the degeneracy of the mS states and force the
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magnetization to relax through a thermally-assisted process. This usually results in a shift of the
out-of-phase tails of signals to higher temperatures where the peak maxima can be observed and
the energy barrier calculated using the Arrhenius-type equation (equation 1.17). Unfortunately,
in the case of complex 7, these measurements did not help to suppress the fast ground state
quantum tunneling of the magnetization and consequently they did not cause a shift of the χΜ′′
tails of signals to higher temperatures.
Solid-state direct-current (dc) magnetic susceptibility (χM) data were collected on a
powered polycrystalline sample of 8 in a 1 kG (0.1 T) field in the 5.0-300 K range. The obtained
data are plotted as χMT vs. T in Figure 4.16. The χMT product at 300 K is 28.15 cm3Kmol−1, less
than the theoretical value of 32.75 cm3Kmol−1 for two MnII and eight MnIII non-interacting ions
(g = 2.00), and it steadily decreases to 3.20 cm3Kmol−1 at 5 K. The decrease of the χMT and the
shape of the curve suggest the presence of predominant antiferromagnetic exchange interactions
between the metal centers. The χMT value at 5 K is suggestive of an S = 2 spin ground state.
Alternating-current (ac) magnetic susceptibility studies were also performed in a 3.5 G ac field
oscillating at different frequencies in order to determine the ground state, S, of 8. The in-phase
(χM′) and out-of-phase (χM′ʹ) ac signals of 8 are shown in Figure 4.17. The χM′T product (Figure
4.17, top) decreases steadily, and almost linearly, with decreasing temperature in the 3-15 K
range, indicating depopulation of a high density of excited states with spin S greater than that of
the ground state. Extrapolating the plot above 3 K down to 0 K, where only the ground state
should be populated, gives a value of about 3 cm3Kmol−1, suggesting an S = 2 ground state.
Below ~3 K, there is a frequency-dependent decrease in χM′T which is accompanied by the
appearance of frequency-dependent χM′ʹ signals (tails of χM′ʹ peaks; Figure 4.17, bottom); such
signals are an indication of the superparamagnetic-like slow relaxation of an SMM. In the case of
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8, the tails of the χM′ʹ peaks are shifted to lower temperatures (~ 3 K) compared to these of 7 (~ 4
K), presaging a smaller energy barrier for the magnetization reversal. This is likely due to the
smaller spin ground state of 8 or a smaller magnetic anisotropy, or both. With respect to the
magnetic anisotropy of 8, a reasonable way to qualitatively support its possibly smaller value
compared to that of 7 is via comparing the orientation of the corresponding MnIII Jahn-Teller
axes. Recall that in MnIII-containing SMMs, such as the pioneer {Mn12} and the record barrier
holder {Mn6}, the large D values result from the almost perfectly parallel Jahn-Teller axes of the
constituent MnIII ions. Indeed, the Jahn-Teller axes of the MnIII atoms in 8 are less parallel,
forming an angle of ~11.6°, than the Jahn-Teller axes of the MnIII atoms in 7, which form an
angle of ~5.4°; thus, complex 8 is expected to possess a smaller magnetic anisotropy than that of
7.235

Figure 4.16. Plot of χMT vs. T for complex 8.
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Figure 4.17. (top) The in-phase (χΜ′) (as χΜ′T) and (bottom) out-of-phase (χΜ′′) vs. T ac
susceptibility signals for 8 at the indicated frequencies.
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Given the lack of χM′′ peak maxima, the energy barrier of 8 was again approximated
using the same method as in complex 7. Considering a single relaxation process, the leastsquares fits of the experimental data (Figure 4.18) gave an energy barrier of ~17.8(1) K and a
pre-exponential factor, τ0, of ~4.3(1) × 10−8 s. Alternating-current susceptibility studies were also
performed in the presence of an external dc field (0.1 T). Unfortunately, it was not feasible to
observe any noticeable shift of the out-of-phase tails of signals to higher temperatures,
suggesting that quantum tunnelling is still an efficient pathway for the relaxation of the
magnetization.

Figure 4.18. Plots of ln(χ′′/χ′) vs. 1/T for 8 at different frequencies of the 3.5 G oscillating ac
field. The solid lines are the best-fit curves; see the text for the fit parameters.
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The overall antiferromagnetic response of complexes 7 and 8, and the resulting small spin
ground states, is not surprising since the main bridging of the metal ions is provided by oximato
groups of the nhi3- ligands with very large Mn–N–O–Mn torsion angles (> 160°).236 In addition,
both complexes 7 and 8 consist of two linked {Mn5} square pyramids that are similar to the
discrete {Mn5} complex reported by Pecoraro et al.,167c in which the exchange interactions
between the metal centers are antiferromagnetic and the spin ground state is S = 1/2, separated by
only 2 cm-1 from the first S = 3/2 excited state.
Due to their structural similarities, complexes 9 and 10 exhibited very similar magnetic
properties, so only the properties of 9 will be discussed in detail. Solid-state direct-current (dc)
magnetic susceptibility (χM) data were collected on a powered polycrystalline sample of 9 in a 1
kG (0.1 T) field in the 5.0-300 K range. The obtained data are plotted as χMT vs. T in Figure 4.19
(top). Magnetization (M) vs. dc field measurements were also performed in the magnetic field
(H) ranges of 1.0-70.0 kG (0.1-7 T) and at low temperatures. The obtained data are shown in
Figure 4.19 (bottom) as a reduced magnetization (M/NμB) vs. H/T plot, where N is Avogadro’s
number and μB is the Bohr magneton. The χMT value at 300 K is 24.95 cm3 K mol−1, less than the
theoretical value of 26.17 cm3Kmol−1 for four MnIII and one DyIII (S = 5/2, L = 5, gJ = 4/3, 6H15/2)
non-interacting ions, and it steadily decreases to 10.05 cm3Kmol−1 at 5 K. The decrease of the
χMT product and the shape of the curve suggest the presence of predominant antiferromagnetic
exchange interactions between the metal centers and/or the depopulation of the excited mJ states.
The field dependence of magnetization studies at low temperatures shows the expected features
for polynuclear, weakly coupled Mn-Dy clusters. Briefly, the lack of true saturation in
magnetization for complex 9 indicates the presence of some magnetic anisotropy and/or
population of low-lying excited states. The latter is also supported by the continuous decrease of

189

the in-phase, χM′T, product as the temperature decreases down to 1.8 K (Figure 4.20, top). In the
temperature range 1.8-15 K, no out-of-phase signals were observed (Figure 4.20, bottom),
indicative of the lack of SMM behaviour for 9.
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Figure 4.19. (top) Plot of χMT vs. T for complex 9. (bottom) Plot of reduced magnetization
(M/NμB) vs. H/T for complex 9 in a magnetic field and temperature range 0.1-7 T and 1.8-10.0 K,
respectively.
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Figure 4.20. (top) The in-phase (χΜ′) (as χΜ′T) and (bottom) out-of-phase (χΜ′′) vs. T ac
susceptibility signals for 9 in a 3.5 G field oscillating at the indicated frequency.

As was the case for the {Mn4Dy} compounds 9 and 10, the isostructural {Mn8Dy2}
complexes 11 and 12 also exhibited very similar magnetic properties; thus, only the properties of
11 will be discussed in detail as a representative example. Solid-state direct-current (dc)
magnetic susceptibility (χM) data were collected on a powered polycrystalline sample of 11 in a 1
kG (0.1 T) field in the 5.0-300 K range. The obtained data are plotted as χMT vs. T in Figure 4.21
(top). Magnetization (M) vs. dc field measurements were also performed in the magnetic field
(H) ranges of 1.0-70.0 kG (0.1-7 T) and at low temperatures. The obtained data are shown in
Figure 4.21 (bottom) as a reduced magnetization (M/NμB) vs. H/T plot. The χMT value at 300 K is
43.25 cm3Kmol−1, less than the theoretical value of 52.34 cm3Kmol−1 for eight MnIII and two
DyIII non-interacting ions, and it steadily decreases to 19.92 cm3Kmol−1 at 5 K. The decrease of
the χMT product and the shape of the curve suggest the presence of predominant
antiferromagnetic exchange interactions between the metal centers and/or the depopulation of the
excited mJ states. The form of the χMT vs. T plots of the {Mn8Dy2} complexes resembles those of
the discrete {Mn4Dy} square pyramids. The M/NμB vs. H/T data for 11 justifies the presence of
magnetic anisotropy and/or low-lying excited states, since the plots are not superimposed on a
single master curve. Although the dc magnetic susceptibility studies of the {Mn8Dy2} complexes
revealed similar features with the discrete {Mn4Dy} compounds, it was pertinent to study the ac
susceptibility of 11 and compare the magnetization dynamics with those of the {Mn4Dy}
complexes.
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Figure 4.21. (top) Plot of χMT vs. T for complex 11. (bottom) Plot of reduced magnetization
(M/NμB) vs. H/T for complex 11 in a magnetic field and temperature range 0.1-7 T and 1.8-10.0
K, respectively.
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Alternating-current (ac) susceptibility studies were performed in a 3.5 G ac field
oscillating at different frequencies for 11. The in-phase (χM′) and out-of-phase (χM′ʹ) ac signals
for 11 are shown in Figure 4.22. The in-phase susceptibility (Figure 4.22, top) reveals the
following features: (i) χM′T decreases linearly with decreasing temperature in the 4-15 K range,
indicating depopulation of a high density of excited states, which is in agreement with the
conclusion from the dc studies; (ii) below ~4 K, there is a frequency-dependent decrease in χM′T
and a concomitant appearance of frequency-dependent χM′ʹ tails of signals (Figure 4.22, bottom),
indicative of the superparamagnetic-like slow relaxation of an SMM. Such signals were absent
from the discrete {Mn4Dy} complexes. A close inspection of the structure of 11 reveals the
presence of two MnIII atoms with parallel Jahn-Teller axes, which is expected to enhance the
overall magnetic anisotropy of the system and therefore increase the chances of obtaining SMM
behavior with a barrier for the magnetization reversal. This was indeed turned out to be the case
for the {Mn8Dy2} complexes, thus emphasizing the difference between the magnetic properties
of the linked and the discrete {Mn4Dy} square pyramids.
Given the lack of χM′′ peak maxima, the energy barrier of 11 was again determined using
the method of Bartolomé and coworkers. Considering a single relaxation process, the leastsquares fits of the experimental data (Figure 4.23) gave an energy barrier of 2.2(1) K (= 1.5(1)
cm-1) and a pre-exponential factor, τ0, of 4.6(2) × 10−8 s, consistent with the expected τ0 values
for a fast-relaxing SMM. The energy barrier of 11 is much smaller than the ones obtained from
the {Mn10} complexes 7 and 8, indicating the presence of a very fast quantum tunneling of the
magnetization, which is commonly observed in SMMs containing anisotropic LnIII ions.68
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Figure 4.22. (top) The in-phase (χΜ′) (as χΜ′T) and (bottom) out-of-phase (χΜ′′) vs. T ac
susceptibility signals for 11.
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Figure 4.23. Plots of ln(χ′′/χ′) vs. 1/T for 11 at different frequencies of the 3.5 G oscillating ac
field. The solid lines are the best-fit curves; see the text for the fit parameters.

4.3. Conclusions and Perspectives
In this chapter, it was shown that the initial employment of nhiH3 in Mn and Mn/Dy
cluster chemistry has afforded six new coordination complexes, two {Mn II2MnIII8} (complexes 7
and 8), two {MnIII4Dy} (complexes 9 and 10) and two {MnIII8Dy2} (complexes 11 and 12), all
with unprecedented metal topologies in their oxidation state description or unforeseen 4Mn:1Dy
stoichiometries. The reported cluster compounds are all consisting of discrete pentanuclear or
repeating units with a square pyramidal metal topology. It appears that the Mn/nhi3- and
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Mn/Dy/nhi3- reaction schemes, in the presence of carboxylate groups, can stabilize the square
pyramidal ‘building block’, which -under the given solvate media- can be either isolated as a
discrete molecule or aggregated into decametallic clusters. In addition, the nature of the
employed carboxylate group (MeCO2− vs. ButCO2−) proved to be the key factor which led to the
isolation of two {Mn10} products with different metal topologies and magnetic properties.
Furthermore, the interesting magnetic dynamics of 7 can be attributed to the more parallel
alignment of the Jahn-Teller axes of the distorted octahedral MnIII ions, compared to the ones in
complex 8.
Complexes 9, 10, 11 and 12 are the first Mn/Dy clusters containing the hydroxime-based
ligand nhi3−. Confirming our initial hypothesis, the incorporation of Dy(NO3)3∙5H2O in the
Mn(O2CR)2/nhiH3/base reaction system has led to the selective replacement of the apical Mn II
atoms in the square pyramidal ‘building blocks’ by DyIII atoms. The presence of Dy has also
proved to affect the metal topologies of the final products, since the molecular structures of 9-12
are different than 7 and 8. With the use of different carboxylates yielding essentially the same
product, it was the nature of the solvent (MeCN vs. CH2Cl2/MeOH) that led to the ‘dimerization’
of 9 and 10 towards 11 and 12, respectively, with the latter pair of complexes exhibiting SMM
properties. The topologies of 9 and 10 can be considered similar to the {MnIII4Ca} clusters
containing the shi3− ligand and reported by the Stamatatos’ research group, 237 while the
topologies of 11 and 12 are still unprecedented in 3d/4f-metal cluster chemistry.
Work in progress may include the extension of this project into other transition metal ions
and lanthanides bearing the nhiH3 ligand, and the incorporation of polyaromatic-based
carboxylate groups as a means of obtaining emissive SMMs and/or cluster compounds with new
structural motifs and different repeating units.
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4.4. Final Conclusions
In conclusion, we have shown in the present thesis that the use of versatile alkoxido-,
oximato- and hydroximato-based chelating/bridging ligands in 3d- and 3d/4f-metal cluster
chemistry has yielded metal complexes with new structural motifs and interesting magnetic
properties. While most of the ligands included in this thesis have already been employed in the
synthesis of metal clusters containing transition metal and/or lanthanide ions, the development of
new synthetic routes and reaction schemes has led to the isolation of products with metal
topologies and physical properties different than these of the previously reported complexes with
the same or similar ligands. To that end, the use of ancillary bridging ligands, such as
carboxylates and azides, proved to be a key factor in the stabilisation and subsequent isolation of
the final products. The use of praoH2 and mpraoH (the latter used for the first time in metal
cluster chemistry) led to high nuclearity products such as the {Fe10} and {Fe12} cages and the 1D polymer consisting of barrel-shaped {Mn25Na} cluster units, respectively. While these results
may not be the most impressive ones from a magnetic point of view, the oximato ligands
employed showed the potential to lead to new transition metal clusters with SMM properties.
The same can be argued for the ligands (py)CO(py)CO(py) and (pz)CO(py)CO(pz). Despite the
wide use of the former ligand in 3d-metal cluster chemistry, it was feasible to obtain the highest
nuclearity Mn clusters reported to date with any form of (py)CO(py)CO(py), while the novel
ligand (pz)CO(py)CO(pz) led to the isolation of a {Mn3Na2} complex containing the first
{MnIII3} oxido-centered triangle without additional bridges across the Mn⋯Mn edges. In the
case of nhaH2, its hydroxime form (nhiH3) led to the isolation of a family of Mn and Mn/Dy
clusters with distinct metal topologies and magnetic properties when compared to results
obtained from the employment of the less sterically demanding salicylhydroxamic acid. By
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emphasizing on the importance of the organic chelating/bridging ligand on the structural identity
and properties of the final products, the results of this thesis may have potentially shed light on
new directions in metal cluster chemistry and molecular magnetism.
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5. Appendix

5.1. Tables of Bond Distances and Bond Angles

Table 5.1. Selected interatomic distances (Å) and bond angles (°) for complex 1.

Bond Distances (Å)
Fe1—O54

1.843 (5)

Fe3—N41

2.156 (7)

Fe1—O3

1.989 (6)

Fe3—N43

2.163 (6)

Fe1—O7

2.013 (6)

Fe4—O53

1.908 (5)

Fe1—O5

2.037 (6)

Fe4—O13

1.996 (6)

Fe1—O2

2.080 (6)

Fe4—O11

1.999 (6)

Fe1—O1

2.152 (6)

Fe4—O51

2.002 (5)

Fe2—O54

1.934 (5)

Fe4—O10

2.056 (5)

Fe2—O51

1.977 (5)

Fe4—O41

2.091 (5)

Fe2—O6

1.984 (6)

Fe5—O53

1.906 (5)
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Fe2—O8

1.992 (6)

Fe5—O14

1.987 (6)

Fe2—O9

2.021 (6)

Fe5—O12

2.014 (5)

Fe2—O41

2.073 (5)

O42—Fe5i

2.078 (5)

Fe3—O52

1.970 (5)

O52—Fe5i

2.014 (5)

Fe3—O53

1.978 (5)

Fe5—O52i

2.014 (5)

Fe3—O54

1.979 (5)

Fe5—O42

2.069 (5)

Fe3—O4

2.075 (6)

Fe5—O42i

2.078 (5)

Bond Angles (°)
Fe1—O54—Fe2

114.0 (2)

Fe3—O52—Fe5i

121.3 (2)

Fe1—O54—Fe3

124.7 (3)

Fe4—O53—Fe3

119.9 (2)

Fe2—O54—Fe3

118.2 (2)

Fe5—O42—Fe5i

101.2 (2)

Fe2—O41—Fe4

91.6 (2)

Fe5—O53—Fe4

115.9 (2)

Fe2—O51—Fe4

97.2 (2)

Fe5—O53—Fe3

120.7 (2)

Symmetry code(s): (i) −x+1, −y, −z+1.

Table 5.2. Selected interatomic distances (Å) and bond angles (°) for complex 2.
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Bond Distances (Å)
Fe1—O4X

1.853 (3)

O2X—Fe4i

1.878 (3)

Fe1—O12

1.992 (3)

O3X—Fe4i

1.907 (3)

Fe1—O10

2.045 (3)

Fe4—O2Xi

1.878 (3)

Fe1—O13

2.061 (3)

Fe4—O3Xi

1.907 (3)

Fe1—O1

2.078 (3)

Fe4—O3X

1.959 (3)

Fe1—O14

2.103 (3)

Fe4—O1X

1.972 (3)

Fe2—O1X

1.858 (3)

Fe4—N3

2.077 (4)

Fe2—O6

1.994 (3)

Fe5—N5

2.137 (4)

Fe2—O3

1.994 (3)

Fe5—O11

2.101 (3)

Fe2—O2

2.047 (3)

Fe5—O2X

1.882 (3)

Fe2—O14

2.081 (3)

Fe5—O4X

1.950 (3)

Fe2—O13

2.103 (3)

Fe5—O8

2.031 (3)

Fe3—O1Xi

1.935 (3)

Fe5—O9

2.061 (3)

Fe3—O7

1.981 (3)

O3X—Fe6i

1.846 (3)

Fe3—O2X

1.997 (3)

Fe6—O3Xi

1.846 (3)
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Fe3—O4

1.998 (3)

Fe6—O15

1.905 (3)

Fe3—O5

2.011 (3)

Fe6—O4X

1.969 (3)

Fe3—O1W

2.103 (3)

Fe6—N1

2.077 (4)

O1X—Fe3i

1.935 (3)

Fe6—Cl1

2.3888 (13)

Bond Angles (°)
Fe1—O13—Fe2

99.26 (11)

Fe4i—O2X—Fe5

133.78 (16)

Fe1—O4X—Fe5

120.03 (15)

Fe4i—O2X—Fe3

95.92 (12)

Fe1—O4X—Fe6

125.04 (15)

Fe4i—O3X—Fe4

95.04 (11)

Fe2—O14—Fe1

98.61 (11)

Fe5—O2X—Fe3

127.65 (15)

Fe2—O1X—Fe3i

119.35 (15)

Fe5—O4X—Fe6

113.54 (13)

Fe2—O1X—Fe4

126.29 (15)

Fe6i—O3X—Fe4i

116.97 (14)

Fe3i—O1X—Fe4

94.92 (12)

Fe6i—O3X—Fe4

126.66 (15)

Symmetry code(s): (i) −x+1, −y+1, −z+1.

Table 5.3. Selected interatomic distances (Å) and bond angles (°) for complex 3.
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Bond Distances (Å)
Mn1—O5

1.890 (6)

Mn7—O2

2.338 (9)

Mn1—O4

1.932 (7)

Mn8—O15

1.893 (6)

Mn1—N21

1.945 (8)

Mn8—O6

1.935 (6)

Mn1—O6

1.968 (6)

Mn8—O13

1.949 (7)

Mn1—O14

2.284 (7)

Mn8—O16

1.982 (7)

Mn1—O3

2.330 (7)

Mn8—O18

2.146 (6)

Mn2—O22

1.904 (6)

Mn8—O14

2.240 (7)

Mn2—O8

1.935 (6)

Mn9—O7

1.899 (7)

Mn2—O3

1.956 (7)

Mn9—O9

1.930 (7)

Mn2—O2

1.980 (8)

Mn9—N25

1.946 (9)

Mn2—O6

2.164 (6)

Mn9—O8

1.962 (6)

Mn2—O1

2.237 (7)

Mn9—O2

2.253 (7)

O15—Mn3i

1.952 (6)

Mn9—O12

2.309 (7)

O21—Mn3i

1.941 (6)

Mn10—O19

1.898 (6)

N16—Mn3i

2.165 (9)

Mn10—O18

1.943 (6)
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Mn3—O10

1.905 (6)

Mn10—O12

1.951 (6)

Mn3—O21i

1.941 (6)

Mn10—O11

1.953 (7)

Mn3—O15i

1.952 (6)

Mn10—O8

2.159 (6)

Mn3—N3

2.020 (9)

Mn10—O20

2.232 (6)

Mn3—O22

2.125 (6)

O5—Mn11i

1.948 (6)

Mn3—N16i

2.165 (9)

O22—Mn11i

1.956 (6)

O5—Mn4i

1.917 (6)

N1—Mn11i

2.200 (9)

O15—Mn4i

2.163 (6)

Mn11—O21

1.921 (6)

N18—Mn4i

2.009 (8)

Mn11—O5i

1.948 (6)

Mn4—O5i

1.917 (6)

Mn11—O22i

1.956 (6)

Mn4—O19

1.933 (6)

Mn11—N11

2.048 (7)

Mn4—O10

1.969 (6)

Mn11—O19

2.153 (6)

Mn4—N18i

2.009 (8)

Mn11—N1i

2.200 (9)

Mn4—O15i

2.163 (6)

Mn12—O21

1.898 (6)

Mn4—N8

2.196 (8)

Mn12—O17

1.954 (6)

Mn5—O10

1.902 (6)

Mn12—N14

1.960 (9)
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Mn5—O9

1.945 (7)

Mn12—O18

1.966 (6)

Mn5—O8

1.966 (6)

Mn12—O20

2.245 (7)

Mn5—N5

1.970 (12)

Mn12—O16

2.339 (7)

Mn5—O1

2.260 (7)

Mn13—O7

1.892 (7)

Mn5—O11

2.315 (7)

Mn13—N28

1.937 (9)

Mn6—O15

2.067 (6)

Mn13—O17

1.938 (7)

Mn6—O15i

2.067 (6)

Mn13—O18

1.959 (6)

Mn6—O22

2.096 (6)

Mn13—O12

2.247 (7)

Mn6—O22i

2.096 (6)

Mn13—O13

2.279 (7)

Mn6—O19

2.100 (6)

Na1—O1Sii

2.085 (12)

Mn6—O19i

2.101 (6)

Na1—O1S

2.085 (12)

Mn7—O7

1.896 (6)

Na1—N24ii

2.418 (13)

Mn7—O4

1.933 (6)

Na1—N24

2.418 (13)

Mn7—O6

1.951 (6)

Na1—N27ii

2.534 (13)

Mn7—N22

1.955 (9)

Na1—N27

2.534 (13)

Mn7—O13

2.265 (7)
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Bond Angles (°)
Mn1—O4—Mn7

102.9 (3)

Mn8—O6—Mn2

136.7 (3)

Mn1—O5—Mn4i

121.2 (3)

Mn8—O13—Mn7

94.3 (3)

Mn1—O5—Mn11i

123.7 (3)

Mn8—O13—Mn13

96.2 (3)

Mn1—O6—Mn2

100.9 (3)

Mn8—O15—Mn6

134.2 (3)

Mn2—O1—Mn5

88.2 (2)

Mn8—O14—Mn1

87.9 (2)

Mn2—O2—Mn9

93.8 (3)

Mn8—O15—Mn3i

116.1 (3)

Mn2—O2—Mn7

94.0 (3)

Mn8—O15—Mn4i

114.0 (3)

Mn2—O8—Mn9

105.3 (3)

Mn9—O8—Mn5

100.8 (3)

Mn2—O8—Mn5

106.7 (3)

Mn9—O8—Mn10

99.7 (2)

Mn2—O8—Mn10

138.3 (3)

Mn9—O9—Mn5

102.7 (3)

Mn2—O3—Mn1

95.7 (3)

Mn9—O2—Mn7

90.4 (3)

Mn2—O22—Mn11i

115.9 (3)

Mn10—O11—Mn5

95.8 (3)

Mn2—O22—Mn6

134.1 (3)

Mn10—O12—Mn13

94.6 (3)

Mn2—O22—Mn3

114.2 (3)

Mn10—O12—Mn9

95.1 (3)

Mn3—O10—Mn4

104.1 (3)

Mn10—O19—Mn4

115.6 (3)
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Mn3i—O15—Mn4i

95.8 (3)

Mn10—O19—Mn6

133.7 (3)

Mn3i—O15—Mn6

97.2 (3)

Mn10—O20—Mn12

88.4 (2)

Mn4i—O5—Mn11i

103.1 (3)

Mn10—O19—Mn11

115.0 (3)

Mn4—O19—Mn6

97.3 (2)

Mn10—O18—Mn13

104.9 (3)

Mn4—O19—Mn11

95.4 (2)

Mn10—O18—Mn12

106.0 (3)

Mn5—O8—Mn10

100.6 (3)

Mn10—O18—Mn8

137.8 (3)

Mn5—O10—Mn3

121.2 (3)

Mn11i—O22—Mn6

97.8 (3)

Mn5—O10—Mn4

122.9 (3)

Mn11i—O22—Mn3

95.4 (3)

Mn6—O22—Mn3

91.1 (2)

Mn11—O21—Mn3i

102.9 (3)

Mn6—O19—Mn11

91.8 (2)

Mn12—O18—Mn8

101.6 (3)

Mn6—O15—Mn4i

91.5 (2)

Mn12—O21—Mn11

119.9 (3)

Mn7—O6—Mn1

101.0 (3)

Mn12—O21—Mn3i

124.6 (3)

Mn7—O6—Mn2

100.6 (3)

Mn13—O18—Mn8

100.3 (3)

Mn7—O7—Mn9

118.3 (3)

Mn13—O12—Mn9

89.5 (2)

Mn7—O13—Mn13

90.4 (3)

Mn13—O17—Mn12

102.4 (3)

Mn8—O6—Mn7

105.6 (3)

Mn13—O7—Mn7

116.6 (4)
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Mn8—O6—Mn1

107.1 (3)

Mn13—O7—Mn9

115.6 (3)

Mn8—O16—Mn12

94.7 (3)

Mn13—O18—Mn12

101.2 (3)

Symmetry code(s): (i) −x+1, −y, −z; (ii) −x, −y, −z+1.

Table 5.4. Selected interatomic distances (Å) and bond angles (°) for complex 4.
Bond Distances (Å)
Mn1—O2

1.915 (5)

Mn2—N4i

2.256

Mn1—N1

1.949 (7)

Mn2—N7

2.265 (8)

Mn1—N7

2.036 (7)

Mn2—Cl1

2.645 (7)

Mn1—N4

2.070 (8)

Mn3—O3

2.070 (6)

Mn1—O2i

2.176

Mn3—O6

2.214 (7)

Mn1—O1

2.221 (7)

Mn3—O4

2.247 (8)

Mn2—O3

2.101 (6)

Mn3—Cl2

2.432 (8)

Mn2—O7

2.170 (8)

Mn3—Cl1

2.436 (3)

Mn2—O8

2.182 (6)
Bond Angles (°)
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Mn1—O2—Mn1i

104.38 (4)

Mn3—Cl1—Mn2

85.23 (7)

Mn1—N4—Mn2

119.86 (6)

Mn3—O3—Mn2

111.35 (20)

Mn2—N7—Mn1i

120.24 (1)

Symmetry code(s): (i) −x, 1−y, 1−z.

Table 5.5. Selected interatomic distances (Å) and bond angles (°) for complex 5.
Bond Distances (Å)
Mn1—O11

1.880 (9)

Mn3—O12

1.921 (10)

Mn1—N17

2.063 (12)

Mn3—N47

1.989 (14)

Mn1—N21

2.234 (14)

Mn4—O1

1.931 (9)

Mn1—O49

2.211 (14)

Mn4—O9

1.947 (9)

Mn1—N111

2.036 (15)

Mn4—O12

1.877 (9)

Mn1—N136

1.968 (15)

Mn4—O12i

1.892 (8)

Mn2—O4

2.112 (9)

Mn4—N38

2.367 (12)

Mn2—O9i

2.379 (6)

Mn4—N51

2.249 (11)

Mn2—O15

2.192 (9)

Mn5—O1

2.169 (10)
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Mn2—N17

2.250 (12)

Mn5—O9

2.362 (9)

Mn2—N16

2.272 (5)

Mn5—N16

2.204 (12)

Mn2—N38i

2.227 (3)

Mn5—N19

2.294 (12)

Mn3—O2

1.866 (9)

Mn5—N20

2.318 (14)

Mn3—O4

2.091 (9)

Mn5—O24

2.323 (13)

Mn3—O6

2.432 (12)

Mn5—O35

2.218 (12)

Bond Angles (°)
Mn1—N17—Mn2

116.93 (52)

Mn4—O9—Mn5

99.40 (35)

Mn3—O4—Mn2

117.62 (42)

Mn4—O12—Mn4i

95.45 (22)

Mn3—O12—Mn4

137.94 (47)

Mn4—N38—Mn2i

98.01 (29)

Mn3—O12—Mn4i

126.59 (36)

Mn5—O9—Mn2i

96.83 (4)

Mn4—O1—Mn5

106.94 (39)

Mn4—N16—Mn2i

104.75 (6)

Mn4—O9—Mn2i

106.20 (1)

Symmetry code(s): (i) x, y, −z+3/2.

Table 5.6. Selected interatomic distances (Å) and bond angles (°) for complex 6.
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Bond Distances (Å)
Mn1—O3

1.8522 (5)

Na1—O1iii

2.4227 (17)

Mn1—O1

1.8802 (16)

Na1—O2

2.480 (2)

Mn1—O1i

1.8802 (16)

Na1—O2ii

2.480 (2)

Mn1—N1

1.922 (3)

Na1—O2iii

2.480 (2)

Mn1—N4

2.319 (3)

O3—Mn1ii

1.8522 (5)

Na1—O1

2.4228 (17)

O3—Mn1iii

1.8522 (5)

Na1—O1ii

2.4227 (18)

Mn1ii—O3—Mn1iii

120.0

Bond Angles (°)
Mn1—O3—Mn1ii

120.0

Mn1—O3—Mn1iii

120.001 (1)

Symmetry code(s): (i) x, y, −z+3/2; (ii) −x+y, −x+1, z; (iii) −y+1, x−y+1, z.

Table 5.7. Selected interatomic distances (Å) and bond angles (°) for complex 7.
Bond Distances (Å)
Mn1—O1

1.907 (8)

Mn3—O28

2.314 (12)
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Mn1—O5

1.929 (10)

Mn3—O29

2.145 (10)

Mn1—O10

2.120 (8)

Mn3—O32

2.272 (10)

Mn1—O15

1.847 (10)

Mn4—O9

1.91 (1)

Mn1—N3

1.959 (10)

Mn4—O11

1.985 (8)

Mn2—O4

1.899 (7)

Mn4—O20

1.856 (10)

Mn2—O8

1.828 (10)

Mn4—O26

2.096 (6)

Mn2—O14

1.986 (9)

Mn4—N7

1.974 (7)

Mn2—O18

2.267 (11)

Mn5—O6

1.841 (8)

Mn2—O19

2.256 (10)

Mn5—O13

1.983 (10)

Mn2—N12

1.956 (10)

Mn5—N2

1.959 (10)

Mn3—O1

2.218 (11)

Mn5—O16

2.183 (3)

Mn3—O4

2.242 (8)

Mn5—O17

1.921 (8)

Mn3—O9

2.351 (10)

Mn5—O21

2.385 (11)

Mn3—O17

2.194 (9)

Mn4—O9—Mn3

110.62 (40)

Bond Angles (°)
Mn1—O1—Mn3

109.57 (37)
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Mn2—O4—Mn3

112.77 (34)

Mn5—O17—Mn3

119.26 (39)

Table 5.8. Selected interatomic distances (Å) and bond angles (°) for complex 8.
Bond Distances (Å)
Mn1—O17

2.086 (5)

Mn3—N1

1.969 (7)

Mn1—O3

2.140 (4)

Mn3—N7

2.306 (6)

Mn1—O1

2.153 (6)

Mn3—N6

2.404 (7)

Mn1—O11

2.180 (6)

Mn4—O12

1.835 (6)

Mn1—O4

2.234 (6)

Mn4—O4

1.910 (6)

Mn1—O2

2.254 (5)

Mn4—O6

1.954 (7)

Mn2—O8

1.841 (7)

Mn4—O10

2.168 (6)

Mn2—O2

1.910 (6)

Mn4—N4

1.958 (7)

Mn2—O15

1.944 (7)

Mn5—O1

1.884 (6)

Mn2—O16

2.103 (5)

Mn5—O7

1.956 (7)

Mn2—N3

1.957 (7)

Mn5—O5

1.892 (6)

Mn3—O14

1.840 (7)

Mn5—O5i

2.342 (2)
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Mn3—O3

1.898 (6)

Mn5—O9

2.217 (7)

Mn3—O13

1.977 (7)

Mn5—N2

1.973 (7)

Bond Angles (°)
Mn2—O2—Mn1

110.41 (19)

Mn5—O1—Mn1

123.08 (16)

Mn3—O3—Mn1

125.97 (18)

Mn5—O5—Mn5i

100.64 (32)

Mn4—O4—Mn1

107.88 (15)

Symmetry code(s): (i) −x, −y, −z.

Table 5.9. Selected interatomic distances (Å) and bond angles (°) for complex 9.
Bond Distances (Å)
Dy1—O11

2.269 (21)

Mn4—O26

1.833 (24)

Dy1—O2

2.29 (2)

Mn4—O10

1.899 (20)

Dy1—O3

2.321 (19)

Mn4—O1

2.049 (22)

Dy1—O36

2.332 (21)

Mn4—O16

2.071 (23)

Dy1—O15

2.397 (19)

Mn5—O17

1.824 (23)

Dy1—O18

2.412 (20)

Mn5—O6

1.848 (19)
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Dy1—O10

2.420 (19)

Mn5—N30

2.054 (29)

Dy1—O6

2.427 (20)

Mn5—O13

1.882 (20)

Mn2—O42

1.789 (27)

Mn5—O7

2.106 (19)

Mn2—O4

1.922 (19)

Mn6—O24

1.768 (20)

Mn2—N19

1.972 (20)

Mn6—O18

1.923 (20)

Mn2—O15

1.93 (2)

Mn6—O27

1.976 (21)

Mn2—O22

2.140 (17)

Mn6—N4

2.032 (25)

Mn2—O10

2.394 (26)

Mn6—O9

2.116 (21)

Mn4—N29

1.983 (22)
Bond Angles (°)

Mn2—O15—Dy1

122.85 (83)

Mn5—O6—Dy1

124.23 (91)

Mn4—O10—Dy1

116.46 (80)

Mn6—O18—Dy1

116.94 (86)

Table 5.10. Selected interatomic distances (Å) and bond angles (°) for complex 10.
Bond Distances (Å)
Dy1—O1

2.275 (7)

Mn2—N5

1.950 (9)
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Dy1—O3

2.284 (7)

Mn2—O23

1.907 (7)

Dy1—O6

2.291 (7)

Mn2—O22

1.923 (7)

Dy1—O8

2.311 (7)

Mn2—O4

2.077 (8)

Dy1—O16

2.387 (7)

Mn3—O21

1.843 (7)

Dy1—O19

2.415 (7)

Mn3—O16

1.898 (7)

Dy1—O10

2.428 (7)

Mn3—O15

1.946 (7)

Dy1—O23

2.428 (7)

Mn3—N4

1.969 (9)

Mn1—O20

1.846 (7)

Mn3—O5

2.080 (8)

Mn1—O10

1.894 (7)

Mn4—O17

1.829 (7)

Mn1—N6

1.972 (7)

Mn4—O19

1.902 (7)

Mn1—O2

2.074 (8)

Mn4—O18

1.930 (7)

Mn1—O11

1.948 (7)

Mn4—O7

2.076 (8)

Mn2—O9

1.837 (7)

Mn4—N7

1.952 (9)

Bond Angles (°)
Mn1—O10—Dy1

120.01 (31)

Mn3—O16—Dy1

121.81 (31)

Mn2—O23—Dy1

118.29 (30)

Mn4—O19—Dy1

118.86 (30)
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Table 5.11. Selected interatomic distances (Å) and bond angles (°) for complex 11.
Bond Distances (Å)
Dy1—O105

2.265 (10)

Mn4—N15

1.975 (10)

Dy1—O25

2.290 (13)

Mn4—O38

2.007 (9)

Dy1—O58

2.300 (8)

Mn4—O48

2.130 (12)

Dy1—O59

2.304 (12)

Mn4—O13i

2.438 (9)

Dy1—O31

2.409 (9)

Mn5—O18

1.817 (9)

Dy1—O24

2.417 (9)

Mn5—N12

1.944 (10)

Dy1—O40

2.415 (13)

Mn5—O47

1.893 (9)

Dy1—O47

2.421 (13)

Mn5—O26

1.951 (12)

Mn3—O13

1.874 (10)

Mn5—O62

2.153 (11)

Mn3—O31

1.896 (10)

Mn6—O45

1.836 (9)

Mn3—O19

1.966 (10)

Mn6—O40

1.908 (9)

Mn3—N27

2.010 (11)

Mn6—O23

1.965 (7)

Mn3—O46

2.081 (12)

Mn6—O55

2.109 (10)

Mn4—O11

1.814 (11)

Mn6—N21

1.968 (9)
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Mn4—O24

1.913 (10)

Mn3—O31—Dy1

118.82 (33)

Mn6—O40—Dy1

118.03 (31)

Mn4—O24—Dy1

117.62 (29)

Mn3—O13—Mn4i

105.96 (19)

Mn5—O47—Dy1

119.35 (30)

Symmetry code(s): (i) −x, −y, 2−z.

Table 5.12. Selected interatomic distances (Å) and bond angles (°) for complex 12.
Bond Distances (Å)
Dy1—O6

2.274 (5)

Mn2—N2

1.987 (5)

Dy1—O16

2.276 (4)

Mn2—O3

1.990 (4)

Dy1—O11

2.277 (4)

Mn2—O5

2.145 (5)

Dy1—O20

2.312 (5)

Mn2—O2i

2.449 (5)

Dy1—O1

2.406 (4)

O2—Mn2i

2.449 (5)

Dy1—O9

2.411 (4)

Mn3—N3

1.975 (5)

Dy1—O14

2.429 (4)

Mn3—O10

2.096 (5)
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Dy1—O4

2.428 (4)

Mn3—O12

1.845 (4)

Mn1—O2

1.884 (4)

Mn3—O9

1.906 (4)

Mn1—O1

1.893 (4)

Mn3—O8

1.942 (4)

Mn1—O18

1.936 (4)

Mn4—O17

1.854 (5)

Mn1—N1

1.988 (5)

Mn4—O14

1.907 (4)

Mn1—O19

2.078 (5)

Mn4—O13

1.940 (4)

Mn2—O7

1.846 (4)

Mn4—N4

1.985 (5)

Mn2—O4

1.911 (4)

Mn4—O15

2.076 (5)

Bond Angles (°)
Mn1—O2—Mn2i

108.56 (19)

Mn3—O9—Dy1

118.20 (18)

Mn1—O1—Dy1

117.56 (19)

Mn4—O14—Dy1

118.63 (19)

Mn2—O4—Dy1

119.63 (18)

Symmetry code(s): (i) −x, −y+2, −z+1.
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