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Abstract

In this editorial review the interdisciplinary nature of the general area of
transition metal clusters is discussed, including biomimetic clusters, molecular
magnets, and some of the synthetic methodologies towards them. The
properties of these systems are traditionally an interdisciplinary effort amongst
all STEM disciplines, making transition metal clusters and single-molecule
magnets a unique playground for STEM scientists. Some perspectives about
the applicability of this interdisciplinary field in modern medical technologies is
also provided, which further emphasizes the value of research beyond the strict
confines of a scientific discipline or set of expertise.

Introduction

Transition metal clusters are molecular oxide-bridged assemblies
of metal ions, which are surrounded by an organic envelope; the
latter is the feature that keeps them zero-dimensional (molecular),
and prevents them from polymerizing. Oxide bridges are typical for
transition metal clusters, but hydroxides, halides, and pseudohalides
are also common. The organic shells are typically organic moieties
with arms and functional groups, which bind to one or more metal
ions. Cluster species have been central in the investigation of new
materials for a plethora of applications of particular interest are hybrid
materials possess a combination of properties, such as magnetism,
conductivity, photosensitivity, and others. This is an exciting area of
nano-materials research, since molecular systems possessing such
property combinations can be considered magnetic, conducting,
and/or photosensitive nanoparticles, with possible applications
in medicine, nano-devices such as sensors, quantum computer
components, and high-density information storage, to name a few
[1,2]. Even though such applications constitute attractive potential
uses of these materials, their path to commercial products may be
very long due to other technological limitations. Nevertheless, the
study of molecular systems and their properties is of importance for
the basic science aspect as well, since they provide valuable insights
to the structure-property, and dimensionality-property relationships
[3-6]. It is thus imperative to review some of the milestones in cluster
chemistry, outline some of the major research areas within the
realm of transition metal clusters, and look into the future of these
molecular materials in nano-devises,nano-electronics, and nano-
medicine applications.

Bioinorganic/Biomimetic Chemistry

The synthesis of 3d transition metal clusters is of particular
interest, in part because of their possible biomimetic activity. As
such, transition metal clusters have been synthesized and analyzed
as models for the active centers of many metalloproteins, [7-9]
such as the cofactor of nitrogenase, [10-12] the ferrodoxin family
of proteins [13,14], the inorganic center of ferritin, [15,16] and
others. In many cases, reports have included direct comparisons
of spectroscopic and physical measurements data for the model
compounds, with the respective data for the native enzymes. Such
comparisons have been complementary to other methods for gaining

insight on the actual structure of the active center of the enzyme, if/
when x-ray crystallography had not been reported. As such, massive
literature has accumulated over the years for model compounds of
bioinorganic macromolecules, including many generations of models
that progressively approach the properties of the active site of the
enzymes they are meant to model.

One such characteristic example is the active site of Photo system
II (PS-II) in plants, algae and cyano bacteria, which is also termed as
the water oxidizing complex (WOC), or the oxygen evolving complex
(OEC). The latter’s function is to activate water, i.e. acts as a catalyst
for the oxidation of H,O to O,. This is a 4-electron light-driven
process, and WOC functions as an electron-transfer center for PS-II,
while also being the O, generator [17]. The WOC was only recently
characterized with x-ray crystallography at a resolution of 1.94, [18]
and was found to contain a Mn,Ca cluster, bearing a cubane Mn,Ca
unit, which is also bound to a fourth Mn ion. This recent discovery
came after many attempts to model this active site, with 4 generations
of model compounds. Each generation is signified by the amount of
information available at the time about the structure of WOC. Early
on, an oligonuclear manganese cluster was thought to be the core of
WOGC, which attracted many investigators in the general bioinorganic
area to start looking into it. Thus, clusters such as [Mn,O]** triangles
and [Mn,O,]* butterflies were initially proposed as models [19-22].
Later studies on the enzyme revealed that a cubane unit is more likely
the core of WOC, and as such Mn 4cubane clusters were thought
of models (2™ generation); [23-25] it is noted that metalloproteins
bearing cubane units have already been identified with the ferrodoxins
often bearing Fe-S cubes [13-14]. In recent years the presence of a
different metal ion in WOC’s cluster core was suggested, and as such
3" generation models have included large hetero nuclear clusters
with structural features resembling the structure of WOC, as it was
known at that time [26-28]. Finally, after the definitive structure of
the core of WOC became available, the emphasis of the biomimetic
cluster community was directed to Mn,Ca compounds, with a few
recent successes [29-31]. Overall, all these efforts in biomimetic
inorganic chemistry constituted a big push for transition metal
cluster chemistry. During this process, very interesting clusters were
synthesized and characterized, which were in turn sparks for another
major interest-shift for many synthetic groups worldwide: molecular
magnetism.
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Molecular magnetism

Molecule-based materials were initially suggested by Richard
Feynman in his 1959 APS lecture “There is plenty of room at the
bottom”. As Feynman suggested, instead of trying to fragment
bulk materials in order to miniaturize technologies, we should look
at a different route — what is known as the bottom-up approach
[32]. Magneto chemists caught up with this idea very early on, and
molecule-based magnets were introduced, [33-34] which were three-
dimensional arrays of linked interacting molecules. This area has
since evolved and has included over the years organic radical species,
[35] as well as rigid cyanide-bridged networks, [36,37] and others.
Even though molecule-based magnets are based on molecules, their
properties originate mostly in the interaction between the molecular
units, rather than the neat units. It was not until 1993 (25 years later)
when the first reports of single molecules intrinsically behaving
as super paramagnets were identified [38]. These molecules were
termed single-molecule magnets or SMMs, the first one being a Mn,,
complex [39]. This [Mn ,0 (0,CCH,), (H,0),] (hereafter referred to
as Mn ,Ac) compound was the beginning of a new era for molecular
clusters, where most of the attention was directed towards the
magnetic properties of the resulting systems [40]. In the last decade,
another type of molecule-based magnetic systems was identified,
which differ fundamentally from both SMMs and the aforementioned
molecule-based magnets, since they are one-dimensional chains;
these are known as single-chain magnets or SCMs. The differences
between SMMs and SCMs are mostly related to the magnetization
relaxation mechanism in the two cases, one being an Orbach phonon-
mediated relaxation mechanism for SMMs, whereas for SCMs it is
based on a Glauber dynamic model for sequential magnetization
reversal along the chain [41-45].

The 20-year old literature of SMMs has included a plethora of very
interesting cluster systems, with aesthetically appealing structures,
and often exciting magnetic properties. The main requirements for
observing single-molecule magnetism are a well-isolated high spin
ground state and a large and negative magnetoanisotropy (Ising-
type anisotropy) [46]. It is noted that a very fine balance between
high spin and axial anisotropy needs to be in place for significant
SMM behavior. Therefore, designing materials bearing that balanced
combination of spin and anisotropy is one of the biggest challenges,
since synthetic chemists in any given reaction system can only control
the starting materials, the solvent(s), and the conditions, but the self-
assembly process is naturally a serendipitous process [47].

Target synthesis has traditionally been limited to small clusters,
where large chelates are employed to direct self-assembly and limit
the size of the resulting molecules, by capping multiple coordination
sites of the metal ions [48-54]. Another targeted synthetic approach
is ligand substitution, which played a major role in the development
of the SMM area. Ligand substitution was the method of choice for
the synthesis of most Mn ,Ac derivatives, as the acetate groups could
be readily replaced by other carboxylates, purposely present in the
reaction mixture, taking advantage of the azeotropic mixture of acetic
acid and toluene [40]. Lately we have been successful in the target
synthesis of cluster and SMM aggregates, using this methodology
[58]. Overall, cluster chemistry has been relying on smart choices
of ligands for the aggregation of coordination complexes to clusters,

while a few examples of targeted synthetic methods have also been
reported in the literature.

Approaches to the synthesis of SMMs

Groups worldwide have ventured to synthesize high-nuclearity
clusters with hopes for particularly high spin states from the
cooperative interaction of metal centers, as well as particularly
anisotropic systems often bearing lanthanide ions or a combination
of 3d-4f metal ions. Both approaches are of importance and these
efforts are clearly justifiable, but unfortunately both have flaws as well.

Large polynuclear transition metal clusters theoretically possess
large numbers of unpaired electrons, making them attractive for
such investigations. In reality, such large systems in order to be
fully characterized they need to crystallize for single-crystal x-ray
diffraction studies. As such, following basic crystal engineering
trends, large systems tend to favor more symmetrical lattices where
the asymmetric unit is relatively small, but after the symmetry
operations dictated by the crystal system, the overall cluster is a
multiple of this asymmetric unit, and therefore overall very large [59].
Aesthetically these tend to be beautiful structures, but magnetically
they suffer most of the time from inter-unit antiferromagnetic
exchange interactions leading to small spin ground states [1,60,61].
It is also noted that there are several exceptions reported, which
have particularly high S values [62-66]. Another problem that arises
for these highly symmetric systems is the uniform dispersion of the
anisotropic features of the asymmetric unit, i.e. the unit itself may be
highly anisotropic but after all the symmetry operations the molecule
does not appear to be collectively anisotropic. Nevertheless, high
nuclearity systems are still interesting for their aesthetic beauty, their
reactivity, as well as the structure-property relationship as outlined
(vide infra). Incorporation of highly anisotropic metals in transition
metal clusters is another way of introducing anisotropic features to
the structure, but this imposes a different challenge. Anisotropic
metals that have been traditionally incorporated in transition metal
clusters include lanthanide ions, such as trivalent Dy, Eu, Ho [67-
70]. The problem arises due to the exchange interaction between the
lanthanides to other metals in the cluster, which is orders of magnitude
weaker than 3d-3d metal exchange couplings. In turn, this stabilizes
excited states of this magnetic system, which are now energetically
accessible, which results in poor isolation of the ground state, and
a complicated low-lying manifold of magnetic states [71,72]. In a
number of recent homonuclear lanthanide clusters, this has not been
an issue due to the presence of bridging ligands that promote strong
exchange coupling, such as inorganic radicals [73]. It is also noted
that several organometallic-type structures have proven to possess
SMM properties, such as lanthanide metallocenes, and their stacked
derivatives [74-80].

In 3d-metal clusters however, manganese has been the dominating
metal of choice for SMMs, which stems from the availability of
different intermediate oxidation states for the metal ion, all of which
are paramagnetic. In particular Mn** has been a desired feature for
such cluster systems, since it is nearly always octahedrally coordinated
(distorted), high-spin (typically coordinated to oxo-type bridges),
and as a d*ion is subject to first order Jahn-Teller distortion; the latter
is commonly expressed as elongation of the axial metal-ligand bonds.
These Jahn-Teller (JT) elongations result in significant single-ion
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Figure 1: a) Top view of Mn,,Ac. Hydrogen atoms and interstitial solvent molecules have been omitted for clarity; b) The core of Mn_,Ac; c) Side view of Mn ,Ac
emphasizing on the parallel arrangement of the Jahn-Teller elongation axes (shown in cyan bonds) - parts of the carboxylate ligands have been omitted for clarity;
d) A crystal sample of the product (photograph without magnification). Color scheme: Mn" violet, Mn" green, O red, C gray.
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anisotropy of the Ising type (axial), which is one of the requirements
for SMMs [46]. As discussed earlier, having anisotropic features in
the structure is important, and assuming that they are not evenly
dispersed within the structure (i.e. molecular vector map of JT axes
does not result in canceling of single ion anisotropy vectors), should
result in significant molecular anisotropy. In combination with the
significant S=2 spin of the ion in its high-spin configuration, Mn**
constitutes a prominent candidate metal ion for SMMs [35].

Mixed-valent manganese clusters have also been particularly
interesting, since they result in magnetic systems where there are
uncompensated spins even though the interaction between metal ions
(or between groups of metal ions) is antiferromagnetic in nature [81].
This is the case with Mn Ac, where the core is comprised of a central
cubane unit of Mn** ions, surrounded by a circumvolution of eight
Mn** ions, with the entire metal-core bridged via y, oxides. This can
be considered a small piece of a mixed-valence Mn-oxide network.
The organic envelope of this cluster is made of sixteen acetate bridges,
and there are also four terminally coordinated water molecules
bonded to 4 different Mn** ions in the non-planar Mn3*8 ring, as seen
in Figure 1. Magnetically, this compound exhibits an S=10 ground
state which results from the antiferromagnetic combination of two
metal-ion groups. Specifically, within the Mn**, cube, the Mn** ions
(each being S=3/2) are ferromagnetically coupled resulting in S=6 for
the cubane moiety. Similarly, the Mn** ions within the Mn**; non-
plannar ring are also ferromagnetically coupled, resulting in S=16
for the group. The two groups, i.e. the cubane and the ring, being
antiferromagnetically coupled results in S=10 [82]. The family of Mn,,

SMMs has been the main source of insight in the physics of SMMs.
The mesoscopic nature os SMMs being small with both classical and
quantum properties (i.e. quantum tunneling of the magnetization,
quantum phase interference, and others), makes them very attractive
for interdisciplinary research.

Interdisciplinary investigations

Along these lines, we have been investigating the structure-
property and dimensionality-property relationships in SMMs, as well
as in homo- and hetero-metallic transition metal clusters, and have
synthesized a variety of polynuclear species, including aggregates
of clusters and SMMs [1,58,82-84]. The typical characterization
methods used include x-ray diffraction, dc and ac magnetometry,
high-field high-frequency spectroscopies and others. Often, more
specialized spectroscopies and physical methods have been utilized
in clusters including SQUID and micro-SQUID magnetometry,
[3,85,86] pressure- and light-induced magnetometry, [87] EPR and
High-frequency/field EPR, [5,6,82] solution and solid state NMR,
[82,88] Hall magnetometry, [89-91] Mdssbauer spectroscopy, [83,84]
thermal gravimetric analysis (TGA), [83,84] differential scanning
calorimetry (DSC), heat capacity measurements, [58] theoretical
magnetic exchange studies using DFT (B3LYP and other hybrid
functionals),[83,84] inelastic neutron scattering, x-ray magnetic
circular dichroism, X-ray absorption studies (XANES, EXAFS), and
many others. Recent examples from our group beautifully portray
this interdisciplinary work (Figure 2).

Recently, we have also been investigating the incorporation of
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[Fe,0,(OH),(hmpip)(O,CPh),].

Figure 2: a) X-ray crystal structure of [Mn".Mn" (mpt) (CH,CO,) ,(py),] (mpt = 3-methyl-1,3,5-pentanetriol). Color scheme: Mn" turquoise, Mn" blue, N green, O
red, C grey. b) Spin density map of [Mn" ,Mn" (mpt),(CH,CO,),,(py) ] calculated at the B3LYP level. c) X-ray crystal structure of [Fe,O,(OH),(hmpip),(O,CPh).]
(hmpip = 2-hydroxymethyl piperidine). Color scheme: Fe'" orange, O red, N blue, C grey. d) Room temperature Mdssbauer spectrum from a powder sample of

molecular clusters in chemical sensing technologies (photoelectric
chemical sensors or PECS) [92], with several successes in sensing
organic vapors and aqueous analytes, down to micromolar
concentrations (sample data presented in Figure 3) [93]. From the
breadth of these methods and the various expertise involved in these
studies, it is clear that transition metal clusters and the associated
resulting materials is an area of multi-level cross-disciplinary
investigation, and a unique STEM playground.

Biomedical clusters and

nanoparticles

applications of magnetic

Most biomedical applications have been traditionally involving
metal oxide nanoparticles, rather than transition metal cluster
systems. In nanoparticles the properties are size-tunable, and
these characteristics in combination with the magnetic behavior of
transition metal oxides have found many diverse applications [44].
Iron oxide has been the focus of many developments due to its
proven compatibility with biological systems, its superparamagnetic
character at the nanoscale, and the ability to control the uniformity
in size of the nanoparticles, which is important for preventing
agglomeration for in vivo applications [95]. Also, spinel ferrites
such as MFe,O, (where M = Mn, Co, Ni, Cu, Zn, and others) have
become attractive for similar applications, with promising results

[96]. Some of the applications where magnetic nanoparticles have
shown potential for utility include i) localized drug delivery, [97] ii)
protein detection [98], iii) magnetic resonance imaging [99-101],
iv) Stem cell labeling, [102] and v) as agents for the hyperthermic
treatment of tumors [103]. Transition metal clusters, such as the ones
reviewed herein, can be considered small pieces of metal oxides, and
as explained they have been nearly as successful as metal oxides in
sensors (vide supra). However, clusters have not been as popular as
ferrites in biomedical applications, but in a few occasions they have
been investigated as antitumor biomarkers. One such example is an
anionic paramagnetic hexa-iodo rhenium selenide cluster [Re Se I ],
which has luminescence properties and as such was used both as a
biomarker, and as agent of apoptotic-like cell death of cancer cells
[104]. In general, cluster systems have been avoided for biomedical
applications, mostly because of poor solubility and/or stability in
biologically relevant solvents, as well as due to their possible toxicity,
and potentially high production cost. On the contrary, mononuclear
coordination complexes of transition metals, bearing ornate organic
chelates have been extensively studied as high resolution imaging
probes for positron emission tomography (PET) studies, as well
as the development of new drugs for non-invasive highly targeted
radiotherapy, as recently reviewed by Pascu and coworkers [105].

Submit your Manuscript | www.austinpublishinggroup.com

Austin J Nanomed Nanotechnol 2(3): id1019 (2014) - Page - 04




Christos Lampropoulos

Austin Publishing Group

140 »
——0.1uM
120 ‘WI —— Menthol 40 1.0uM
—— Phenol 1o
Jui | \I —— Cyclohexene —— 100uM
| —— Vanilin 30
\ \,\ = —— 1000uM
80 ‘ Dodecanol

Respopnse (mV)

Response (mV)

-30

-40

Time (us)

a b

-50
0 50 100 150

Time (us)

C

Figure 3: a) Photograph of the handheld-type of a PECS sensor; b) Plot of the background-corrected modified photovoltagevs time for a variety of vapor analytes,
as indicated in the legend; c) Plot of the modified photovoltagevs time for the analyte aqueous methanol at the indicated concentrations.[43]

Perspectives

In summary, the area of cluster chemistry has evolved over the
years, and has matured to a multidisciplinary arena where different
expertise work together to understand the structure-property
relationships, model mesoscopic phenomena, and/or figure out
how good a cluster mimics the active site of an enzyme. This field
has been a spark for interdisciplinary work, providing avenues for
collaborative investigations by chemists, experimental and theoretical
physics, spectroscopists, and recently engineers. Even though some
of the materials may never reach the applicability/versatility level for
commercial applications and mass-produced technologies, the in-
depth knowledge we have gained and we continue to gain from these
systems will likely contribute to a plethora of other investigations into
materials for advanced applications, such as quantum computing or
bio-inspired energy materials, magnetic refrigeration, and the design
of magnetothermally-responsive nanocarriers as hyperthermia-
triggered drug release vehicles [106]. The latter field, namely medical
physics, has been of particular interest, and is another example of
a modern multidisciplinary research area bringing together the
physical sciences (chemistry and physics) to biomedical engineering
and medicine.

Overall, the future of medical applications may very well be in
interesting non-invasive technologies such as nanoparticle vehicles
for selective drug release. Interdisciplinary research fields, such as
the one briefly reviewed herein, are catalysts for interactions between
a range of scientists with strictly-speaking unrelated expertise; this
is the beauty of interdisciplinary work. Cluster science, including
molecular magnetism and biomimetic chemistry, fit perfectly in this
realm of studies. As such they continue to evolve and provide deeper
insights in the macroscopic properties of the resulting materials, while
investigating microscopic changes and their effects on mesoscopic
phenomena. This knowledge will be of particular value in the design
of materials for advanced applications, with general applicability to
defense technologies (such as sensing), energy related materials (such
as in gas storage), environmental science (i.e. in gas separation), bio-
inspired commercial technologies (such as homo/heterogeneous

catalysis), and biomedical applications (cancer treatment, drug
release, and medical imaging).
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