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Polynuclear discrete clusters incorporating transition metals have been attracting a great 

deal of attention, due to their aesthetically pleasing chemical structures, as well as the fascinating 

magnetic properties they often possess. In particular, many of these clusters exhibit single-

molecule magnetism (SMM) behavior, a property which is intrinsic to the individual molecules, 

and makes them capable of functioning as nanoscale magnetic particles. Inorganic chemical 

research has been also directed towards the synthesis of high oxidation-state molecular 

compounds, such as mixed-3d, 3d/4f, and, 3d/5f clusters. Such complexes provide a wide range 

of applications in diverse areas involving inorganic, organic, environmental, and industrial 

chemistry; i.e. MnIV and CeIV oxides are effective catalysts for the conversion of nitric oxide to 

N2 and O2. In search for new mixed-metal SMMs, and effective catalysts for the NOx conversion 

process, mixed Mn-Ce compounds were judged to be worth exploring. Keeping all this in mind, 

a series of mixed metal Mn-Ce molecular clusters were synthesized and characterized, including 

two new hexa- and decanuclear Mn/Ce molecular cages with many novel structural features.  
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CHAPTER 1 
INTRODUCTION 

Magnetic materials have been influencing humanity since the ancient times. The discovery 

and subsequent utilization of magnetic materials have been central to significant technological 

advancements that have affected civilization and humankind.1 The ancient Greeks were the first 

to recognize that the mixed-valent iron oxide (Fe2O3), magnetite, attracts elemental iron. Since 

then, magnetic materials have been in the spotlight of research worldwide because magnetism is 

one of the few phenomena that thrust the technological development. Historically, approximately 

two thousand years ago the Chinese developed the first magnetic device: the compass. Knowing 

the importance and contribution of the compass to world trade and travel via land, sea or air, one 

can easily realize the role of magnetic materials to the progress of our civilization. Following this 

early development, magnets have almost become essential to every modern society and have 

found uses in several magnetomechanical applications, acoustic instruments, information and 

telecommunication devices, electrical motors and generators, magnetic shielding, as well as 

numerous others.2 Modern day magnetic materials include magnetic alloys and oxides, 

particularly ferrites, such as MgFe2O4, which can function in transformer cores, magnetic 

recording and/or information storage devices.2,3  

The motion of electrical charge and specifically the spin and orbital angular momenta of 

electrons within the atoms of a material are responsible for the magnetic field associated with the 

magnetic substance. One would expect that since all matter is composed of electrons, there 

should be plenty of magnetic materials. However, this is not true and there are actually very few 

materials that behave as magnets. Closed electron shells is the most common configuration of 

electrons in most substances, i.e. electrons with magnetic fields aligned in opposite directions are 

paired with each other and there is no overall net-magnetization. Such materials with negligible 



 

11 

magnetic moment are called diamagnets.4,5 Hence, the crucial element that distinguishes a 

magnetic substance, or a paramagnet, from a diamagnet is the existence of a magnetic moment 

that arises from at least one unpaired electron. 

 
 

 

 

   
    a                b          c 

Figure 1-1. Representation of the different ways the magnetic field lines of flux change in the 
absence of a sample, in the presence of a diamagnetic sample, and in the presence of a 
paramagnetic sample. (a) magnetic field lines of flux (i.e. contour lines of constant 
field values) in vacuum; (b) the lines of flux for a diamagnetic substance in a 
magnetic field; (c) the lines of flux for a paramagnetic substance in a magnetic field 

There are various types of magnetic materials depending on their response to an external 

applied magnetic field. As a consequence, the magnetic susceptibility, χ, of the material also 

changes. In Figure 1-1, a, the magnetic field lines of flux are shown for a magnet in vacuum. 

Interaction of the electron pairs of a diamagnet and an applied field, generates a repulsive field 

which weakly repels the diamagnet from the applied field and causes the flux lines to divert 

around the diamagnetic substance (Figure 1-1, b); the sign of χ is negative. In contrast, a 

paramagnet is drawn by an applied magnetic field; the sign of χ is positive and hence, the lines of 

flux are attracted by the paramagnetic substance (Figure 1-1, c). The strength of the attraction is 

governed both by the number of unpaired electrons in the material as well as the nature of the 

interactions of its electron spins.1,2,6,7 The various types of paramagnetism are distinguished by 

both the temperature dependence as well as the absolute magnitude of χ.7 Simple paramagnetic 

behavior is observed in substances in which the magnetic moments of unpaired electrons are 
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independent of each other. In the absence of a magnetic field, individual magnetic moments are 

randomly oriented. The electron spins of paramagnetic materials align parallel, albeit weakly, to 

any applied magnetic field, and this effort is opposed to the randomizing effect of thermal 

energy. Removal of the field results in the subsequent randomization of the spins, which is an 

entropy-driven process. Therefore, availability of unpaired electrons does not necessarily result 

in a magnetic material, since a paramagnet can have a net zero magnetization.  
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 Figure 1-2. Plot of the χMT product (χM is the molar susceptibility) vs. temperature. (a) Plot of 
χMT vs. T for a ferromagnet. (b) Plot of χMT vs. T for an antiferromagnet 

In paramagnetic substances that contain multiple metal centers, the magnetic moments of 

the unpaired spins are not independent, but rather interact with each other, either in a cooperative 

manner when there is a parallel alignment of the magnetic moments, or in a non-cooperative 

way, when there is an overall anti-parallel alignment of the magnetic moments. The former 

describes ferromagnetic behavior while the latter is associated with an antiferromagnetic or 

ferrimagnetic response; antiferromagnetism refers to a complete canceling of magnetic moments 

while ferrimagnetism corresponds to the situation in which magnetic moments align in an 

antiparallel fashion but resulting in a non-zero magnetization.1,2,4,7,8 Examples of classical 

ferromagnets include iron, cobalt, nickel and several rare earth metals and their alloys while 

ferromagnet 

antiferromagnet 

a 
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magnetite, Fe3O4, is a ferrimagnet.4 Plots of the χMT product, where χM is the molar 

susceptibility, vs. temperature (T) are commonly used as a probe for ferromagnetic or 

antiferromagnetic responses in molecular and/or classical systems. Ferromagnets exhibit increase 

of the χMT signals as temperature decreases (Figure 1-2, a), whereas antiferromagnets show 

decrease of the χMT signals with decreasing temperature, as shown in Figure 1-2, b. 

At all temperatures, ferro-, antiferro- and ferrimagnets are composed of domains, or tiny 

regions in which all the spins are aligned parallel. Each domain aligns randomly with respect to 

its neighbors. Application of a strong external magnetic field induces the alignment of all the 

domains with the field. As alignment occurs, the interactions of spins become strong enough to 

overcome dipole interactions and entropy considerations that maintain the random alignment of 

the domains. Effectively, a domain of a specific alignment grows at the expense of a neighboring 

domain and thus the material becomes magnetized. Finally, when the magnetization reaches a 

saturation value all the spins align parallel in one particular direction. 

Paramagnetic Ferromagnetic Antiferromagnetic Ferrimagnetic  
 

Figure 1-3. Magnetic dipole arrangements in different types of materials. (a) Paramagnetic, (b) 
ferromagnetic, (c) antiferromagnetic, and (d) ferromagnetic materials 

Preservation of this parallel spin alignment after the applied field is removed (i.e. remnant 

magnetization) is not surprisingly dependent on the system’s temperature. The system should be 

lying below a blocking temperature TB, in order to retain its ferromagnetic response, in the 

absence of an external magnetic field. Above TB, the thermal energy (kT) is large enough to 

cause the random alignment of the electron spins and change the behavior of the material to 
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simple paramagnetic; this fact also explains the χMT vs. T behavior of ferro- and 

antiferromagnets at higher temperatures (Figure 1-2). For the decay  of the remnant 

magnetization, a coercive field in the opposite direction is applied, inducing the realignment of 

the spins in the opposite direction and resulting in a hysteresis loop (Figure 1-4). For information 

storage, a small coercive field (high permeability) with a relatively rectangular-shaped hysteresis 

loop is crucial so that the two magnetic orientations of the spin can represent zero and one in the 

binary digital system used by current technology.4,7,8 One of the requirements for information 

storage is the retention of the system at a temperature in which the material exhibits hysteresis 

while the removal of the stored information involves heating to a temperature above TB.8 

             

M

H

Ms

Ms

 
 

Figure 1-4. Typical hysteresis loop of a magnet, where M is magnetization, H is the applied 
magnetic field and Ms is the saturation value of the magnetization 

The United States’ National Nanotechnology Initiative website defines nanotechnology as 

"…the understanding and control of matter at dimensions of roughly 1 to 100 nanometers, where 

unique phenomena enable novel applications". The first hard disk drive, “RAMAC”, introduced 

by IBM in 1957 had a storage capacity of only 2000 bits in-2 while storage density reached 

approximately 10 Gbits in-2 in 2000 – an increase by a factor of five million.9 Due to the 
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increasing need for the storage of greater quantities of digital information on smaller surfaces 

areas, the development of magnetic particles of nanoscale dimensions is one of the current 

intensive interests. Progress in that direction involves the use of smaller materials of nanoscale 

dimensions that behave as “permanent” magnets with functional temperatures in the practical 

range for technological use. In order for scientists to bring magnetic materials to the range of 

nano, two main approaches have been followed: the top-down and the bottom-up approach. The 

top-down route involves the fragmentation of bulk ferro- or ferrimagnets to a size smaller than a 

single domain (20-200nm), therefore all the spins within the particle always remain parallel. 

These particles, also known as superparamagnets, are composed of randomly oriented spins 

unless induced by an applied magnetic field. Superparamagnets retain their magnetization when 

their magnetic relaxation is slowed below TB. Unfortunately this approach has been problematic 

due to the wide distribution of shapes and sizes of these nanoparticles.10 Besides, there is a 

distribution of barrier heights for the interconversion of the spins and these materials are 

insoluble in organic solvents and thus unstable for some applications. Recently, new 

fragmentation techniques based on scanning tunneling microscopy and biomineralization have 

been devised as a method of improvement of the non-uniform particle size obstacle.11,12 

Yet another strategy currently being explored in detail is the development of new magnets 

using molecules as building blocks. Materials of this kind are also called molecule-based 

magnets, and have the potential to demonstrate characteristics that are unattainable by the 

conventional metal/intermetallics and metal-oxide magnets used so far. These materials present 

properties such as low-temperature processability, high magnetic susceptibilities, high solubility, 

compatibility with polymers for composites, biocompatibility, transparency, semiconducting and 

insulating properties, high remnant magnetizations, as well as several other desirable 
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characteristics.1,13 Paramagnetic organic or inorganic molecules with a large number of unpaired 

electrons are typically used as the building blocks for the preparation of these molecule-based 

magnets, which rely on long-range intermolecular interactions to account for their magnetic 

behavior. Reported in 1967, the first molecule-based magnet, [Fe(dtc)2Cl], where dtc = 

diethyldithiocarbamato, was found to have an S = 3/2 ground state with ferromagnetic ordering 

at 2.46 K.8,14 This area of multidisciplinary scientific research was subsequently silent, as far as 

scientific publication is concerned, until 1987 when Miller and co-workers reported a molecular 

ferromagnet composed of alternating stacks of metallocenium donor cations (D+) and organic 

radical acceptor anions (A-), each with a single unpaired electron. For the complex 

[Fe(C5Me5)2]+, where D+ is the decamethylferrocenium cation and A- is the tetracyanoethylene 

anion, [TCNE]-, the ordering temperature was found to be 4.8 K.15,16 From these studies, it was 

determined that the position of adjacent chains relative to one another had a significant effect on 

the bulk magnetic properties of the material. Thus, Kahn and coworkers studied the effect of the 

chain arrangement on magnetic properties, by designing, synthesizing and studying the 

magnetism of a series of mixed-metal CuII – μ-L – MnII chains, where L is a bridging ligand.17 

For example, antiferromagnetic coupling was observed between the chains of 

[MnIICuII(pba)(H2O)3], where pba = 1,3-propylenebis(oxamate). By changing the ligand only 

very slightly, contrasting data were observed as the compound, [MnIICuII(pbaOH)(H2O)3], where 

pbaOH = 2-hydroxy-1,3-propylenebis(oxamate), showed overall ferromagnetic coupling with Tc 

= 4.6 K.17 Such studies emphasized the importance of the selected bridging groups in the 

formation of 2D or 3D lattices and as well as the communication between the magnetic centers in 

the molecular building blocks. 
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After this original work, an attractive direction became apparent: the synthesis of 

molecules containing several transition metal ions, such as Mn, Fe, V, Ni, and Co, can 

potentially exhibit behavior similar to that of superparamagnets. After years of struggle with the 

reactivity of metal sources, redox chemistry that was taking place during the synthesis of such 

compounds, and finding the appropriate combination of solvents, molar ratios, and crystallization 

techniques, in 1993 the first example of a molecule [Mn12O12(O2CMe)16(H2O)4](1), abbreviated 

as Mn12ac,  able to behave as a magnet by itself was discovered.18,19 This discovery led to a 

totally new approach: the synthesis of nanoscale magnetic materials in which the magnetism was 

intrinsic to the molecule and not due to interactions between molecules. This hypothesis was 

consequently proven true by performing magnetic studies in polyethylene matrix of Mn12ac and 

showed the absence of any kind of long-range three-dimensional interactions.  

Ever since several polynuclear metal complexes that behave as nanoscale magnetic 

particles have been prepared, resulting in the rapid development of a venerable new area of high-

spin metal clusters, termed single-molecule magnets (SMMs).20 For numerous reasons, SMMs 

represent a stimulating area of research, promising several advantages over conventional 

nanoscale magnetic particles. Such advantages include (i) the preparation of purified compounds 

by solution methods, resulting in a product with a single, sharply defined size; (ii) possible 

variation in peripheral carboxylate ligation such that small or bulky, hydrophilic or hydrophobic 

ligands can be incorporated into the synthesis; (iii) solubility in several organic solvents, 

providing access to a variety of industrial applications; and    (iv) the possibility of reaching sub-

nanoscale dimensions, resulting in the potential development of even better memory storage 

devices.20  
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The magnetic behavior of a SMM arises from the combination of a large ground state spin, 

S, and a large and negative magnetic anisotropy as gauged by the axial zero-field splitting 

parameter (ZFS), D.21,22 Both in the fields of inorganic and organic chemistry, there is an intense 

search underway for such potentially useful high-spin molecules. The first SMM was Mn12ac and 

it was shown that this exceptional combination of high-spin ground state and large, negative 

magnetic anisotropy displayed by the complex, resulted in nanoscale-like magnetic behavior and 

the subsequent classification of the molecule as a SMM (Figure 1-5).18,19,21,23 Probably the most 

intensely studied SMM, [Mn12O12(O2CMe)16(H2O)4] has an S = 10 ground state spin and is just 

one in a class of well-characterized Mn12 complexes of the general formula, 

[Mn12O12(O2CR)16(H2O)4], where R = Me, Et, Ph, as well as numerous other groups.20 

(a) (b)

 
Figure 1-5. ORTEP representation in Pov-Ray format showing the structure of the 

[Mn12O12(O2CMe)16(H2O)4] complex. (a) The [MnIII
8MnIV

4(μ3O2-)12]16+ core and (b) 
the [Mn12O12(O2CMe)16(H2O)4] complex with acetates as peripheral ligands. MnIV 
green; MnIII blue; O red; C gray 

In these dodecanuclear mixed-valence Mn(III/IV) complexes, a non-planar ring composed 

of eight alternating MnIII and eight triply bridging oxide ions surrounds a central [Mn4
IVO4]8+ 

cubane unit. Sixteen bridging carboxylate ligands and four terminal water molecules complete 

the peripheral ligation. The large ground state spin (S=10) arises from exchange interactions 
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between the S = 3/2 spins of the MnIV ions and the S = 2 spins of the MnIII ions. Each of the eight 

MnIII ions on the outer periphery of the complex undergoes a Jahn-Teller (JT) distortion as 

expected for a high-spin d4 ion in near-octahedral geometry. The distortion takes place in the 

form of an elongation of two trans bonds. The approximately parallel alignment of the 

elongation axes of the eight MnIII ions accounts for a high degree of molecular anisotropy. 

Molecular anisotropy is defined by the tensorial sum of the single ion anisotropies of the metal 

ions and therefore the overall anisotropy of a cluster is primarily a consequence of the single-ion 

anisotropies of the constituent ions within the cluster and of the relative orientations of the 

magnetic axes of these ions with respect to each other (Figure 1-6). 

 
Figure 1-6. ORTEP representation in Pov-Ray format of the metal core of a typical 

[Mn12O12(O2CR)16(H2O)4] complex, showing the relative disposition of the JT 
elongation axes indicated as solid black bonds. MnIV green; MnIII blue; O red 

Hence, the magnetic anisotropy of a Mn12 cluster is primarily of the axial type, with the x 

and y directions approximately equivalent to each other while different from the z direction. 

Consequently the magnetic moment of an individual Mn12 molecule preferentially lies in the z 

direction, or the easy-axis, of the molecule. As a result of this Ising type of zero-field splitting is 

that the S = 10 ground state spin is divided into 21 (2S + 1) sublevels, each characterized by a 

spin projection quantum number, ms, where –S ≤ ms ≥ S. The energy of each sublevel is given as 

E (ms) = ms
2D, giving rise to a double well potential (Figure 1-7). Because the value of the axial 
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ZFS parameter D for a SMM is negative (i.e. D= -0.50 cm-1 for 1), the ms = ±10 sublevels lie 

lowest in energy while the ms = 0 sublevel lies highest. For the reversal of the spin direction 

from “spin-up” (ms = -10) to “spin-down” (ms = +10) orientations of the magnetic moment, there 

is a potential energy barrier, defined as U = S2|D| for integer spins, such as Mn12ac (S=10) and U 

= S2|D| - ¼ for half-integer spins as it will be shown later for other molecular systems.  
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Figure 1-7. Representative plots of the potential energy barier for an SMM. (a) Plot of the energy 

versus the orientation of the ms vector (θ) along the z axis and (b) plot of the energy 
versus the ms sublevel for a Mn12 complex with an S = 10 ground state, experiencing 
zero-field splitting, 2ŜD z  

For 1, the potential energy barrier for the reversal of the spin orientation is ≈ 72 K. For this 

reason, SMMs exhibit slow magnetization relaxation at low temperatures. Experimental evidence 

for this behavior is supported by the appearance of frequency-dependent signals (χM˝ signals) in 

out-of-phase AC magnetic susceptibility measurements, as shown in Figure 1-8b, and of 

hysteresis loops in magnetization versus DC field scans (Figure 1-9).21  

In contrast to the hysteresis loops of traditional ferri- or ferromagnetic materials, such as 

those of magnetite or chromium dioxide, respectively, the plots of magnetization versus 

magnetic field of SMMs show steps that correspond to an increase in the relaxation rate of 
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magnetization that occurs when the energy of ms sublevels coincide on the opposite sides of the 

potential energy barrier (Figure 1-10).20,24-27 Such predicted, but never before observed behavior 

was first reported in 1996 for molecules of [Mn12O12(O2CMe)16(H2O)4]·2MeCO2H·4H2O.24  

Hence, the relaxation of the magnetization of a SMM occurs not just by thermal activation over 

the energy barrier, but also by quantum tunneling of the magnetization through the energy 

barrier.  
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Figure 1-8. In-phase (as χM´T) and out-of-phase (as χM˝) AC susceptibility signals for a dried, 
microcrystalline sample of [Mn12O12(O2CR)16(H2O)4] at the indicated oscillation 
frequencies 

This quantum phenomenon is not unique to 1, but is also exhibited by many other SMMs, 

including the octanuclear FeIII oxo-hydroxo cluster, [Fe8O2(OH)12(tacn)6]8+    (tacn = 1,4,7-

triazacyclononane), where ground state tunneling was first observed, i.e., tunneling between the 

lowest energy ms levels.28 In the case of 1, quantum tunneling of magnetization (QTM) is 

thermally assisted and occurs between ms sublevels higher in energy than the lowest lying ms = ± 

10 states. Although tunneling provides a route for rapid reversal of magnetization and, hence, a 

less attractive memory storage device, an investigation into the gap between the quantum and 

classical understanding of magnetism can be made using these complexes as models. 
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Figure 1-9. Magnetization hysteresis loops for a typical [Mn12O12(O2CR)16(H2O)4] complex in 

the 1.3-3.6 K temperature range at a 4 mT/s field sweep rate. M is normalized to its 
saturation value, Ms 

H = 0

H = 0

H = 0

 
Figure 1-10. Schematic representation of the change in energy of ms sublevels as the magnetic 

field is swept from zero to a non-zero value. Resonant magnetization tunneling occurs 
when the ms sublevels are aligned between the two halves of the diagram 
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Due to the strong need for new SMMs with even larger S values and more negative D 

values, numerous synthetic strategies aiming at the improvement of these materials have been 

employed. However, even if these strategies seem feasible on paper, they have been proven a 

considerable challenge to synthetic chemists worldwide. One of the primary goals of this 

research is the development of new synthetic methods for the subsequent preparation of new 

SMMs. One of the strategies employed towards this goal is the introduction of bulky organic 

ligands to the synthesis of polynuclear compounds and stabilization of new geometries and 

nuclearities which might afford new SMMs. Also, a relatively new approach to this effort is the 

incorporation of heavier metals, such as lanthanides and actinides, in polynuclear clusters.  

The advantages of such mixed-metal complexes include the incorporation of highly 

anisotropic metal ions that could aid our efforts for better SMMs, the high coordination afinity of 

such heavier metals, which could lead to interesting metal assemblies with new coordination 

environments and exciting magnetic properties. 
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CHAPTER 2 
MANGANESE-CERIUM CLUSTER CHEMISTRY: A POSSIBLE ROUTE TO NEW DENOX 

CATALYSTS AND MIXED-METAL SMMS 

2.1  Introduction 

A well established area of inorganic chemical research has been the synthesis of high 

oxidation-state molecular compounds or polymeric oxides of Mn or Ce. These molecules provide 

a wide range of applications in diverse areas involving inorganic, organic, environmental, and 

industrial chemistry owing to their ability to oxidize both inorganic and organic substrates.29-51 

Some of the many occurrences of high oxidation-state clusters is the tetranuclear Mn cluster that 

is present near Photosystem II of green plants, which is responsible for the oxidation of H2O to 

O2.29-32,51 Consequently, a great deal of attention has been given to the synthesis of molecular 

species that could possibly mimic this very efficient natural catalyst.29-31 In the homogeneous and 

heterogeneous catalysis of water to molecular dioxygen by Ru complexes, CeIV is used. MnO4
- 

and CeIV are known in inorganic synthesis for their oxidative ability, and have been employed in 

the past in the formation of MnIII and/or MnIV clusters, or mixed-valent CoIII,IV complexes. In 

organic chemistry MnVII, MnIV and CeIV (as (NH4)2[Ce(NO3)6]) have been also used extensively 

as oxidizing agents for a vast variety of organic substrates.39-42 Furthermore, MnIII, MnIV and 

CeIV oxides have been widely used, either alone or as mixed Mn/Ce oxides, in a number of 

heterogeneous catalytic oxidation processes.43-50 For example, CeIV/MnIV composite oxides are 

being widely used in sub- and supercritical catalytic wet oxidations for the treatment of 

wastewater containing toxic organic pollutants such as ammonia, acetic acid, pyridine, phenol, 

polyethylene glycol, and others.45-50  

Another application of MnIV and CeIV composite oxides is catalysis of the de-NOx process 

in car exhausts. Active research in this direction has shown that Mn and Ce oxides seem to have 

considerable catalytic activity in the conversion of nitric oxide from the exhaust gases of cars 
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into nitrogen and oxygen. Selective Catalytic Reduction (SCR) of nitrogen oxides using a zeolite 

catalyst impregnated with Fe, Ce and Mn was found to reduce N2O by as much as 94% at 147°C 

from a gas mixture 4:1 NO and N2O 52. Car exhausts are not the only site of NOx production. 

Virtually any combustion process in the high temperature zones produces NOx mixtures of gases. 

Other contributors to the NOx emissions, apart of the internal combustion engines are the coal or 

gas-fired or oil-fired furnaces, boilers and incinerators. Finally, NOx gases are also produced 

during a variety of chemical processes including the manufacture of nitric acid, the nitration of 

organic chemicals, the production of adipic acid and the reprocessing of spent nuclear fuel rods. 

Even though some of the above mentioned NOx emitters produce a mixture of those toxic gases 

in low concentrations, the aggregate amount discharged in industrial and/or highly populated 

areas tends to cause problems. Therefore, it is evident that a de-NOx catalyst is very much 

needed and various agencies seem to be interested to invest in related research.  

The US Environmental Protection Agency in the near future will require greater levels of 

NOx abatement from mobile and stationary emission sources; for light trucks and cars this 

requirement will be approximately 0.07grams/mile, which is about 90% lower than today’s 

maximum level.52 Technological improvement is happening constantly, but improvement by 

90% would require a great amount of effort. One possible direction in the synthesis of a well-

behaved catalyst in the de-NOx process is the use of preformed MnIV/CeIV clusters on zeolite. 

Such a system has the advantage of the clusters staying more on the surface of the zeolite, due to 

their size, instead of infusing to the center of the porous material, and therefore provides greater 

surface area for better catalytic activity. 

Heterometalic compounds containing first-row transition metals and lanthanides are known 

in the inorganic literature, but are relatively rare. Our group has previously reported a series of 
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mixed-metal Mn-Ce compounds53,54 as well as Mn/Ln (where Ln = Eu, Gd, Tb, Dy, Ho) 

compounds55-60, some of which behave as superparamagnets below their blocking 

temperature.55,56 Other groups have also explored the reactivity of CeIV with various first-row 

transition metal reagents 61 and great effort was invested in this chemistry both for fundamental 

understanding of the reactivity, and possible catalytic applications. Following, we will be 

focused on a brief synthetic and magnetostructural exploration of the Mn/Ce compounds recently 

reported in the literature. 

2.1.1  MnIV-CeIV Complexes: Synthetic and Structural Aspects 

As part of our investigation in Mn-Ce chemistry, our group has previously reported three 

different MnIV-CeIV compounds. They were all obtained as part of a larger investigation of the 

oxidation of MnII reagents by CeIV under a variety of conditions. The reaction of 

Mn(NO3)2·xH2O and 2,2′-bipyridine (bpy) with (NH4)2[Ce(NO3)6] in a 1:1:2 molar ratio in 25% 

aqueous acetic acid gave [CeIVMnIV
2O3(O2CMe)(NO3)4(H2O)2(bpy)2](NO3)·2H2O (1·2H2O) 

(Figure 2-1, a) in 40% yield. Similarly, the reaction of Mn(O2CMe)2·4H2O and 6-methyl-2-

hydroxypyridine (mhpH)62,63 with (NH4)2[Ce(NO3)6] in a 4:9:6 molar ratio in 30% aqueous 

acetic acid gave [CeIV
3MnIV

2O6(O2CMe)6(NO3)2(mhpH)4]·2H2O (2·2H2O) (Figure 2.1, b) in 24% 

yield. From a similar reaction and using 2-pyrollidone instead of mhpH, a similar cluster to 

complex 2 was formed, [CeIV
3MnIV

2O6(O2CMe)6(NO3)2(pyro)2(H2O)3] (Figure 2-1, c). Finally, 

the reaction of a solution of Mn(O2CMe)2·4H2O in 50% aqueous acetic acid with Ce(ClO4)4 

(0.5M solution in HClO4) in a 2:3 molar ratio gave 

[CeIVMnIV
6O9(O2CMe)9(MeOH)(H2O)2](ClO4)·3H2O·0.5MeCO2H (3·3H2O·0.5MeCO2H) in 

~50% yield. Charge considerations, inspection of metric parameters and bond valence sum 

calculations establish that all the Ce and Mn ions of 1–3 are in oxidation state 4+.64 
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a      b 

 

               c         d 

 Figure 2-1. ORTEP representations in Pov-Ray format of several Mn-Ce complexes. (a) 1, (b) 2, 
(c) 3, (d) 4. Color scheme: MnIV purple, CeIV yellow, N blue, O red, C grey. H atoms 
have been omitted for clarity 

Extending this chemistry, a different synthetic route to heterometallic Mn-Ce compounds 

was followed and involved the reaction of preformed oxo-bridged Mn clusters with various CeIV 

sources, in hope for some new complexes with novel structural features, possible magnetic 



 

28 

and/or catalytic properties. We were led to this direction by the fact that CeIV is a good oxidizing 

agent, which could break the preformed Mn compounds and reassemble them into a different 

complex with hopefully unique structural features. CeIII and/or CeIV ions have the advantage of 

many coordination sites, which can vary from 6-1264, as well as the tendency to bind to O2-/OR- 

ions (oxophilicity). This property of Ce was attractive since it could potentially promote 

aggregation to large clusters.  

2.1.2  Mn-Ce SMMs: A “Magnetism” Overview 

As part of our continuing search for new synthetic routes towards novel structural types 

which can function as SMMs, we have joined on-going efforts in mixed-metal cluster chemistry. 

Recently, there has been a spurt of research activity in the scientific community towards 

heterometallic systems which can behave as SMMs.65-71 Our group had contributed to this 

relatively nascent field with the successful characterization of the Mn8Ce,54 Mn11Dy4,55 

Mn2Dy2,56 and Fe2Dy2
58 SMMs. Indeed, we had earlier reported the template synthesis of the 

Mn8Ce SMM which possessed an S = 16 ground state spin. A representation of the common core 

of a whole family of Mn8Ce clusters, as well as a representation of the full structure of one of the 

members of the family ([Mn8CeO8(O2CPh)12(MeCN)4]) are shown in Figure 2-2. Although the 

Ce ion (CeIV) in the complex was diamagnetic, it acted as a template around which eight 

ferromagnetically coupled MnIII ions wrapped. The ground-state spin was one of the largest ever 

reported for a Mn cluster, and this was the first Mn-Ce SMM.  

Therefore, in an attempt to extend this rich chemistry, we decided to start from preformed, 

relatively complex Mn sources, and explore the oxidative strength of CeIV. Our efforts were 

collectively motivated by the possible catalytic applications of Mn-Ce compounds, and their 

magnetic behavior in search of new examples of Mn-Ln single-molecule magnets (SMMs).  
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Figure 2-2. ORTEP representations in Pov-Ray format at the 50% probability level of the X-ray 
crystal structures of two members of the Mn8Ce family of complexes. (a) 
[Mn8CeO8(O2CMe)12(py)4]. (b) [Mn8CeO8(O2CPh)12(MeCN)4]. Color scheme: Mn 
green, Ce cyan, N dark blue, O red, C grey. H atoms have been omitted for clarity. 
The complexes have a four-fold symmetry axis with an inversion center 

2.2  Experimental Section 

2.2.1  Synthesis 

All manipulations were performed under aerobic conditions using chemicals as received, 

unless otherwise stated. [Mn12O12(O2CH3)16(H2O)4] was prepared as described elsewhere.34 

2.2.1.1  [Mn4Ce6O12(O2CMe)10(NO3)4(py)4] ·py·2H2O (1·py·2H2O):  

Method 1: To a stirred solution of [Mn12O12(O2CH3)16(H2O)4] (2.5g, 0.25mmol) in MeCN 

(20ml) was slowly added solid (NH4)2[Ce(NO3)6] (0.3g, 0.5mmol). The solution was stirred for 

30 minutes during which time the color changed slightly from dark brown to reddish brown. The 

solution was filtered, layered with pyridine and left undisturbed for 3 days during which time 

black needles emerged. The crystals were kept in mother liquor for the X-ray analysis and dried 

under vacuum for other solid state studies (i.e. magnetism, IR spectroscopy, etc.). 

a b 
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Method 2: To a stirred solution of [Mn12O12(O2CH3)16(H2O)4] (2.5g, 0.25mmol) in a 

mixture of MeCN (15ml) and pyridine (10ml) was slowly added solid (NH4)2[Ce(NO3)6] (0.3g, 

0.5mmol) and the solution changed color slightly from dark brown to reddish brown. The 

reaction mixture was then filtered and left undisturbed for a period of three days. Concentration 

of the solution by slow evaporation produced single black needle-like crystals, suitable for single 

crystal X-ray diffraction studies. The crystals of 1 were maintained in the mother liquor for X-

ray crystallography and other single-crystal studies, or collected by filtration, washed with Et2O, 

and dried in vacuo for miscellaneous solid-state studies. Anal. Calcd % (Found) for 1·py·2H2O: 

C, 21.92 (21.80); H, 2.41 (2.36); N, 2.84 (2.97). Selected IR data (KBr, cm-1): 3422(bm), 

2362(sm), 2336(sm), 1635(bw), 1523(bm), 1384(vs), 1022(bw), 668(sm), 612(bm), 532(bm). 

2.2.1.2  [Mn4Ce2O2(O2CMe)6(NO3)4(hmp)4]·2H2O (2·2H2O) 

To a stirred solution of (NH4)2[Ce(NO3)6] (0.55g, 1mmol) in MeCN (20ml) was added 

hmpH (0.10mL, 1mmol). After stirring for five minutes, Mn(O2CMe)2
.4H2O (0.25 g, 1 mmol) 

was added and the solution became redish brown. The reaction mixture was kept under magnetic 

stirring for five more minutes, and then filtered. The filtrate was left undisturbed for a period of 5 

days, during which time dark brown plate-like crystals formed suitable for single-crystal X-ray 

analysis. The crystals of 2 were maintained in mother liquor for X-ray crystallography and other 

single-crystal studies, or collected by filtration, washed with Et2O, and dried in vacuo for several 

other solid-state studies. Anal. Calcd % (Found) for 2·2H2O: C, 27.96 (28.21)%; H, 3.00 

(2.95)%; N, 3.62 (3.69)%. Selected IR data (KBr, cm-1): 3387(bm), 1613(sm), 1446(s), 1386(s), 

1051(sm), 825(sw), 771(sm), 667(sm), 563(bm). 

2.2.2  X-ray Crystallography 

Data were collected at 173 K on a Siemens SMART PLATFORM equipped with a CCD 

area detector and a graphite monochromator utilizing MoKα radiation (λ = 0.71073 Å).  Cell 
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parameters were refined using up to 8192 reflections.  A full sphere of data (1850 frames) was 

collected using the ω-scan method (0.3° frame width).  The first 50 frames were re-measured at 

the end of data collection to monitor instrument and crystal stability (maximum correction on I 

was < 1 %).  Absorption corrections by integration were applied based on measured indexed 

crystal faces. Crystal data and structural refinement parameters for complexes 1 and 2 are listed 

in Tables 2.1 and 2.2 respectively 

The structure of complex 1 was solved by the Direct Methods in SHELXTL6, and refined 

using full-matrix least squares.  The non-H atoms were treated anisotropically, whereas the 

hydrogen atoms were calculated in ideal positions and were riding on their respective carbon 

atoms.  The asymmetric unit consists of a half Mn4Ce6 cluster, one pyridine molecule, two 

acetonitrile molecules and two half molecules of acetonitrile molecules (located on or close to 

symmetry elements).  A total of 567 parameters were refined in the final cycle of refinement 

using 25901 reflections with I > 2σ(I) to yield R1 and wR2 of 7.17% and 16.76%, respectively.  

Refinement was done using F2. 

The structure of complex 2 was solved by the Direct Methods in SHELXTL6, and refined 

using full-matrix least squares.  The non-H atoms were treated anisotropically, whereas the 

hydrogen atoms were calculated in ideal positions and were riding on their respective carbon 

atoms.  The asymmetric unit consists of a half cluster, one half water and three acetonitrile 

molecules. The latter were disordered and could not be modeled properly, thus program 

SQUEEZE, a part of the PLATON package of crystallographic software, was used to calculate 

the solvent disorder area and remove its contribution to the overall intensity data.   
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Table 2-1. Crystal data and structure refinement parameters for complex 1 
Empirical formula C62 H78 Ce6 Mn4 N16 O44
Formula weight  2811.88 
Crystal system  Monoclinic 
Space group  P21/n 
a, Å     14.0419(16) 
b, Å     14.3165(16) 
c, Å     24.551(3) 
a, deg     90 
b, deg   104.253(2) 
g, deg     90 
Volume,  Å3  4783.5(9) 
Z        2 
Temperature, K     173(2) 
Radiation, Å       0.71073 
ρ calcd, mg/m3       1.952 
μ, mm-1       3.394  
Wr2       0.1795 

 
Table 2-2. Crystal data and structure refinement parameters for complex 2 

Empirical formula C48 H62 Ce2 Mn4 N14 O31
Formula weight  1831.12 
Crystal system Triclinic 
Space group  P-1 
a, Å     11.5998(9) 
b, Å     12.0750(9) 
c, Å     13.1809(10) 
a, deg   108.886(1) 
b, deg   104.727(1) 
g, deg     90.137(1) 
Volume,  Å3 1682.2(2) 
Z       1 
Temperature, K    173(2) 
Radiation, Å       0.71073 
ρ calcd, mg/m3       1.808 
μ, mm-1       2.149   
Wr2       0.1009 

 

Variable-temperature dc and ac magnetic susceptibility data were collected at the 

University of Florida using a Quantum Design MPMS-XL SQUID susceptometer equipped with 

a 7 T magnet and operating in the 1.8-300 K range. Samples were embedded in eicosane to 

prevent torquing. Magnetization versus field and temperature data was fit using the program 
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MAGNET.72 Pascal’s constants were used to estimate the diamagnetic correction, which was 

subtracted from the experimental susceptibility to give the molar paramagnetic susceptibility 

(χM). 

2.3  Results and Discussion 

2.3.1  Synthesis 

(NH4)2[Ce(NO3)6] has been extensively used in organic synthesis as an oxidizing agent for 

a plethora of organic substrates.39-42 Clearly, this remarkable oxidizer could potentially attack 

even more complicated systems, and in this case CeIV attacked the [Mn12O12(O2CH3)16(H2O)4] 

cluster, and reassembled a completely different high-nuclearity, high-oxidation state product. 

During this process, the potentially high coordination number of CeIV, as well as its preference in 

binding to the oxygen-rich nitrate anions, had a major effect on the product, and thus CeIV ions 

were incorporated into the final cluster. The presence of pyridine was also crucial for the 

stabilization and therefore isolation of the cluster, since the coordination sphere of the 

manganese ions was completed by one pyridine per manganese center. Copmplex 1 seems 

eventually as the most thermodynamically favored product, the formation of which is assisted by 

the presence of the solvent mixture. Crystal lattice dynamics is far complicated, and the 

formation of a product like this is nearly impossible to predict. 

In the case of compound 2 the synthesis follows a very fruitful synthetic pathway, widely 

used in manganese cluster chemistry. This synthetic route involves the reaction of a chelating 

ligand, in this case hmpH, with metal-carboxylate precursors, such as Mn(O2CMe)2
.4H2O. 

However, in our case, and since employment of Ce ions was also desired, a source of the second 

metal was added to the reaction mixture. The order in which the reactants are added during the 

course of the reaction, follows a common and successfully-used in the past scheme. First the 

lanthanide non-carboxylate metal source was dissolved in the desired solvent (i.e. MeCN), then 
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the organic pyridyl alcoholate ligand was added in order to increase the pH of the solution, and 

finally the manganese carboxylate was incorporated, with a direct noticeable color change of the 

solution to dark red, due to the oxidation of the MnII ions to MnIII and/or MnIV, as a consequence 

of the basic conditions dominating the reaction mixture.  

In both the above mentioned examples, nitrates are needed to complete the coordination 

sphere of the CeIV or CeIII ion. The same reactions were performed using Ce(ClO4)4, but due to 

the absence of nitrates, the clusters were not stabilized and isolated. The latter experimental fact 

does not imply that the product did not form in solution; however, the analogous compound did 

not properly crystallize and was not further characterized. Also, performing the same reaction 

but changing the carboxylate ligation (propionates, benzoates, tertbutyl acetates, pivalates etc.), 

also did not produce any crystalline product, possibly due to steric restrictions within the 

structure or other thermodynamic and kinetic factors which we are unable to analyze without any 

other experimental fact.  

2.3.2  Description of Structures 

2.3.2.1  [Mn4Ce6O12(O2CMe)10(NO3)4(py)4] ·py·2H2O  

A representation of the full structure of 1 as well as a partially labeled presentation of the 

core of the cluster, are shown in Figure 2-3. Selected interatomic distances and angles are listed 

in Table 2-3. Compound 1 can be described as one central octahedron of six CeIV ions with the 

equatorial Ce atoms belonging also to two outer distorted MnIII/IV
2CeIV

2] cubanes, with the latter 

core held together by two quadruply-bridging oxides, and two triply-bridging oxides. The 

oxidation states of the manganese and cerium ions, as well as the protonation level of the triply-

bridging oxide bridges were established by bond-valence sum calculations (provided in Tables 2-

4, 2-5, 2-6 respectively), charge considerations and the presence of Jahn-Teller (JT) distortions 

on the MnIII ions. Mn4 and its symmetry equivalent partner (Mn4′) have JT axial elongations 
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with, as expected, the elongated MnIII-O and MnIII-N bonds being at least 0.1-0.2 Å longer than 

the other MnIII-O/N bonds. 

The equatorial plane of the molecule is defined by the square planar arrangement of Ce2, 

Ce3 and their symmetry-related partners at the equatorial plane of the central octahedron, and is 

extended to include the four coplanar triply-bridging O2- in the two cubane-like units at the 

opposite ends of the cage. The distance between the axial Ce1 and its symmetry equivalent from 

this plane is 2.614 Å. Within the Ce6 octahedron, the distance between the axial Ce ions to the 

equatorial ones is on average 3.670 Å. In the equatorial plane of the central octahedron, there are 

two short and two longer Ce-Ce distances, namely 3.628 Å for the Ce2 – Ce3′ pair and its 

symmetry equivalent, and 3.800 Å for the Ce2 – Ce3 pair and its symmetry equivalent, 

respectively. The angle between the two best mean planes defined by Ce2, Ce3 and their 

symmetry-related partners, and Ce1, O7, O9 and their symmetry-equivalent partners, is equal to 

89.06°. Another interesting feature of this molecule is the fact that the pyridine rings are not 

parallel to the plane of the equator and the distance between N4 (which is bound to Mn5) and the 

equatorial plane is 1.638Å, whereas the distance between N3 (which is bound to Mn4) and the 

same plane is 1.506 Å. π−π stacking interactions between the clusters in the unit cell is present, 

since the distance between two parallel pyridines belonging to two different molecules is in the 

range of the regular stacking distance of 3.5-3.8 Å (N4…C13 = 3.604 Å and N3…C18 = 3.543 Å). 

The cuboidal structure constructed by two Mn and two Ce ions, to the best of our 

knowledge, has never been observed before in the literature. Also, the octahedral arrangement of 

the six CeIV ions is novel, giving this compound its characteristic structural signature. 

Compounds such as 1 are of particular interest due to their high nuclearity, symmetry and 

architectural beauty, as well as their fascinating properties that we always aim for. 
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Table 2-3. Selected bond distances (Å) and angles (°) for complex 1 
Ce1 – O9′      2.139(8) Ce3 – O10      2.402(8) 
Ce1 – O7      2.153(8) Ce3 – O12      2.407(7) 
Ce1 – O8      2.332(8) Ce3 – O20      2.414(9) 
Ce1 – O5      2.427(11) Mn4 – O12      1.879(8) 
Ce1 – O4      2.443(11) Mn4 – O11      1.885(8) 
Ce1 – O2      2.468(11) Mn4 – O13      1.943(9) 
Ce1 – O1      2.475(11) Mn4 – O17      1.954(9) 
Ce1 – O10′      2.506(8) Mn4 – O8      2.256(7) 
Ce1 – N2      2.816(17) Mn4 – N3      2.313(10) 
Ce1 – N1      2.880(16) Mn5 – O11      1.835(8) 
Ce2 – O7′      2.245(7) Mn5 – O12      1.856(9) 
Ce2 – O9′      2.280(8) Mn5 – O10      1.910(8) 
Ce2 – O8      2.340(8) Mn5 – O15      1.948(9) 
Ce2 – O10      2.372(8) Mn5 – O19      1.965(9) 
Ce2 – O21      2.376(8) Mn5 – N4      2.062(11) 
Ce2 – O14      2.383(9) Ce1 ··· Ce3      3.6669(10) 
Ce2 – O16      2.387(9) Ce1 ··· Ce2      3.6732(11) 
Ce2 – O11      2.390(7) Ce2 ··· Mn5      3.2690(19) 
Ce3 – O7      2.251(8) Ce2 ··· Mn4      3.3684(18) 
Ce3 – O9      2.251(7) Ce2 ··· Ce3′      3.6284(9) 
Ce3 – O8      2.289(8) Ce3 ··· Mn5      3.2766(19) 
Ce3 – O22′      2.382(8) Ce3 ··· Mn4      3.3711(19) 
Ce3 – O18      2.385(9) Mn4 ··· Mn5      2.809(3) 
    
Ce1-O7-Ce2′  116.7(3) Mn5-O10-Ce2    99.0(3) 
Ce1-O7-Ce3  112.7(3) Mn4-O12-Ce3  103.0(3) 
Ce2′-O7-Ce3  107.6(3) Mn5-O10-Ce3    98.2(3) 
Mn4-O8-Ce3    95.8(3) Ce2-O10-Ce3  105.5(3) 
Mn4-O8-Ce1  145.5(4) Mn5-O10-Ce1′  149.4(4) 
Ce3-O8-Ce1  105.0(3) Ce2-O10-Ce1′  100.2(3) 
Mn4-O8-Ce2    94.2(3) Ce3-O10-Ce1′    99.4(3) 
Ce3-O8-Ce2  110.4(3) Mn5-O11-Mn4    98.0(4) 
Ce1-O8-Ce2  103.7(3) Mn5-O11-Ce2  100.6(3) 
Ce1′-O9-Ce3  117.0(3) Mn4-O11-Ce2  103.4(3) 
Ce1′-O9-Ce2′  112.4(3) Mn5-O12-Mn4    97.5(4) 
Ce3-O9-Ce2′  106.4(3) Mn5-O12-Ce3    99.7(3) 
  Mn4-O12-Ce3  103.0(3) 

Symmetry code: ′ = 1 -x+1,-y+1,-z 

 
Table 2-4. Bond valence sum calculations and assignments for the Ce ions in 164 

 CeIII CeIV Assignment 
Ce1 4.315087 3.80034 CeIV 
Ce2 4.287562 3.776098 CeIV 
Ce3 4.301192 3.788102 CeIV 
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Figure 2-3. ORTEP representations in the PovRay format of complex 1. (a) The complete 
molecule, and (b) a partially labeled representation of the metal core. Color scheme: 
MnIII green, MnIV purple, CeIV orange, N blue, O red, C grey. H atoms have been 
omitted for clarity 
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Table 2-5. Bond valence sum calculations and assignments for the Mn ions 
 MnII MnIII MnIV Assignment 
Mn4 3.788102 2.899136 3.043662 MnIII 
Mn5 3.926952 3.591875 3.770935 MnIV 

 
Table 2-6. Bond valence sum calculations and assignments for the triply-bridging oxygen ions 

 BVS Assignment 
O7 2.006347 O2- 
O9 1.982799 O2- 
O11 1.834913 O2- 
O12 1.784175 O2- 

 
2.3.2.2  [Mn4Ce2O2(O2CMe)6(NO3)4(hmp)4]  

A partially labeled representation of the full structure of 2 as well as two different views of 

the core of the cluster showing the positions of the metal centers and the key structural features 

of the Mn4Ce2 cage, are shown in Figure 2-4. Selected interatomic distances and angles can be 

found in Table 2-7. The oxidation states of the manganese and cerium ions were established by 

bond-valence sum calculations (provided in Table 2-8), charge considerations and the presence 

of Jahn-Teller (JT) distortions on the MnIII ions. Mn4 and its symmetry equivalent partner 

(Mn4′) have JT axial elongations with, as expected, the elongated MnIII-O and MnIII-N bonds 

being at least 0.1-0.2 Å longer than the other MnIII-O/N bonds.  

Compound 2 can be described as a compressed distorted octahedron comprising of four 

manganese ions in the equatorial plane (Mn1, Mn2 and their symmetry related partners), and two 

cerium centers located at the axial positions, positioned 2.026 Å above and below the plane, 

respectively. The angle between the Mn4 plane and the plane which includes both the cerium 

centers and two diagonally opposing manganese ions (Mn2 and its symmetry related partner), is 

86.72°. The parallelogram that the four manganese ions form is 5.115 Å in length and 3.198 Å in 

width, as seen in Figure 2-5. The core of 2 is held together by four μ-O2CMe- and two η2:η2: μ3 
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– O2CMe- ligands. The latter coordination mode is relatively rare in the inorganic literature; a 

representation emphasizing the binding mode of these acetate ligands is shown in Figure 2-4, c. 

 
Table 2-7. Selected bond distances (Å) and angles (°) for complex 2 

Ce – O14′  2.470(2) Mn2-O11  1.927(2) 
Ce – O15  2.153(8) Mn2-N4  2.005(7) 
Ce – O  12.557(2) Mn2-O9  2.157(3) 
Ce – O  22.561(3) Mn2-O13  2.329(2) 
Ce – O1′  2.563(2) Mn1 ··· Mn2  3.1984(7) 
Ce – O6  2.566(2) Mn2 ··· Ce′  3.5337(5) 
Ce – O5  2.619(2)   
Ce – O3  2.628(3)   
Ce – O13  2.638(2) Mn2-O1-Mn1  115.62(10) 
Ce – O12  2.716(2) Mn2-O1-Ce  113.12(9) 
Mn1 – O15  1.879(2) Mn1-O1-Ce  104.94(8) 
Mn1 – O1  1.893(2) Mn2-O1-Ce′  104.10(8) 
Mn1 – O8  1.927(2) Mn1-O1-Ce′  113.35(9) 
Mn1 – N3  2.039(3) Ce-O1-Ce′  105.45(7) 
Mn1 – O10  2.160(2) Mn1′-O12-Ce  96.73(8) 
Mn1 – O12′  2.274(2) Mn2-O13-Ce  97.02(8) 
Mn2 – O1  1.887(2) Mn2-O14-Ce′  107.61(9) 
Mn2 – O14  1.888(2) Mn1-O15-Ce  107.63(9) 

Symmetry code: ′ = -x+1,-y+1,-z 

 
Table 2-8. Bond valence sum calculations and assignments for the Mn and Ce ions in 264 

 

 

 

 
Each of the CeIII centers is ten-coordinate (bicapped square antiprism) and their 

coordination parameters within.sphere is completed by two bidentate chelating nitrate ligands on 

each CeIII ion. The alcoxide arm of each hmp- bridges one Mn and on Ce atom, while the 

nitrogen of the pyridyl backbone is bonded to each of the MnIII ions, forming a stable 5-

membered Mn-N-C-C-O-Mn chelating ring.  

 II III IV Assignment 
Mn1 3.16 2.89 3.04 MnIII 
Mn2 3.17 2.90 3.04 MnIII 
Ce  2.99 2.63 CeIII 
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Figure 2-4. PovRay representations of complex 2. (a) The complete complex 2, (b) a part of 2 
where the hmp- ligands are omitted for clarity, and (c) the metal core emphasizing in 
dashed line the unusual η2: η2:μ3 – O2CMe- ligand. Color scheme: MnIII green, CeIII 
orange, N blue, O red, C grey. H atoms have been omitted for clarity 
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5.115 Å

3.198 Å

2.026 Å

86.72°

5.115 Å

3.198 Å

2.026 Å

86.72°

 

Figure 2-5. Schematic representation of the metal core of 2 and the key structural features 

 
There is no significant interaction between clusters, since the shortest contact between O4 

of one molecule and C9 of its neighbor is 3.197Å; there are no inter-and/or-intramolecular 

hydrogen bonding or π-π stacking interactions within the molecules in the crystal structure. 

2.4  Magnetic Susceptibility Studies 

2.4.1  Direct Current Magnetic Susceptibility Studies 

2.4.1.1  [Mn4Ce6O12(O2CMe)10(NO3)4(py)4] ·py·2H2O 

Solid state, variable-temperature magnetic susceptibility measurements were performed on 

vacuum-dried microcrystalline samples of complex 1, suspended in eicosane to prevent torquing. 

The dc magnetic susceptibility (χM) data were collected in the 5.0-300 K range in a 0.1 T (1000 
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G) magnetic field. Figure 2-7 shows the molar magnetic susceptibility (χM) of complex 1 as a 

χMT versus T plot. The χMT has a value of ~7.2 cm3 K mol-1 at 300 K, gradually decreasing with 

decreasing temperature to ~3.1 cm3 K mol-1 at 5.0 K. The χMT value at 300 K is lower than ~9.8 

cm3 K mol-1 expected for four non-interacting Mn centers with the oxidation states found in 

complex 1 (2MnIII and 2MnIV atoms), since CeIV is diamagnetic (f 0) and has no magnetic 

contribution. The exchange parameter J between the Mn centers, gauging the interaction within 

the MnIII-O2-MnIV units of 1 is highly affected by the concurrent bonding to the bridging O2- of 

the strong Lewis acidic CeIV ion which weakens the Mn-O bonds that mediate the MnIIIMnIV 

superexchange interaction.  

Complex 1 was expected to exhibit the magnetic response of two independent dimeric 

units; the large diamagnetic octahedral composed of six CeIV ions in the middle, would result in a 

negligible long range exchange pathway between the dimers at the two opposite ends of the 

cluster. The isotropic (Heisenberg) spin Hamiltonian describing an exchange-coupled MnIIIMnIV 

dimeric unit, which is effectively what we expect for complex 1, is given by equation 2-1, where 

J is the exchange coupling parameter between the two Mn ions, and S1 = 2 and S2 = 3/2. 

Ĥ = – 2J(Ŝ1Ŝ2) (2-1) 

The eigenvalues of the spin Hamiltonian may be determined using equation 2-2, where ST is 

each energy state given by the relationship ST=|S1+S2|, |S1+S2 – 1|,…, |S1 – S2|; in this case the 

energy states are ST(1) = 7/2, ST(2) = 5/2, ST(3) = 3/2, ST(4) = 1/2. 

E(ST) = – J [ST(ST + 1)]                                                   (2-2) 

A theoretical χM versus T expression was derived for complex 1 from the use of the Van 

Vleck equation,73,74 which was modified to include a fraction (p) of paramagnetic impurity 

(assumed to be mononuclear MnII), and temperature-independent paramagnetism (TIP). The 
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latter was kept constant at 300 × 10-6 cm3 K mol-1. Data below 15 K were ignored, due to zero-

field splitting (ZFS), weak intermolecular interactions, and Zeeman effects from the use of the 

DC field. The modified Van Vleck equation (equation 2-3) was used to fit the observed 

temperature dependence of the molar magnetic susceptibility as a function of the exchange 

coupling parameter J, and an isotropic g value. The Ω parameter in equation 2-3 is the 

degeneracy of the ST state, but for dinuclear compounds Ω is always 173,74. The obtained fit 

(solid line in Figure 2-7) gave J = -45.65 cm-1, g = 1.95 and p = 0.012 and a ground-state spin 

value, ST=1/2 (Figure 2-6). The goodness of the fit is evident from the low statistical error, 

R2=0.999.  

The MnIII-MnIV moiety in 1 is bridged by two μ3-O2- ligands, where the third metal atom is 

a diamagnetic CeIV atom (strong Lewis acid). Therefore, the exchange coupling is expected to be 

lower than the case of MnIII-(μ2-O2-)2-MnIV dimers where the exchange pathway is mediated by 

two μ2-O2- ions, and higher than the case of MnIII-(μ3-O2-)-MnIV units when there is only one 

monoatomic bridge between the metal ions. The value of J in the case of complex 1 is, as 

predicted, significantly lower than the literature values reported for independent MnIII-(μ2-O2-)2-

MnIV dimers, which range from -102 cm-1 to -220 cm-1,75,76 and higher than MnIII-(μ3-O2-)2-MnIV 

dimeric units within a larger cluster, with only one bridging μ3-O2- and J=-18.7 cm-1, -21 cm-1, 

and -36 cm-1.77  
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Figure 2-6. Ordering of the energy states for 1, using the calculated exchange parameter J and the 
Van Vleck equation. All states were corrected by 34.24cm-1 in order for the ground 
state to be at 0 

2.4.1.2  [Mn4Ce2O2(O2CMe)6(NO3)4(hmp)4]·2H2O 

The magnetic data for complex 2 revealed overall antiferromagnetic interactions within the 

cluster, since the χMT decreases sharply with decreasing temperature. The presence of CeIII atoms 

in the structure of 2, further complicates the understanding of the magnetic data for this 

compound, since CeIII has significant spin-orbit coupling. For the lanthanides, paramagnetism is 

due to unpaired electrons in the f orbitals, which are more buried (lower in energy) than d 

orbitals and are not as affected by the ligands. Thus, the orbital contribution is not quenched 
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significantly. The spin-orbit coupling for the unpaired electrons in the f orbitals of the 

lanthanides is a lot stronger than unpaired electrons in the d orbitals of the transition metals. 
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Figure 2-7. Plot of χMT vs temperature for a dried, microcrystalline sample of complex 1. χM is 
the DC molar magnetic susceptibility measured in a 1.0 kG field. The solid line is the 
fit of the data to the theoretical equation; see the text for the fit parameters 

Consequently, it is expected that the experimental values obtained for trivalent lanthanides 

would not be in good agreement with the spin-only values obtained from theory. In this case, the 

effective magnetic moment, denoted as μeff, can be calculated from equation 2-4.  

 μeff = g[J(J+1)] (2-4) 

where J is the angular momentum quantum number which includes spin-orbit coupling. The 

relationship of μeff and χMT is given in in equation 2-5. 
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 μeff = (8χMT)1/2 (2-5) 
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Figure 2-8. Plot of χMT vs temperature for a dried, microcrystalline sample of complex 2 in 
eicosane. χM is the DC molar magnetic susceptibility measured in a 1.0 kG field 

Therefore, it is feasible to calculate the χMT for a given lanthanide. In this manner, CeIII 

has a χMT of 0.8 for the free ion.8 Thus, at 300K we can expect a χMT value corresponding to 

four MnIII and two CeIII, namely χMT300K = 4χMTMn(III) + 2χMTCe(III) = [4*SMn(III)(SMn(III)+1)] /2 + 

0.8*2, or 13.6 cm3mol-1K. The room-temperature χMT  value of approximately 10.9 cm3mol-1K 

is below that expected for 4MnIII and 2CeIII ions (13.6 cm3mol-1K), which indicates the presence 

of dominant antiferromagnetic interactions, even at 300K. The value then drops, slowly with 

decreasing temperature to a value of ~7.6 cm3mol-1K at 130 K. Below 130 K, χMT decreases 
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more sharply to a value of ~0.9 cm3mol-1K at 5.0 K. This behaviour is consistent with overall 

antiferromagnetic exchange interactions between the metal centers with a diamagnetic spin 

ground state (ST = 0).   

2.4.2  Alternating Current Magnetic Susceptibility Studies 

2.4.2.1  [Mn4Ce6O12(O2CMe)10(NO3)4(py)4] ·py·2H2O 

In order to determine the ground state spin of complex 1, alternating current (AC) 

magnetic susceptibility measurements were performed in the 1.8–15 K temperature range in a 

3.5 G AC field oscillating at 50–1000 Hz. The in-phase component of the ac susceptibility 

contains two regions, which is usually observed for systems behaving as SMMs; there is a 

linearly decreasing part of the susceptibility at higher temperatures, namely for T>7.5 K in this 

case, followed by a change of the slope of the decrease at lower temperatures (Fig. 2-9). 

However, the small ST value of the cluster minimizes the possibilities of this system to behave as 

a single-molecule magnet. It is interesting to note that extrapolation of the data to 0 K from the 

higher temperature region (>7.5 K) corresponds to an S=5/2 ground-state, whereas extrapolation 

from the lower temperature region (1.8 – 7.5 K) supports a ground state of S=1/2 or 1. The 

ground state of the cluster is more likely to be 1/2, since it was found that the two Mn centers are 

coupled in a non-cooperative fashion, and the interaction between the dimers seems to be 

negligible (see DC magnetic susceptibility studies). At lower temperatures it is possible to detect 

the long range interaction between the two dimeric moieties in the structure, and/or any kind of 

weak intermolecular interactions between the clusters via the significant π-π stacking. In the out-

of-phase plot, shown in Figure 2-10, there is no evident signal present, and as expected for such a 

low spin system, this complex is not an SMM. 
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Figure 2-9. Plot of the the in-phase component (χM′ T) of the AC magnetic susceptibility of 
complex 1 versus temperature, at the indicated oscilating frequencies 
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Figure 2-10. Plot of the out-of-phase (χM′′) AC susceptibility signal versus temperature for a 
microcrystalline sample of complex 1 

2.4.2.2  [Mn4Ce2O2(O2CMe)6(NO3)4(hmp)4]·2H2O: 

AC susceptibility measurements for complex 2·2H2O were performed in the 1.8–15 K 

temperature range in a 3.5 G AC field oscillating at 50–1000 Hz. The in-phase component of the 

ac susceptibility for complex 2 exhibits a linear decrease of the signal, with decreasing 

temperature, confirming also the dominant antiferromagnetic interactions within the molecule 

(Fig. 2-11). In contrast to complex 1, the χM′ T product for 2 is decreasing at a constant rate, and 

reaches a value of ~0.7 cm3mol-1K at 1.8 K. Extrapolation of χM′ T to 0 K gives a value of ~0.6 

cm3mol-1K suggestive of an S=1/2 or an S=0 ground state spin value, with the latter value being 
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more possible due to the symmetry of the molecule, as well as the accordance to the DC 

magnetic susceptibility data. In the case of the former S=1/2 ground state, we believe that is due 

to the spin frustration effects expected within the many Mn3 triangular units of the Mn4Ce2 

structure, as well as some residual magnetism from the CeIII ions. We define spin frustration here 

in its more general form as competing exchange interactions of comparable magnitude that 

prevent (frustrate) the preferred pairwise antiparallel spin alignments that would give small (0 or 

1/2) ground states. From the absence of any signal in the out-of-phase component of the AC 

(Fig.2-12), it is evident that this complex does not behave as an SMM, as expected for such a 

low spin system. 
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Figure 2-11. Plot of the the in-phase component (χM′ T) of the AC magnetic susceptibility of 
complex 2 versus temperature, at the indicated oscilating frequencies  
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Figure 2-12. Plot of the out-of-phase (χM′′) AC susceptibility signal versus temperature for a 
microcrystalline sample of complex 2 

 
2.5  Conclusions 

The versatility of manganese coordination chemistry, in conjunction with the coordination 

abilities of cerium ions produced two new clusters, namely MnIII
2MnIV

2CeIV
6 and MnIII

4CeIII
2, 

with unprecedented structural characteristics and interesting magnetic responses. Specifically, 

the octahedral arrangement of any lanthanide within a cluster, as found in Mn4Ce6, as well as the 

cubane-like motif consisting of two MnIII/IV and two CeIV ions, have never been observed in the 

literature. Even though these molecules are not single-molecule magnets, they possess 

aesthetically pleasing cage-like metal architectures. This area of mixed metal-lanthanide 
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molecular clusters can be extended to different metal center combinations and/or 

metal/lanthanide ratios and is likely to produce more aesthetically pleasing and eventually 

interesting polymetalic assemblies, and therefore in-depth investigation of this chemistry is 

essential.  
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