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Dedicated to the Memory of my grandmother, Agnes Piscitello (1923-2005), my grandpa, 
Donald F. Harvey (1920-1996) and two of my friends and mentors Dr. Ted A. O’Brien (1972-

2008), and Cynthia Kelley (1951-2011). 
 

Death leaves a heartache no one can heal, 
Love leaves a memory no one can steal. 

-anonymous  
 

Sorrow, who to this house scarce knew the way: 
Is, oh, heir of it, our all is his prey.  

This strange chance claims strange wonder, and to us 
Nothing can be so strange, as to weep thus.  

‘Tis well his life’s loud speaking works deserve,  
And give praise too, our cold tongues could not serve:  

‘Tis well, he kept tears from our eyes before,  
That to fit this deep ill, we might have store. 

Oh, if a sweet briar climb up by a tree, 
If to a paradise that transplanted be,  

Or felled, and burnt for holy sacrifice,  
Yet, that must wither, which by it did rise,  

As we for him dead: though no family 
E’er rigged a soul for heaven’s discovery 

With whom more ventrurers more boldly dare 
Venture their states, with him in joy to share. 

We lose what all friends loved, him; he gains now 
But by death, which worst foes would allow, 
If he could have foes, in whose practice grew 

All virtues, whose names subtle schoolmen knew; 
What ease, can hope that we shall see him, beget, 

When we must die first, and cannot die yet? 
His children are his pictures, oh they be 

Pictures of him dead, senseless, cold as he, 
Here needs no marble tomb, since he is gone,  
He, and about him, his, are turned to stone. 

-John Donne, Elegy on the L.C. 
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Transition metal complexes are of general interest for a number of reasons, including 

bioinorganic chemistry, magnetic materials, and oxidation of organic compounds. Manganese 

(Mn) is found at the active sites of many metallobiomolecules, with one of the most important 

being the water oxidation center (WOC) of plants and cyanobacteria, which contains a 

tetranuclear Mn cluster. Manganese clusters are also of interest due to interesting magnetic 

properties, and some Mn clusters have been found to be single-molecule magnets (SMM). SMM 

behavior results from a large ground state spin (S) due to unpaired electrons and a large and 

negative (easy axis type) magnetic anisotropy (D), which together give a significant barrier for 

magnetization reversal, which is characteristic of magnets. Thus, the goal in synthesis of large 

manganese clusters is obtain all manganese(III) ions with ferromagnetic exchange interactions 

(parallel alignment of the individual spins) and parallel Jahn-Teller elongation axes to maximize 

the ground state spin (S) and the large, negative magnetic anisotropy (D). However, 

antiferromagnetic coupling is much more common and typically is also significantly stronger 

than ferromagnetic coupling. The investigation of bis-bpy in Mn2 chemistry resulted in a similar 

but different structure from bpy, which has led to record strength ferromagnetic coupling 

between Mn(III) ions. The synthesis, structures, magnetic properties and theoretical calculations 
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are discussed. Theoretical studies involve calculating the many exchange interactions (J) values 

within Mx clusters (x up to 10), and using the obtained values to figure out the individual 

alignments of the metal spin vectors, and therefore explaining the origin of the observed ground 

state, S. However, the exchange couplings alone do not always tell the full story because J’s give 

the preferred alignment not the actual alignment, thus making it important to calculate of spin 

couplings,  , to determine how the spins align. Due to the high frequency of spin frustration in 

iron(III) complexes, a quantitative scale of spin frustration based on the spin-coupling  between 

each pair of adjacent spins was developed. The scale measures as a percentage the degree of spin 

frustration, from ‘fully frustrated’ (100%) through ‘fully satisfied’ (0%), and the intermediate 

situations. This scale will provide a way of comparing different complexes in the area of 

magnetism and inorganic chemistry. Currently, only vague qualitative terms are used when 

discussing spin frustration and why a molecule has a particular S value.  

The use of halides (Br-, Cl-, and I-) and pseudo-halides (N3
-, NCO-, etc.) with 2-

hydroxymethyl pyridine in a previously known reaction resulted in a family of Mn7 wheel 

compounds. The Mn7 wheel topology can be described as a hexagon with another Mn ion in the 

center, and is with precedent in the literature, but this work has uncovered examples with a new 

intermediate spin ground state S = 9 for this topology. The substitution of potassium cyanide for 

sodium azide in two known reactions resulted in the isolation of two Mn5 trigonal bipyramidal 

complexes and one Mn18 double-decker [3x3] grid complex. The magnetochemical 

characterization of these clusters emphasizes how unusual ground state spin values can result 

from spin-frustration effects. 
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CHAPTER 1 
INTRODUCTION TO MOLECULE-BASED MAGNETS 

1.1 Introduction 

The history of magnetism began with a legend dating back 4000 years, when Magnes, an 

elderly Cretan shepherd in Northern Greece, stumbled upon a large black rock to which the nails 

in his shoes became firmly stuck. The rock, also known as lodestone, is more commonly known 

as magnetite which has a general formula of Fe3O4. While this is the most popular legend, the 

only certainty is that stories of these “magic” stones date back to about 600 B.C.E. in the 

writings of Thales of Miletus. While the story of magnetic materials began many years ago, the 

past two decades has seen the focus shift to molecular-based magnets which has been driven by 

both a fundamental understanding and their potential applications in high-density storage devices 

and quantum computing. In particular there has been a thriving interest in developing molecular-

based magnets known as single-molecule magnets where their magnetism is an intrinsic property 

of each molecule rather than an extrinsic property, as with magnetite. Single molecule magnets 

exhibit slow relaxation of their magnetization and magnetization hysteresis loops at low 

temperatures. The SMM’s ability to preserve its spin polarization without applied external fields 

makes it a great candidate for high-density data storage.  Chemists have been highly motivated 

by the design and synthesis of new and better single-molecule magnets. Physicists are equally 

excited by the development of new and better SMMs due to their properties straddling the 

classical and quantum regimes.  

1.2 Magnetism 

Magnetism is the phenomenon associated with a moving charge and its effects on other 

materials. Thus, a magnetic field is created by the presence of a moving charged particle. 

Electrons, for example, have both spin and angular momenta that define their motion. Despite 
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the ubiquity of electrons, there are very few materials that exhibit magnetism due to the fact that 

most electrons lie in closed shell configurations. Consequently, the individual magnetic moments 

cancel one another out resulting in a zero net magnetization vector; these materials are known as 

diamagnetic materials or diamagnets. Materials known as paramagnetic materials or paramagnets 

contain at least one unpaired electron.  The quantitative measurement, susceptibility (χ), is the 

magnetic response of a given substance to an applied external field. The susceptibility is related 

to the external magnetic field (H0) and the magnetization (M) through Equation 1-1. 

𝜒 =  𝑀
𝐻0

          (1-1) 

 Magnetism is divided into two broad classifications which are defined by their response to a 

magnetic field: diamagnetism and paramagnetism.  Diamagnetism is a property of all matter and 

arises from the interaction of electron pairs with an external field, H0, generating a field 

opposing H0. Diamagnetic materials have small χ values (-10-5 to -10-6 cm3 mol-1) and tend to 

move to regions of lowest field strength (Figure 1-1). When magnetization (M) is negative 

(diamagnetic), 𝛿𝐸
𝛿𝐻0

 is positive based on Equation 1-2.  

𝑀 =  − 𝛿𝐸
𝛿𝐻0

         (1-2) 

This means the energy (E) of the system increases with increasing H0; therefore, movement to 

lower H0 decreases the energy and stabilizes the system. Paramagnetic materials also have a 

diamagnetic contribution that must be accounted for in order to determine the true magnetic 

susceptibility due to the unpaired electrons (Equation 1-3).  

𝜒𝑜𝑏𝑠 =  𝜒𝑝𝑎𝑟𝑎 +  𝜒𝑑𝑖𝑎        (1-3) 

This can be accomplished in multiple ways; however, Pascal’s constants are the most common 

method to account for the diamagnetic contributions. 
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 Paramagnetic materials have a positive χ value (10-3 to 10-5 cm3 mol-1) (i.e. positive M), 

so they are stabilized by moving to stronger fields. The strength of the attraction is based on the 

number of unpaired electrons and the nature of the interactions of its spins (or unpaired 

electrons). Paramagnetism results from the interaction of the external magnetic field, H0, with 

the field generated by the unpaired electrons due to their spin and orbital angular momentum.  

Diamagnetic susceptibilities are temperature and field independent; however, paramagnetic 

susceptibilities are inversely proportional to temperature (Equation 1-4),  

𝜒 =  𝐶
𝑇
          (1-4) 

where C is the Curie constant. 1 A modified expression called the Curie-Weiss defines the 

relationship when spins on different metal ions interact weakly with each other (Equation 1-5),1,2 

𝜒 =  𝐶
(𝑇−𝜃)

         (1-5) 

where θ is proportional to the strength of coupling between adjacent spins and is known as the 

Weiss constant. The various types of paramagnetism are distinguished by both the temperature 

dependence and the absolute magnitude of χ. Materials where the magnetic moments of unpaired 

electrons on different metal ions are independent of each other are known as simple 

paramagnets. In the absence of an external applied field, individual magnetic moments or spins 

are randomly oriented (Figure 1-2). When an external field is applied, the randomly oriented 

spins begin to align with the field; however, this alignment is still opposed by the randomizing 

effect of thermal energy (kT). Other paramagnetic materials display temperature dependence due 

to the magnetic moments of the unpaired electrons not being independent of each other as in 

simple paramagnets.  If the spins align parallel, this results in a ferromagnetic response, which is 

known as ferromagnetic coupling. If the spins align antiparallel, this is known as 

antiferromagnetic or ferrimagnetic behavior. Antiferromagnetism describes the situation where 
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all spins effectively cancel one another out resulting in no net spin of the system. Ferrimagnetism 

refers to the situation where all magnetic moments align antiparallel but result in a non-zero 

magnetization.1 Iron, cobalt, nickel and several of the rare earth metals and their alloys are 

examples of ferromagnets; however, magnetite, Fe3O4, is a ferrimagnet.  

 Ferro-, antiferro- and ferrimagnetic ordering occurs below a critical temperature, Tc or 

TN. Below the critical temperature, Tc, the magnetic moments for ferri- and ferromagnets align 

in small domains. In the absence of an applied magnetic field, a net zero magnetization is 

entropically favored regardless of the nature of the interactions due to the randomization between 

the domains even though the magnetic moments within each domain have a non-zero 

magnetization. The thermally favored randomization of the domains can be overcome by the 

application of a strong magnetic field to align all domains with the field and ultimately with each 

other. The interaction of spins becomes sufficiently strong to overcome dipole interactions and 

entropy considerations as the alignment occurs between spins, domains, and the field. 1,3 If the 

field application and field removal occur below the Tc then the net magnetization in the material 

induced by the field remains partially or completely. Conversely, simple paramagnets randomize 

as soon as the applied magnetic field is removed. For suppression of remnant (or left over) 

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

of the spins in the opposite direction, results in a hysteresis loop (Figure 1-3). The hysteresis loop 

is a distinguishing characteristic of a magnet. The term hysteresis came from the ability of a 

material to have a history of magnetization. Other magnetic ordering phenomena exist such as 

spin glass, metamagnetism, and canted ferro/antiferromagnetism behavior.4 

1.3 Single-Molecule Magnets 

 There are three types of magnetic materials: traditional magnets, molecular arrays, and 

single-molecule magnets. One approach to making smaller magnets or nanomagnets is the so-
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called “top-down” approach, where larger magnetic materials are subject to fragmentation which 

produces powders with varying size distributions. With this approach fragments as small as a 

single domain (20-200 nm) have been isolated which define the limit of superparamagnets.5 The 

size distribution obtained from fragmentation causes many technological difficulties.6,7 An 

alternate approach for making nanomagnets is the so-called “bottom-up” approach which 

consists of using molecular building blocks to construct a larger magnetic array. Depending on 

the building blocks used to construct these 3D molecule-based magnets, they can display unique 

magnetic properties that are different than the magnetic properties of molecular fragments. The 

first molecule-based magnet, [Fe(dtc)2Cl] (dtc = diethyldithiocarbamate), was discovered in 

1967 by Wickman et al.8-10 Then in 1987, a donor-acceptor magnetic system comprised of 

[Fe(C5(CH3)5)2]+ (decamethylferrocenium cation) as the donor and [TCNE]- (tetracyanoethylene 

anion) as the acceptor was discovered as the first molecule-based magnet with its magnetic 

properties heavily dependent on intermolecular interactions.1 Kahn and co-workers focused their 

work on creating molecular-chains based on linking CuII-bridge-MnII units and noticed that 

interchain interactions depended on the peripheral ligation.11  From this point in time, many 

groups became involved in the syntheses of these magnetic compounds with a variety of metals 

and ligands. The most interesting magnetic properties came from first row transition metal (i.e. 

Mn, Fe, V, and Co) complexes with a host of different ligands. The newest magnetic material 

discovered from this type of chemistry is single-molecule magnets (SMMs). Single-molecule 

magnet behavior in transition metal complexes arises from the coexistence of a large ground 

state spin, S, and a large negative Ising (or easy-axis) type magnetic anisotropy as measured by 

the axial zero-field splitting parameter, D.12-15  In the case of lanthanide-based SMMs, it is 

important to consider the total quantum number, J, instead of the spin-only quantum number, S. 
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This combination gives rise to a significant energy barrier to the reversal of the magnetization, 

whose upper limit, U, is given by S2|D| for integer spins and (S2-1/4)|D| for half-integer spins. 

Note: there must be virtually no intermolecular interactions otherwise the magnetism displayed 

will be that of a 1-, 2-, or 3-D molecule-based magnet. Single-molecule magnets are unique for 

many reasons: they are zero dimensional, monodisperse, crystalline, and truly soluble. 

Furthermore,  protection of the magnetic core from interactions with other molecules is feasible 

through use of organic ligands.16 SMMs display experimental properties consistent with 

superparamagents, such as frequency-dependent out-of-phase ac susceptibility and hysteresis 

loops which are typical of any magnetic material. However, SMMs are anomalies to the 

magnetic community since their physical properties clearly display both classical and quantum 

physical properties which has intrigued chemists and physicists alike.17 The most famous and 

exhaustively studied (or the so-called “Drosophila of single molecule magnetism”) is the SMM 

family of the [Mn12O12(O2CR)16(H2O)4] complexes. The structure is comprised of a central 

cubane containing four Mn(IV) ions  surrounded by a crown of eight Mn(III) ions with twelve 

bridging oxides and sixteen carboxylate ligands with its coordination sphere completed by four 

water molecules (Figure 1-4, [Mn12O12(O2CMe)16(H2O)4]). The nearly parallel Jahn-Teller (J-

T) axes provide a relatively large negative anisotropy for the molecule and its ST =10 ground 

state makes it one of the best SMMs to date (Figure 1-5). [Mn12O12(O2CMe)16(H2O)4] remains 

the most popular SMM to study due to its ease of preparation, crystallinity, high S and D values, 

and high symmetry which allows for the simplification of the Heisenberg spin Hamiltonian by 

making the second-order transverse terms (or rhombic terms) negligible.  

1.4 Computational Studies for Transition metal Complexes 

The importance of spin in both bioinorganic and magnetic materials chemistry has 

motivated the study of magnetic interactions in protein active sites, single molecule magnets, and 
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many synthetic analogues and precursors.  The interactions between metal spins in polynuclear 

complexes are often described with the Heisenberg spin Hamiltonian (HSH),  

∑
<

⋅−=
BA

BAAB ŜŜJ2Ĥ
       (1-6) 

where A and B refer to metal centers.  The exchange constants {JAB} specify the strengths and 

signs of magnetic couplings between pairs of high spin metals.  The energy of a particular spin 

state with spin S is then given by 

 

S

BA
BAAB0

S ŜŜJ2EE ∑
<

⋅−=
     (1-7) 

where E0 is a sum of energy terms that are independent of spin, such as nuclear-nuclear 

repulsion and electron-nuclear attraction.  The wavefunctions of the spin states are given by 

 
∑ φ=
i

M
i

M
iNBA CSSSMS 

     (1-8) 

where S is the total spin, M is the total z-component of spin, and the {Si} are the spins of 

the metal ions.  The 
M
iC  are expansion coefficients, and the basis functions 

M
iφ  are 

components of the form 

 
i
NN

i
22

i
11

M
i MSMSMS =φ

     (1-9) 

The 
M
iφ  are differentiated by different values of the Mi, with the restriction that 

i
N

i
2

i
1 MMMM +++=  .  For small complexes, we often use the more compact 

notation 
i
N

i
2

i
1

M
i MMM =φ

 to represent a component. 
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In many applications of the Heisenberg Spin Model (HSM) to polynuclear complexes, 

the exchange constants are assumed to be empirical parameters, and are adjusted to reproduce 

the solid state variable temperature magnetic susceptibility (VTMS) for a complex.  This is done 

by diagonalizing the HSH in a basis of spin components for a given set of constants (in favorable 

cases, the spin state energies can be obtained analytically by coupling the local spins using 

symmetry approximations which is  referred to as the Kambé method18).  A Boltzmann 

distribution of populations of the various spin states is assumed, and the magnetic susceptibility 

is calculated using the Van Vleck Equation, 𝜒𝑀 =  𝑁𝑔
2𝛽2

3𝑘𝑇
∙ ΣST(𝑆𝑇+1)(2𝑆𝑇+1)Ω(𝑆𝑇)𝑒

−𝐸�𝑆𝑇�
𝑘𝑇

Σ(2𝑆𝑇+1)Ω(𝑆𝑇)𝑒
−𝐸�𝑆𝑇�
𝑘𝑇

  19 where 

E(ST) is defined as in Equation 1-7.  Then, the exchange constants are varied until a good fit to 

the experimental data is obtained.  Fitting in this way is actually rather difficult for complexes 

with more than a few metals, for two reasons.  First, the number of parameters often precludes 

finding a meaningful fit.  In the case of even six metals there are potentially fifteen nonzero 

coupling constants.  Secondly, and more importantly, the number of basis functions of the HSH 

quickly becomes prohibitively large as the number of metal atoms increases.  In the case of six 

Fe3+ ions there are 4332 basis functions with M = 0.  For complexes with more than six or so 

metals, fitting in the manner described above becomes very difficult.  The total spin of the 

complex can often be determined from a variable field magnetization experiment, but if 

exchange constants cannot be obtained for a complex, the details of how the local spins couple to 

give the total spin cannot be understood. 

The often unclear relationship between magnetic interactions in a complex and 

measurable quantities such as variable-temperature magnetic susceptibility (VTMS) data 

suggests that a combination of experiment and theory could be useful.  This combination has 

been successful in other areas of chemistry, such as the study of organic reaction 
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mechanisms,20,21 where theory is often used to complement experiment.  Unfortunately, 

polynuclear transition metal complexes are known to be difficult to treat with quantum 

chemistry, because of their large size and the weak magnetic interactions between open shell 

metal ions.  Though some less expensive calculations based on density functional theory (DFT) 

on large complexes have started to appear in the literature, rather severe simplifying assumptions 

are often necessary.22-24  In the case of recent calculations on the complex 

[Fe10(OCH3)20(O2CCH2Cl)10], for example, all hydrogen and chlorine atoms were omitted, and 

only one spin component was treated.25  With the latter restriction, estimates of the exchange 

constants between metals could not be made.  Calculations of this sort are not yet a general tool 

for studying exchange interactions in polynuclear transition metal complexes. 

1.5 Spin Frustration 

The concept of spin frustration is well-established for discrete inorganic complexes.26,27 

Spin frustration refers to a situation where spins are forced to align in the way not preferred by 

the inherent nature of their coupling by other, stronger exchange interactions.  A good example 

of this is provided by complexes with the [Fe4O2]+8 butterfly core. 28-33  These complexes have 

four large, antiferromagnetic wingtip-body interactions Jwb that are typically considered to be 

equivalent, and one weaker antiferromagnetic body-body interaction Jbb.  The interaction 

between wingtip ions, Jww, is negligible.  In the S = 0 ground states of these complexes, the spins 

of the two body metal ions align in a parallel fashion despite the antiferromagnetic nature of the 

pathway.  This is caused by the much larger antiferromagnetic interactions of the body ions with 

the two wingtip ions.  In the most stable arrangement, the spins of the body ions align parallel, 

and the wingtip spins align parallel to each other but antiparallel to the body spins.  This way, the 

spins in all four of the much more strongly antiferromagnetic wingtip-body pathways are aligned 

antiparallel. In Chapter 3, the connection between the spin alignments and total energy of a 
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complex is considered, and how pathways experiencing spin frustration can be identified on the 

basis of exchange constants and spin couplings BA SS ˆˆ ⋅ is demonstrated.  The butterfly complex 

[Fe4O2(OAc)7(bpy)2]+ 28 is used to illustrate these concepts (Figure 1-6). 

The average value of the spin coupling between two metal centers, BA SS ˆˆ ⋅ , is 

straightforward to evaluate for a wavefunction of the form of Equation 1-8.  Matrix elements 

between components, M
jBA

M
i SS φφ ˆˆ ⋅ , are computed using the elementary algebra of angular 

momentum operators in forming the HSH matrix.  Details can be found elsewhere.34  The 

expectation value of the operator for a particular spin state NBA SSSMS   reduces to sums 

over these matrix elements, weighted by the expansion coefficients obtained from diagonalizing 

the HSH matrix.  The new implementation of ZILSH computes BA SS ˆˆ ⋅  for each pair of metals 

in the lowest-energy state of each spin.  Any other state can be treated as well if needed. 

The quantity BA ŜŜ ⋅  reflects the alignment of the spins SA and SB in the spin state being 

considered, with a positive value if they are aligned parallel (or nearly so) and a negative value if 

they are aligned antiparallel (or nearly so).  For example, in the case of two isolated Fe3+ ions, 

21 ŜŜ ⋅  is +6.25 in the case of perfectly parallel alignment, and –8.75 in the case of perfectly 

antiparallel alignment.  This reflection of the actual alignment of spins contrasts with what is 

indicated by the exchange constant, which is the preferred alignment of the spins.  This 

preference can be parallel (for positive J) or antiparallel (negative J), or no preference if the 

exchange constant has a negligible value.  In cases of spin frustration, the preferred spin 

alignment is not obeyed, as discussed above.  Since BA ŜŜ ⋅  is negative for antiparallel spins and 

positive for parallel spins, then if the spin coupling and exchange constant of a pathway differ in 
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sign, that pathway is experiencing some degree of spin frustration.  As will be seen in the next 

section, this is very convenient for interpreting spin distributions in the ground states of 

polynuclear complexes. 

The product of the spin coupling and exchange constant of a pathway provides a 

quantitative measure of the degree to which an exchange pathway is frustrated.  In Equation 1-7 

for the energy of a state according to the HSM, the product BAAB ŜŜJ2 ⋅−
 represents the 

contribution made by the exchange pathway between A and B to the total energy of the complex.  

Thus if JAB and BA ŜŜ ⋅  have the same sign, the total energy is lowered by the interaction of 

spins across the pathway.  If they have different signs (i.e., if the interaction is frustrated), then 

the total energy increases due to the interaction of spins.  On this basis, spin frustration can be 

defined as an increase in the total energy of a complex caused by interaction of two spins across 

an exchange pathway.  The magnitude of the product BAAB ŜŜJ2 ⋅−
 gives an indication of the 

size or extent of the spin frustration.  When the preferred spin alignment is obeyed across a 

pathway, on the other hand, the total energy is reduced by the interaction.  This energy lowering 

across a pathway, which might be referred to as “spin satisfaction,” is also quantified by the 

product BAAB ŜŜJ2 ⋅−
.  Spin frustration occurs in the ground state of a complex only if the 

resulting spin alignment allows a larger increase in spin gratification elsewhere in the complex. 

1.6 Synthetic Routes to Single-Molecule Magnets 

The magnetic properties of these molecules originate from the magnetic core which 

typically consists of transition metal ions with unpaired electrons, for example, manganese or 

iron. The magnetic core is usually surrounded by organic or non-magnetic ligands to protect the 

magnetic cores from interacting with other complexes in the crystal or external materials which 
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could cause longer range ordering effects. To this end, one of the main research interests in the 

Christou group for a number of years has been the synthesis and characterization of homo- and 

heterometalic transition metal compounds, which usually employ ligand precursors that have the 

potential to behave as bridging and chelating ligands to yield high nuclearity clusters and prevent 

polymerization. 

There are many synthetic routes to single-molecule magnets, with the two most important 

decisions to be made being which magnetic ions will be used along with which ligand or ligands. 

There are many options regarding the magnetic ions; however, typically manganese, iron, 

lanthanides or some combination are used. The choice of ligand can be much more challenging 

because any compound with donor electrons can act as a ligand. Again, nitrogen and/or oxygen 

donor ligands such as 2,2΄-bipyridine and its derivatives, pyridyl alcohols, pyridyl oximes, non-

pyridyl alcohols, and non-pyridyl oximes are used; some examples are shown in Figure 1-7. 

Once those decisions are made, the reaction conditions can be varied significantly to isolate new 

products and optimize reaction mixtures and crystallization techniques to provide the best quality 

crystals. Some typical synthetic approaches start with simple metal salts or preformed metal 

clusters, with the ligand or ligands of choice added to the solution. Usually a basic solution is 

used to aid in the aerial oxidation of metals like manganese(II) and to deprotonate the ligand 

precursors. Another synthetic approach is to use ligand substitution on preformed clusters to 

modify physical properties35 or to link similar units together to isolate larger clusters.36-38 When 

using acidic reaction conditions, the best way to isolate higher oxidation state clusters is through 

comproportionation reactions where the ratio of a low oxidation state metal salt and high 

oxidation state metal source can be tuned to obtain MnIII/MnIV clusters.39 Over the years, many 

groups have experimented with the addition of halides and pseudo-halides to try and tune the 
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exchange interactions in high nuclearity clusters, for example, azide is known to promote 

ferromagnetic coupling and chloride is known to promote relatively strong antiferromagnetic 

coupling. Both types of couplings can lead to large ground state spins, which are necessary for 

many applications. While it is difficult to predict the exact nuclearity or topology a reaction will 

produce, there are many ‘tools’ in the high nuclearity synthetic ‘toolbox’ to optimize and tune 

reactions to relatively specific products with desired properties based on the reaction mixture 

employed. Thus, many polynuclear clusters containing 3d transition metals that have been 

reported to be SMMs40-43 and Mn complexes6,14,44-46 with a variety of ligands make up the 

majority.  

1.7 Scope of Dissertation 

The focus of this research is the continuation of understanding new and interesting 

magnetic phenomenon of transition metal complexes, specifically iron and manganese 

complexes. The development of new synthetic routes by slight reaction modifications has led to 

the discovery of novel complexes that exhibit unusual physical properties. The synthesis, 

structure and characterization of these compounds will be discussed in Chapters 4, 5, and 6. 

Chapter 2 gives a brief explanation of the physical techniques used to characterize the 

complexes. Chapter 3 reports an investigation of spin frustration effects in a common Fe6 

topology and the development of a scale to quantify spin frustration in transition metal 

complexes. 
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Figure 1-1. A diamagnet (left) and a paramagnet (right) in a magnetic field. 

 

 

 

 

 

Figure 1-2. Representations of magnetic dipole arrangements in (a) paramagnetic (b) 
ferromagnetic, (c) antiferromagnetic, and (d) ferrimagnetic materials 
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Figure 1-3. Typical hysteresis loop of a magnet, where M is magnetization, B is the applied 
magnetic field and Ms is the saturation value of the magnetization. 

 

 



 

40 

 

Figure 1-4. Structure of [Mn12O12(O2CCH3)16(H2O)4] viewed along the crystal c-axis. Color 
Scheme: Mn(IV), purple; Mn(III), green; O, red; C, grey. 

 

 

Figure 1-5. Structure of [Mn12O12(O2CCH3)16(H2O)4] viewed along the crystal b-axis. The 
thick black bonds indicate the J-T axes of the Mn(III) ions. Color Scheme: Mn(IV), 
purple; Mn(III), green; O, red; C, grey. 
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Figure 1-6. Structure of [Fe4O2(O2CCH3)7(bpy)2]+ complex (top). Stereopair of 
[Fe4O2(O2CCH3)7(bpy)2]+ (bottom). Color scheme: Fe3+, orange; O, red; N, blue; C, grey; H, 
white. 
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Figure 1-7. Some examples of 2,2’-bipyridine and 2,2’-bipyridine derivatives, pyridyl alcohols, 
pyridyl oximes, non-pyridyl alcohols, and non-pyridyl oximes.  
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CHAPTER 2 
EXPERIMENTAL TECHNIQUES 

For a synthetic chemist in a physical inorganic group, it is important to not only be able 

to perform physical characterization techniques but also to understand some underlying theory 

and understand how the instruments/techniques work in order to trouble shoot any potential 

issues which may arise during research. For this reason, this chapter is dedicated to such 

understanding and potential insight for the reader of this document. This is not meant to be an 

exhaustive account of each technique. 

2.1 SQUID Magnetometry 

2.1.1 Instrument and sample preparation 

Super quantum interference device (SQUID) magnetometers are one of the most highly 

sensitive experimental instruments to detect magnetic moments. Depending upon the setup and 

capabilities of the instrument, they are used for a variety of applications ranging from detection 

of changes in magnetic moments within the brain of a mouse to characterization of magnetic 

materials. The goal of this section is to give a general understanding of how this instrument 

works, how the data will be plotted, and what information can be obtained from each data set or 

plot. 

The super quantum interference devices are amplifiers that are typically used in 

magnetometers due to their sensitivity to small magnetic fields (~10-14 T). SQUIDs are based on 

Josephson junctions, which consist of two superconducting joints with a weak link that allows 

quantum tunneling between the two regions without bulk transport.47,48 Typically, Josephson 

junctions take the form of microbridges made by patterned lithography using niobium or a 

niobium alloy.49 While Josephson junctions are very sensitive, they must be incorporated in to a 

larger SQUID circuit to act as a magnetometer.  The main components of a SQUID circuit are 
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the transformer coil which is coupled to the signal coil through a weak link that allows flux 

coupling. The transformer coil must be large enough to interact with the sample and the signal 

coil is fabricated symmetrically with a radio-frequency (RF) detector coil. Data collection occurs 

through a multi-step process: first, the magnetic sample causes a change in the magnetic flux 

which induces current in the transformer; second, through mutual induction the changes in the 

transformer couple directly to the detector coil; and third, the RF voltage across the detector can 

be measured once it is passed through a conditioning circuit and fit to determine the associated 

field of the sample.47,50,51  

The variable-temperature dc and ac magnetic susceptibility data presented herein 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 as well as an AC detection 

board. The majority of the information given will pertain to the MPMS-XL SQUID 

instrument.52-54 A general schematic of a SQUID magnetometer is shown in Figure 2-1. 

Sample preparation consists of gently powdering the crystals, weighing a specific mass 

(10-40 mg) of the sample, placing the powder in a gelatin capsule, adding a couple drops of 

eicosane (to prevent torqueing), placing the other portion of the gel capsule on top, taping 

(diamagnetic tape) the two parts of the capsule together and placing the gelatin capsule within a 

commercially available straw which serve as the diamagnetic sample rod. The use of a 

diamagnetic sample rod such as the commercially available straw allows translation of the 

sample through the detector coils within the SQUID magnetometer. The diamagnetic background 

(or contribution) from the straw, tape, gelatin capsule, and eicosane were subtracted based on 

measurements made on the sample preparation without adding a paramagnetic sample to the 

capsule (Figure 2-2). Quantum Design magnetometers utilize second derivative transformer coils 
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to measure sample flux and couple it to the SQUID multi-coil system, Figure 2-3. The multi-coil 

system has the advantage of inherent background subtraction of signals with a wavelength longer 

than approximately 4 cm for dc experiments and 6 cm for AC experiments due to the length of 

the transformer and the instrumental setup for the sequence used for the experiment. For 

example, the extraneous signal (noise) will appear as a positive voltage in the top coil, a negative 

voltage in the second and third coil, and a positive voltage in the fourth coil which sum to zero 

and cause no net effect in the signal. Thus, it is a necessity to ensure the sample is centered 

within the correct area before executing an experimental sequence.  

2.1.2 Interpretation of magnetization data 

Direct current magnetic susceptibility studies tend to give information regarding the 

nature of exchange interactions and ground state spin, S, Figure 2-4. Our group and other 

chemists within the single-molecule magnetism community plot these data as χMT vs T. Plotting 

these data as χMT vs T is convenient due to the ease with which S can be estimated based on the 

mathematical relationship shown in Equation 2-1 

𝜒𝑀𝑇 =  𝑔
2𝑆(𝑆+1)

8
         (2-1) 

where g is the Landé factor, S is the spin ground state of the system. This expression can be 

simplified for systems with g ~ 2 to Equation 2-2. 

 𝜒𝑀𝑇 =  𝑆(𝑆+1)
2

          (2-2) 

For manganese clusters and any transition metal with less than half-filled d-orbitals (i.e. d1 - d4), 

g is slightly less than two and any transition metal with d-orbitals greater than half filled (i.e. d6 - 

d10) will have a g slightly larger than two. 

 An advantage of χMT vs T (and χM vs T) plots beyond just obtaining the predominate 

nature of the exchange interactions is the ability to fit the data using the van Vleck19 equation 
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(Equation 2-3) when complexes are relatively small or highly symmetric to reduce the number of 

interactions to a maximum of three.  

𝜒𝑀 =  𝑁𝑔
2𝛽2

3𝑘𝑇
∙ ∑𝑆𝑇(𝑆𝑇+1)(2𝑆𝑇+1)Ω(𝑆𝑇)𝑒

−𝐸(𝑆𝑇)
𝑘𝑇

∑(2𝑆𝑇+1)Ω(𝑆𝑇)𝑒
−𝐸(𝑆𝑇)
𝑘𝑇

      (2-3) 

ST is the total spin, N is Avogadro’s number, k is the Boltzmann constant, g is the Landé factor, 

β is the electron Bohr magneton, and E(ST) is the energy of each ST state. 

The data is fit to the van Vleck equation to obtain the exchange interactions, J and g. 

When attempting to fit the data for a large complex, for example, Mn5 with trigonal bipyramidal 

geometry (Chapter 6) it is necessary to use the Kambe18 coupling method to reduce the 

equivalent exchange pathways to fewer number of terms in the van Vleck equation. The van 

Vleck equation is unique to the geometry, number of metals and the spin of each metal. Once a 

reasonable fit has been obtained, it is possible to rationalize the ground state spin, determine the 

energy of each ST, and plot the energies of the spin states versus the ratio of J/Jʹ to determine 

how the ratio affects the spin state as shown in Figure 2-5. The sensitivity of the ground state to 

this ratio is discussed further in Chapter 3.   

Reduced magnetization studies can provide information about the ground state spin and 

the magnitude of the zero-field splitting parameter, D. These experiments are variable 

temperature measurements carried out at variable fields and typically plotted as M/NµB vs H/T. 

The experimental data are fit by diagonalization of the spin Hamiltonian matrix, assuming only 

the ground state is populated, incorporating axial anisotropy (DŜz
2) and a Zeeman term, and 

employing a full powder average:  

Ĥ = -DŜz
2 + gµBµ0ŜĤ        

 (2-4) 
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When isofield data are superimposable, this is indicative of a ZFS parameter, D, close to zero 

(Figure 2-6, right). Conversely, if isofield lines have gaps between them, it is indicative of a 

larger D value, low-lying excited states, or intramolecular interactions (Figure 2-6, left).  

Poor RM fits become a problem in manganese chemistry, for example, when:  Mnx 

complexes are of high nuclearity, one or more MnII ions are present, and/or spin frustration 

effects are present. When Mnx clusters are of high enough nuclearity, there is a high density of 

spin states resulting from the exchange interactions among the many constituent Mn ions. MnII 

ions typically give very weak (and usually antiferromagnetic) exchange interaction’s and thus 

small energy separations between the different spin states. Spin frustration effects by definition 

are competing antiferromagnetic exchange interactions within triangular subunits, which can 

lead to small energy separations between different spin states. As a result, there are many excited 

states that are low-lying in energy (relative to kT), which can make it difficult to reliably obtain 

the ground state S from dc magnetization measurements (i.e. RM fits). Another potential problem 

occurs when low-lying excited states have a larger spin than that of the ground state. In the 

presence of a large enough dc field, ms components of the excited states can approach in energy 

the lowest-lying ms of the ground state or even cross below it in energy which can result in the 

incorrect determination of the ground state, S, (Figure 2-7). This is due to the relationship 

between the energy, ms, and field which is described in Equation 2-5.   

E = msµBH          (2-5) 

For example, in Figure 2-4, if S = 6 is the true ground state and S = 10 is the first excited 

state, if the dc field is large enough then the first excited state will become lower in energy than 

the ground state (Figure 2-1). The fit would incorrectly determine the S =10 to be the ground 

state due to the ms = -10 component of the S = 10 state being at lower energy. 
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Two methods are typically used to determine the spin ground state S in the presence of 

low-lying excited states: ac susceptibility measurements and low-field RM. In an alternating 

current (ac) magnetic susceptibility experiment, magnetization is measured in a zero dc field and 

in the presence of a weak ac field (typically 3.5 G), oscillating at a particular frequency, 

Equation 2-5. 

H(t) = h*cos(ωt)         (2-5) 

where H(t) is the oscillating field, H(t) induces a time variation of the magnetization which is 

described by Equation 2-6. 

 M(t) = m*cos(ωt)         (2-6) 

An assembly of electron spin magnetic moments may not always be capable of immediately 

following the changes of this external ac field and there can be a phase shift between M(t) and 

H(t) due to relaxation effects which can result in a sample response, Equation 2-7. 

M(t) = m*cos(ωt-φ)         (2-7) 

φ is the phase angle by which the magnetization lags behind the oscillating component of the 

magnetic field (Figure 2-8). Rewriting equation 2-6 using the identity, cos (a-b) = cos(a)cos(b) + 

sin(a)sin(b) results in Equation 2-8. 

M(t) = m*cos(φ)cos(ωt) + m*sin(φ)sin(ωt)      (2-8) 

Then, if we divide through by h and remember that χ = m/h, where m is the magnetization and h 

is the field, then Equation 2-8 becomes Equation 2-9. 

 χ = χʹcos(ωt) + χʺsin(ωt)        (2-9) 

where χʹ is the in-phase response since it varies in-phase with the driving field (cos(ωt)) and χʺ 

is the out-of-phase response since it varies out of phase with the driving field (sin(ωt)). These are 

usually referred to as real and imaginary components respectively, χ = χʹ – iχʺ.  When φ is zero 
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(the spin vectors are aligned with the oscillating field), the in-phase ac susceptibility is equal to 

the dc susceptibility (χMʹ = χM). Thus, from a plot of the χMʹT vs T data the following 

information can be obtained by extrapolation of the data to 0 K, from temperatures above 4 K 

avoid the effect of weak intermolecular interactions (dipolar and super exchange) to corroborate 

the ground state estimated from the χΜT plot. The slope of the data from 15 to 5 K (or the 

temperature where the slow reversal of magnetization appears in the data) gives information 

regarding the population of the ground state (Figure 2-9). If the data has zero slope, this is 

indicative of a well-isolated ground state which means that a good fit of the reduced 

magnetization data can most likely be obtained. Remember, the fits of RM data assume only the 

ground state is populated. If the χMʹT vs T data displays a large slope (negative or positive) to 

the data, this is typically an indication of thermally populated low-lying excited states which 

makes fitting reduced magnetization data very difficult or impossible. At low temperatures, if a 

frequency-dependent decrease in χMʹT (in-phase) and a concomitant rise in χΜʺ (out-of-phase) 

are present in the data, this is indicative of a significant barrier (i.e. the barrier is larger than kT) 

of the magnetization vector which is a property of an SMM (Figure 2-10). Similar phenomena 

are observed without frequency-dependence in materials with long range ordering.  

 An Arrhenius plot is necessary to quantify the effective barrier. Data collection at 

multiple frequencies is necessary to construct the Arrhenius plot to determine the effective 

energy barrier, Ueff, which is typically different than the theoretical energy barrier. To construct 

an Arrhenius plot to determine the relaxation rate (1/τ where τ is the relaxation time) it is 

necessary to plot the χMʺ value at the peak maxima for all frequencies of the oscillating field 

versus the inverse of the temperature at the peak maxima (Figure 2-11). The peak maximum for 
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each frequency is the point where the relaxation rate is equal to the angular frequency (2πυ) of 

the oscillating ac field; thus, the data can be fit to the Arrhenius Equation 2-10. 

 1/τ = (1/τ0)exp(-Ueff/kT)        (2-10) 

The theoretical energy barrier (U) is equal to S2|D| for whole integer spin systems and (S2-1/4)|D| 

for half-integer spin systems. The experimental energy barrier (Ueff) is typically lower due to the 

presence of quantum tunneling of the magnetization in SMMs. 

For a single relaxation process which is typical of molecular magnets due to their 

relatively similar environments, the χʹ and χʺ behavior is a function of angular frequency, ω 

which can be seen in Equations 2-11 and 2-12, respectively,  

 𝜒′(𝜔) =  𝜒𝑆 +  (𝜒𝑇−𝜒𝑆)
1+𝜔2𝜏2

        (2-11) 

 𝜒"(𝜔) =  (𝜒𝑇−𝜒𝑆)𝜔𝜏
1+𝜔2𝜏2

          (2-12) 

where χS (χω → ∞) is the adiabatic susceptibility, χT (χω → 0) is isothermal susceptibility, and τ 

is the magnetization relaxation time. The dc susceptibility corresponds to the isothermal 

susceptibility when paramagnets obey the Curie Law. 

 A distribution of relaxation processes is typically caused by a distribution of molecular 

environments in the crystal which is associated with a range of Ueff barrier heights. The modified 

expressions for a distribution of relaxation processes are shown in Equations 2-13 and 2-14 

 𝜒′(𝜔) =  𝜒𝑆 + 
(𝜒𝑇−𝜒𝑆)�1+(𝜔𝜏)1−𝛼sin (𝛼𝜋2 )�

1+2(𝜔𝜏)1−𝛼𝑠𝑖𝑛(𝛼𝜋/2)+ (𝜔𝜏)2(1−𝛼)     (2-13) 

 𝜒"(𝜔) =  
(𝜒𝑇−𝜒𝑆)(𝜔𝜏)1−𝛼cos (𝛼𝜋2 )

1+2(𝜔𝜏)1−𝛼 sin�𝛼𝜋2 �+ (𝜔𝜏)2(1−𝛼)      (2-14) 
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where α has a value between 0 and 1 and gauges the width of the distribution. When α equals 

zero (i.e. no distribution), Equations 2-13 and 2-14 are reduced to Equations 2-11 and 2-12, 

respectively. 

In order to determine if a sample has one or more relaxation process, data is collected at 

different frequencies at a several temperatures centered on the temperature where the maximum 

peak height was observed in the χʺ vs T plot. Then, the data is plotted as χʹ(ω) vs 2πω and χʺ(ω) 

vs 2πω and fit to the previous equations (Equations 2-11, 2-12, 2-13, and 2-14) determine if there 

is a single relaxation process or a distribution of single relaxation processes.  

Another method to determine if there is a single species (or environment) is to use ac data 

to make a χʹ versus χʺ plot which is known as a Cole-Cole or an Argand plot by plotting the data 

as α versus temperature (T) to see how the distribution (α) changes with change in temperature 

(Figure 2-12).16,55 A symmetric shape to the Cole-Cole plot suggests a single environment or 

species present in the sample. The steeper the slope of the data in the Cole-Cole plot the greater 

the distribution of environments with change in temperature.   

An alternative method to quantify the energy barrier and relaxation time for complexes in 

the absence of χʺ peak maxima (i.e. tails in the out-of-phase) is to apply Equation 2-15 recently 

developed by Bartolomé et al. This method is not as accurate as the previously discussed 

method; however, it provides an approximate value for the energy barrier and relaxation time 

(Figure 2-13).  

ln � 𝜒"
𝜒′
� = ln(𝜔𝜏0) +  𝐸𝑎

𝑘𝐵𝑇
       (2-15) 

The most accurate  method for determining relaxation time and energy barrier when only a ‘tail’ 

is observed in the χMʺ vs T plot is using a micro-SQUID. Micro-SQUID measurements are 

carried out on a single crystal instead of a microcrystalline powder. Magnetization vs time decay 
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studies are carried out on a sample by first saturating the magnetization in one direction at ~5 K 

with a large applied dc field, the temperature is then decreased to a chosen value, and the field is 

removed and the magnetization decay is monitored with time. From these measurements an 

Arrhenius plot can be constructed (as discussed previously) and fit to complement the ac out-of-

phase data to confirm the effective energy barrier.  

 When a sample is believed to be a single molecule magnet, micro-SQUID measurements 

can confirm the hypothesis through the observation of hysteresis loops in the magnetization vs. 

dc field scans. Typically, SMMS display a temperature-dependence and scan-rate dependence of 

their hysteresis loops with increasing coercivity with decreasing temperature and increasing scan 

rate (Figure 2-14, right). For SMMs, it is typical to see steps in the hysteresis loops at periodic 

values of applied field due to quantum tunneling of the magnetization (QTM), which is caused 

by an increase in the relaxation as the Ms levels on the opposite sides of the energy barrier come 

in to resonance at those field positions (Figure 2-14, left). The field separation, ∆H, between the 

steps is proportional to D and is given by equation 2-16 

∆H =|D|gµB          (2-16) 

It is possible to corroborate the D value determined from magnetization data by using the ∆H 

value to determine D and assuming g = 2. With whole integer spins, the first step tends to appear 

at zero applied field where half-integer spin ground states tend not to show a step at zero applied 

field. This is due to the spin-parity effect in half-integer spin system which leads to Kramer’s 

degeneracy where QTM is allowed in integer spin systems.56  It is still unusual to see no 

indication of a step though because it is impossible to guarantee that there is absolutely zero 

external field. For example in manganese, the dipolar fields of neighboring molecules and 
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hyperfine fields from the 55Mn nuclei (I = 5/2, ~100 % natural abundance) provides means for 

quantum tunneling of the magnetization to occur at zero apparent applied field.57 

2.2 Electron Paramagnetic Resonance 

Electron paramagnetic Resonance (EPR) is a spectroscopic technique for studying the 

interactions of magnetic moments and their environments including external applied magnetic 

fields. Materials without at least one unpaired electron are known as EPR silent. There are many 

parallels between the main concepts of the more popular technique nuclear magnetic resonance 

(NMR) and EPR except in EPR unpaired electrons are excited instead of the nuclei. EPR uses 

microwave radiation (10 GHz – 1 THz) as a magnetic dipole transition source.58 EPR 

experiments require that the external magnetic field breaks the degeneracy of the spin states 

which is not required in other optical spectroscopy methods. A typical EPR experiment sweeps 

the magnetic field and holds the microwave at a fixed frequency using a narrow-band resonant 

cavity. The application of the resonant cavity increases sensitivity of the signal during 

measurements. Frequency-sweep experiments are possible; however, there are problems with 

sensitivity due to small quality factor, Q, poor signal-to-noise ratio and variation of the detected 

power.  

The origin of an EPR signal is most easily understood in the case of a single electron with 

a spin quantum number, S = ½ with components of ms = + ½. A pictorial form of the following 

description is found in Figure 2-15.  In the absence of a field the two ms states are degenerate (of 

the same energy); however, when an external field is applied with strength B0 the electron’s 

magnetic moment aligns with the field (either parallel or antiparallel). Each possible alignment 

has a specific energy given by Equation 2-17. 

E = msgµBB0           (2-17) 
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where g is the Landé factor and µB is the Bohr magneton. Thus, the separation between the two 

states is  

∆E = gµBB0          (2-18) 

Equation 2-18 implies that the energy gap is proportional to the strength of the applied field. 

Electrons can move between the two energy levels by either absorbing or emitting a photon of 

energy hυ (h = Planks constant) where the resonance condition, ∆E = hυ is obeyed. Combining 

Equations 2-17 and 2-18 gives the fundamental equation for electron paramagnetic resonance 

spectroscopy.  

 hυ = gµBB0          (2-19) 

When the applied external field is increased until the gap between the energy states matches the 

energy of the microwaves, the electrons can move freely between the two states. Since there 

tends to be a higher population of electrons in the lower energy state due to the Boltzmann 

distribution there is a net absorption of energy. The net absorption it detected and converted into 

a spectrum.  

 The focus of EPR spectroscopy is on the unpaired electrons and the change of states of 

those electrons; however, the interaction between an unpaired electron with nearby nuclear spins 

results in additional energy states and a multi-line spectrum for a single electron system. The 

spacing between the spectral lines gives an indication of the degree of interaction between the 

unpaired electron and the nuclei. This is known as the hyperfine interaction and has two common 

mechanisms, Fermi contact and dipolar interactions. The former is independent of sample 

orientation and typically applies to isotropic interactions. The latter is dependent on sample 

orientation and typically applies to anisotropic interaction. Different letters are employed for the 
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two types of hyperfine coupling constants, a or A is used for isotropic (symmetric) interactions 

and b or B is used for anisotropic interactions.59  

 In many cases, it is possible to predict the number of lines with Equation 2-20,  

 2MI + 1          (2-20) 

where M is the number of equivalent nuclei, and I is the nuclear spin. The intensity of the peaks 

follow Pascal’s triangle, for example, a triplet will have an intensity ratio of 1:2:1. High-

frequency EPR (HFEPR) can be used to determine many physical parameters for transition metal 

complexes; however, typical parameters obtained for single-molecule magnets are ground state 

spin, S, the zero-field splitting parameters, which are the same axial ZFS parameter in the spin 

Hamiltonian of Equation 2-4 with an additional  the rhombic zero-field splitting parameter, E, 

and exchange couplings, J. Equation 2-4 becomes Equation 2-21 with the additional term for the 

rhombic zero-field splitting parameter, E.        

 ℋ = 𝐷�̂�𝑧2 + 𝐸��̂�𝑥2 − �̂�𝑦2� + 𝑔𝜇𝐵𝜇0�̂� ∙ 𝐻      (2-21) 

The analysis of EPR spectra for high-spin complexes can provide precise information 

such as the exact value of the ground-state spin the magnitude and sign of D 60,61 the location in 

energy of excited spin states relative to the ground state 62,63 and most importantly, information 

concerning transverse spin Hamiltonian parameters e.g., the rhombic E-term 64. However, the 

(2S+1)-fold energy level structure associated with a large molecular spin S necessitates EPR 

spectroscopy spanning a wide frequency range. Furthermore, large ZFS due to the significant 

anisotropy and large ST values demand the use of frequencies and magnetic fields considerably 

higher (50 GHz to several hundred GHz, up to 10 T) than those typically used by the majority of 

EPR spectroscopists. 
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2.3 X-Ray Crystallography 

Single-crystal x-ray crystallography is a powerful tool for the identification of the 

arrangement of atoms contained within a crystal and ultimately the structure of the individual 

molecules within the crystal.  X-ray crystallography is a method where a beam of x-rays 

bombard a crystal and diffracts into many specific directions. A simple schematic of a x-ray 

diffractometer is shown in Figure 2-16. A crystallographer can use the intensity and angles of the 

diffracted beam to produce a three-dimensional picture of the electron density within the crystal. 

By mapping these electron densities, the average positions of the atoms can be determined as 

well as their connectivity (bonds), disorder, and other crystallographic information. In order for 

the method to work, it must follow Bragg’s law, meaning that constructive interference only 

occurs for certain values of theta correlating to a (hkl) plane, specifically when the path 

difference is equal to n wavelengths (Figure 2-17).  Mathematically, it is as follows that (using 

definitions from Figure 2-17): 

AC + BC = nλ          (2-22) 

sin𝜃 =  𝑎𝑐����
𝑜𝑐���

          (2-23) 

Therefore, after substitution the previous become Equation 2-24 

𝑎𝑐��� = 𝑑 sin𝜃           (2-24) 

And for diffraction to occur Equation 2-26 must be true. 

 2𝑎𝑐��� = 𝑛𝜆          (2-25) 

𝑛𝜆 = 2𝑑 sin𝜃          (2-26)  

X-ray diffraction experiments or measurements are made by mounting a crystal on a 

goniometer and systematically rotating the crystal while it is being bombarded by x-rays 

produced by either a molybdenum or copper source. The spots that make up the diffraction 
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pattern are known as reflections. The reflections collected from different rotations are converted 

to a three-dimensional model of electron density data and chemical data known about the sample 

using Fourier transforms. Crystal quality and size are very important to the resolution of this 

method. If single crystal quality or size is an issue there are other x-ray methods which can be 

applied to gain information albeit much less informative such as powder diffraction, small angle 

x-ray scattering and fiber diffraction. 

Single-crystal x-ray crystallography has been fundamental in the development of certain 

research areas due to many types of materials forming crystals such as salts, minerals, metals, 

and various inorganic, organic and biological molecules. Initially, x-ray crystallography was 

used to determine the size of atoms, lengths and types of bonds, and differences in similar 

materials, for example, different alloys. This method has revealed the structure and function of 

many biomolecules such as DNA and the active-site of the oxygen-evolving center (OEC). As 

will be found throughout this dissertation, x-ray crystallography is the main method for atomic 

structure determination of new materials and subtle differences in similar materials that 

otherwise would not be seen in other experiments. X-ray crystal structures can be useful for 

understanding observable physical properties. 

2.4 Elemental (or CHN) Analysis 

Carbon, Nitrogen, and Hydrogen percentages were determination through combustion 

analysis at the in-house spectroscopic service facilities at the University of Florida. A sample of 

known mass (~ 1-3 mg) is placed in the furnace and heated in the presence of oxygen gas (Figure 

2-16). Through combustion the carbon, hydrogen, and nitrogen present in the sample react with 

molecular oxygen and form carbon dioxide (CO2), water (H2O), and nitrogen dioxide (NO2), 

respectively. The resulting gases pass through a series of absorption columns which selectively 

trap CO2, H2O, and NO2. Once these gases are trapped, the columns are heated in series to allow 
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the captured amount of each substance to be measured separately for determination of the mass 

percent of each component present in the sample. Using the mass percent components present in 

the sample, it is possible to determine the exact composition of powder samples used for 

magnetization experiments which relies on a precise calculation of the molecular weight.  

2.5 Fourier Transform Infrared Spectroscopy (FT-IR) 

Fourier transform infrared (FT-IR) spectroscopy, in the middle of the light spectrum, 

measures the absorbance of infrared light by investigating how the light interacts with the sample 

(matter) between 4000 cm-1 and 400 cm-1.65 As with all spectroscopic methods, FT-IR 

spectroscopy is sensitive to transitions between discrete energy levels of materials being 

irradiated with light. The energy levels can correspond to either electronic or vibrational modes; 

however, vibrational modes are the main focus of this work due to their accessibility and interest.  

When the frequency of the infrared is same as the vibrational frequency of a bond then an 

absorption occurs. All measurements were performed on a mid-infrared Nicolet Nexus 670 FT-

IR spectrometer with an OMNIC software interface located in CLB Room 400. Crystal samples 

were lightly ground with a mortar and pestle with potassium bromide (KBr) and pressed into 

KBr pellets. Infrared spectrometers are based on interferometers which consist of a broad-band 

source, beam-splitter, fixed mirror, movable mirror, sample and detector, Figure 2-17. The 

spectral range of 4000 cm-1 to 400 cm-1 is largely a function of the movable mirror. Fourier 

transform spectroscopy consists of sending a pulsed-source of radiation (i.e. laser) with many 

frequency components through the sample which is detected as a time domain or the movable 

mirror position domain. The spectrum is finally obtained in the frequency domain once a Fourier 

transform is performed on the time domain data. Typically, FTIR spectra are used to determine if 

ligand incorporation occurred; however, the area of interest is system specific such as a sharp 
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band at ~2100 for azides and cyanides, broad stretch ~3300 for alcohol or carboxylate containing 

ligands, and complexity of the metal-oxo region 600-400 cm-1.  

2.6 Ultraviolet and Visible (UV-VIS) Spectroscopy 

Ultraviolet and visible (UV-Vis) spectroscopy uses the region of the electromagnetic 

spectrum (200 nm – 800 nm) where the energy is concomitant with electron transitions of 

molecules and complexes. Transition metal complexes usually show d-d transitions, ligand to 

metal charge transfer (LMCT) or metal to ligand charge transfer (MLCT) bands in their UV-Vis 

spectrum. UV-Vis spectroscopy probes energy scales of approximately 6.21 to 1.24 eV which is 

the range typically related to the energy separating multi-electron energy-levels.66 A typical 

spectrophotometer comprises a source, monochromator, sample space, photodetector, and 

computer interface, Figure 2-18. All absorption spectra were acquired using a JASCO V-570 

UV/VIS/NIR spectrophotometer (Figure 2-19) with a halogen lamp and a deuterium lamp and a 

single monochromator which covers a wavelength range from 190-2500 nm. The 

monochromator features duel gratings that are automatically exchanged, 1200 groves/mm for the 

UV/VIS region and 300 grooves/mm for the near infrared (NIR) region. A photomultiplier (PM) 

tube detector is used for the UV-VIS region and PbS detector is used for the NIR region. Both 

gratings and detectors are automatically exchanged within a selectable 750-900 nm range. Step 

compensation is used to smooth the transition to the baseline during grating/detector changes. 

Spectral Manager is the software interface used for experiment setup and data collection. This 

instrument is a double-beam instrument which allows for easy background subtraction due to one 

cuvette holding the “blank” which is the exact sample preparation as the sample of interest minus 

the species of interest. For example, the “blank” cuvette holds only solvent and the “sample” 

cuvette holds the solvent and the material of interest. The data were collected at room 

temperature and measured in one centimeter length quartz cuvettes. The main use of UV-VIS 
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spectroscopy in the Christou lab is to determine if our complexes decompose in solution or 

remain intact. Three or more concentrations of the complex in solution are measured and the 

absorbance of the signal is compared for all concentrations according to the Beer-Lambert Law, 

Equation 2-27.  

 A = εbc          (2-27) 

Where A is absorbance, e is the extinction coefficient, b is the path length, and c is the 

concentration. For example, if solutions of concentrations of 1, 2, 4, and 8 mM were measured, if 

the complex stayed intact then the absorbance would be expected to double as the concentration 

doubled (i.e. 1 mM to 2 mM, 2 mM to 4 mM, ect.). 
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Figure 2-1. Schematic of a SQUID magnetometer.  
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Figure 2-2. Photographs of sample preparation stepwise (a-d) and a completely prepared sample 
in a straw (e). Not shown: needle holes being poked into the straw and the action of 
taping gelatin capsule and the end of the straw. 
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Figure 2-3. Schematic of centering a sample in the coils (top) and photograph of software after 
performing automated centering of a sample (bottom). 
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Figure 2-4. Examples of χMT vs T plots, (left) demonstrates predominate antiferromagnetic 
interactions and (right) demonstrates predominate ferromagnetic interactions. 

 
Figure 2-5. Example of an E(ST)/Jʹ vs J/Jʹ plot for a triangular Fe3+

3 complex. 
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Figure 2-6. Plots of reduced magnetization (M/NµB) vs H/T. The solid lines are the fit of the 
data.  

 

 
 
 

 

 

 

 

Figure 2-7. Energy diagram of two states with increasing field. 
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Figure 2-8. Schematic of the oscillating field with the lagging magnetic moment from the 
material (i.e. single molecule magnet). 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 2-9. Examples of in-phase χMʹT vs T plots, (left) well-isolated ground state and (right) not 

a well-isolated ground state.  

 

  ϕ 
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Figure 2-10. Examples of out-of-phase χMʺ vs T plots, (left) peaks in the out-of-phase just 

beginning resulting in a “tails” and (right) full out-of-phase peaks.  

 
 
 
 

 
Figure 2-11. Example of an Arrhenius plot.  
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Figure 2-12. Argand (or Cole-Cole) plots of χʹ vs χʺ for wet crystals of the complexes 

[Mn12O12(O2CC6F5)16(H2O)4]z+ : z = 0 at 4.0 K (top), z = 1 at 3.4 K (middle), z = 2 
at 2.2 (bottom).  The dashed line in each is the least squares fit of the data to a single 
relaxation process as described in the text. The solid line is the fit to a distribution of 
single relaxation processes also described in the text. Reprinted with permission from 
Royal Society of Chemistry.16 
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Figure 2-13. Example of a ln � 𝜒"

𝜒′
�  𝑣𝑠 1

𝑇
  plot. 
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Figure 2-14. Plot showing the allowed, quantized spin states, Ms, of the spin vector of a molecule 

with S = 10 like Mn12O12(O2CR)16(H2O)4 (top left). An alternate figure which 
depicts a similar situation to the previous incorporating the barrier to spin reversal, U, 
and includes the relative energies of each state (bottom left). Magnetization (M) 
hysteresis loops for a single crystal of [Mn12O12(O2CC6F5)16(H2O)4]·3CH2Cl2 
showing the dependence at a fixed sweep rate (top right) and the sweep rate 
dependence at a fixed temperature (bottom right). Reprinted with permission from the 
Royal Society of Chemistry. 16 
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Figure 2-15.Energy level diagram for the Zeeman and hyperfine splittings of an S = ½ spin on a 
nucleus with I = 1. Selection rules require that only one quantum number changes 
during the transition so the ms number changes while the mI number remains constant 
resulting in the three possible transitions illustrated.  
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Figure 2-16. Schematic of a single-crystal X-ray diffractometer. 

 

 
Figure 2-17. Bragg’s Law as it relates to x-ray diffraction. 
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Figure 2-18. CHN combustion analysis instrument illustration. 

 
Figure 2-19. Schematic of the functional parts of an FT-IR spectrometer. 
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Figure 2-20. Schematic for a double-beam UV-VIS spectrometer.  
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CHAPTER 3 
SPIN FRUSTRATION EFFECTS AND AN INTERMEDIATE S = 3 GROUND STATE IN AN 

FE6 CLUSTER: A QUANTITATIVE SPIN FRUSTRATION SCALE 

3.1 Introduction  

Polynuclear complexes of oxo-bridged Fe3+ ions are relevant to at least two important 

areas of study: bioinorganic chemistry and nanoscale magnetism.  Many proteins and enzymes 

implicated in important biological processes have active sites containing oxo-bridged iron ions.  

Examples include hemerythin, ribonucleotide reductase, and methane monooxygenase, all with 

diferric active sites67-69.  In contrast, the protein ferritin is implicated in iron storage and recovery 

processes, may contain up to 4500 Fe3+ ions70,71.  Other polynuclear iron complexes, such as 

[Fe8O2(OH)12(tacn)6]8+ 72,73 and [Fe4(OMe)6(dpm)6]74(tacn = triazacyclononane, dpm = 

dipivaloylmethane), are single-molecule magnets (SMMs) which display slow reversal of 

magnetization due to large negative zero-field splitting and a high spin ground state.  These 

compounds allow study of magnetism on a quantum scale, and could be used in a variety of 

applications ranging from nanoscale digital memory storage to quantum computers.     

For 3d metals with no first-order angular momentum, single-molecule magnetism 

requires a large negative zero-field splitting parameter, D, and a non-zero ground state spin, S. 

Iron(III) seems like a great candidate to form good single molecule magnets (SMMs) because 

each Fe3+ ion has five unpaired electrons (S =5/2). However, high-spin iron(III) ions display very 

strong antiferromagnetic coupling which causes an antiparallel alignment of the spins resulting in 

many complexes with an S = 0 ground state.75-81 Iron(III) complexes with high enough Fex 

nuclearities and topologies that contain triangular subunits can lead to competing exchange 

interactions which do not allow the spins to align in their preferred orientations and can 

occasionally  result in higher ground spin states. This phenomenon is termed spin frustration and 

has recently become of great interest in single molecule magnetism, specifically for investigating 



 

76 

the structural and electronic contributions within a molecule. Previously, there have been many 

ways to describe a ‘frustrated’ complex or pathway; however, there has not been a clear way to 

quantify the amount of spin frustration found within a pathway or complex. A universal 

quantifiable description of spin frustration has become necessary to be able to clearly compare 

different pathways and/or molecules, just as it was necessary to find a way to compare nuclear 

magnetic resonance spectra across research groups and facilities. 

As was discussed in Chapter 1, theoretical calculations can be used to determine the 

value of exchange couplings in complexes that are too cumbersome to fit the experimental data. 

Additionally, expectation values 
BA ŜŜ ⋅  (where A and B refer to magnetic centers) are 

calculated for spin states obtained from the Heisenberg Spin Hamiltonian (HSH).  This is useful 

because the product 
BAAB ŜŜJ2 ⋅−  is the contribution to the total energy of a spin state made by 

the A-B exchange pathway.  Since JAB indicates the preferred alignment of spins while 
BA ŜŜ ⋅  

represents the actual alignment, if they are different in sign, the A-B pathway is frustrated.  On 

this basis, spin frustration has been defined as an increase in the energy of a spin state due to a 

spin alignment across an exchange pathway that is opposite to the preferred alignment.   

In this chapter, the structure and properties of an Fe6 complex with an S =3 ground state, 

[Fe6O2(hmp)10(H2O)2](NO3)4 (3-1) (where hmp- is the anion of 2-(hydroxymethyl)pyridine), 

that inspired this work will be described. The quantitative rationalization of an unusual S = 3 

ground state using the results from the ZILSH semiempirical method through analysis of the 

exchange (J) and spin couplings ( BA ŜŜ ⋅ ), along with the sensitivity of the ground state to 

subtle changes in the J/J´ exchange coupling ratio, will be explored. Finally, a new way to 

quantitate spin frustration and how it can be used will be described.  This should prove extremely 
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useful in the future for predicting and/or rationalizing the magnetic properties of new 

polynuclear Fe(III) complexes, and how those properties might be affected by structural changes. 

3.2 Experimental Section 

3.2.1 Complexes studied 

 [Fe6O2(hmp)10(H2O)2](NO3)4 (3-1): Complex 3-1 is comprised of six Fe3+ ions in a 

chair confirmation and can be described as two triangular [Fe3(μ3-O2-)] units joined together at 

their bases to form a central rectangle (Figure 3-1); each connection Fe2 /Fe3΄ and Fe2΄/Fe3 is by 

two bridging hmp- alkoxo groups. The two Fe3O triangular units are related by an inversion 

center. Each Fe3O triangular unit is scalene but is almost isosceles with two relatively similar Fe-

Fe distances and one different Fe-Fe distance (Fe1-Fe2 = 3.064 Å, Fe1-Fe2 = 3.030(2) Å, Fe2-

Fe3 = 3.671(2) Å) with the μ3-oxide only slightly out of the Fe3 plane by 0.004 Å. The two 

similar sides of each isosceles triangle are each bridged by one hmp- alkoxide that chelates to an 

Fe atom that is at the base of the triangular unit. The local octahedral geometry is completed by a 

chelating hmp- group and a terminal H2O on Fe1 and Fe1΄. The central Fe4 rectangle is 

particularly distorted with angles of the cis and trans ligands ranging from 73.2° to 111.6º, and 

148.7° to 167.6º, respectively. It is of great relevance to the magnetic properties of 3-1 to 

compare its structure with those of other [Fe6(μ3-O)2(μ-OR)8]6+ complexes in the literature with 

the same or very similar core. 

The dc magnetic susceptibility plot of complex 3-1 indicates an S = 3 ground state and 

the ac magnetic susceptibility plot confirms the spin ground state.82 As was previously stated, it 

is not inherently obvious how to explain the S =3 ground state of this complex. 

[Fe6O2Cl4(hmp)8](ClO4)2 (3-2).83 The structure of complex 3-2 is similar to that of 3-1, 

except that the end Fe atoms Fe3 and Fe3΄ of 3-1 each possess a chelating hmp- and a terminal 

H2O, whereas these atoms in 3-2 each possess only two terminal Cl- ions and are thus five-
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coordinate.   A more complete comparison of these two complexes is provided in Table 3-1, with 

reference to Figure 3-1. 

[Fe6O2(OH)2(O2CBut)10(hep)2] (3-3). Complex 3-3 can be described as two Fe3(μ3-O) 

triangular units fused at two apex forming an almost planar core. Each Fe3(μ3-O) is linked by 

two bridging carboxylate groups and one hydroxide, the Fe-O(H)-Fe angle was determined to be 

121.6° (Figure 3-2). 

Each oxide in the center of the Fe3 triangular unit is out of the plane by 0.263Ǻ. There 

are asymmetric linkages in each Fe3 units. Fe1 and Fe2 are linked through two bridging μ-O2CR- 

groups and Fe1 and Fe3 are linked via one μ-O2CR- and one μ-alkoxide from the hep- ligand as 

well as both having the central μ3-oxide. The non-planarity of the Fe6 core is caused by the 

presence of intramolcular hydrogen bonds between the hydrogen of the bridging hydroxyl group 

and one of the oxygen atoms from the distal carboxyl group.  

[Fe6O2(OH)(O2CBut)9(hep)4] (3-4). Complex 3-4 can be described as a twisted boat Fe6 

core made up of two Fe3O triangular units. The triangular units, Fe1-Fe2-Fe3 and Fe4-Fe5-Fe6, 

have a torsion angle of 44.2° and the μ3-oxide is slightly out of the plane in both triangular units, 

0.188Ǻ in the former and 0.105Ǻ in the latter. There is a mirror plane, which cuts through the 

hydroxide bridge between Fe1 and Fe6 and the two carboxylates bridging Fe3 and Fe4, making 

Fe3 and Fe4, Fe2 and Fe5, and Fe1 and Fe6 equivalent (Figure 3-3).  Fe1 and F2 are bridged by 

two μ-carboxylates. While these descriptions point out the differences, complexes 3-3 and 3-4 

are very similar to one another, in complex 3-3 the µ-alkoxo bride is trans and the µ-alkoxo 

bridge is cis in complex 3-4. 
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3.2.2. Computational Studies 

Theoretical calculations were carried out on complex 3-1 with the ZILSH method34 to 

provide independent estimates of the constituent exchange constants.  The complex has fifteen 

pairwise exchange constants, so together with the spin-independent term E0 there are sixteen 

unknown parameters to be solved for in Equation 3-1.   

𝐸𝑖 =  𝐸0 −  2 ∑ 𝐽𝐴𝐵𝐴<𝐵 〈𝑆𝐴 ∙ 𝑆𝐵〉𝑈𝐻𝐹       (3-1)  

Calculations were thus performed for sixteen spin components, including the “high spin” 

(HS) component with all unpaired spins parallel, and all unique components in which the 

unpaired spins on two metal ions were reversed (antiparallel) relative to all others (i.e., spins of 

Fe1 and Fe2 reversed, spins of Fe1 and Fe3 reversed, etc.).  Calculated energies and local spin 

densities found for these components are given in Table 3-2.  The HS component is substantially 

higher in energy than the other components, indicating the presence of antiferromagnetic 

interactions in the complex. The spin densities are close to the formal value of five expected for 

high-spin d5 Fe3+ ions but are reduced below this number by spin delocalization, as found with 

ZILSH for other complexes of Fe3+ ions.81,84-87  The signs of the local spin densities indicate the 

relative directions of spin moments of the iron ions, and demonstrate that correct spin 

distributions were obtained for each spin component. The spin couplings BA ŜŜ ⋅
UHF found from 

ZILSH wavefunctions with the local spin operator (Table 3-3) also have values close to ± 5, 

similar to those obtained from ZILSH calculations on other polynuclear Fe3+ complexes.81,84-88  

3.2.3 Method for Calculating Percent Spin Compensation 

Initially only the exchange interactions between two Fe3+ ions were considered due to the 

commonly occurring antiferromagnetic interactions and the common triangular units. The range 

of possible spin couplings obtained from all allowed spin orientations from completely frustrated 
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to completely satisfied is 15 for two Fe3+ or any high spin d5 metal ion. However, the midpoint 

(50% frustration) is not at absolute zero as seen in Figure 3-4.   

To overcome the asymmetric distribution of the values about the midpoint, the BA ŜŜ ⋅

calc is divided by the maximum BA ŜŜ ⋅
max. The ratio is divided by two because this only 

represents half of the total range. The decimal is then multiplied by 100 to express the value as a 

percentage. These steps are represented in Equation 3-3 for percent frustration.  

Equation 3-4 can be used to calculate the percent frustration and Equation 3-5 can be 

used to calculate the percent satisfaction. Regardless of the equation used the same results are 

obtained. The midpoint issue is eliminated by addressing one side at a time and using the ratio of 

the calculated spin coupling, BA ŜŜ ⋅
calc over the absolute value of the maximum spin coupling, 

BA ŜŜ ⋅
max. The decision as to which value to use is based on the sign of BA ŜŜ ⋅

calc. If the value 

is positive, BA ŜŜ ⋅
max is equal to +6.25 and if the value is negative, BA ŜŜ ⋅

max is -8.75.  

% 𝑭𝒓𝒖𝒔𝒕𝒓𝒂𝒕𝒊𝒐𝒏 = 𝜿 =  �
<𝑺𝒂∙𝑺𝒃>𝑪𝒂𝒍𝒄
�<𝑺𝒂∙𝑺𝒃>𝑴𝒂𝒙�

𝟐
×  𝟏𝟎𝟎� +  𝟓𝟎%          (3-3) 

Simplifying Equation 3-3, we are left with Equation 3-4.   

% 𝑭𝒓𝒖𝒔𝒕𝒓𝒂𝒕𝒊𝒐𝒏 = 𝜿 =  � <𝑺𝒂∙𝑺𝒃>𝑪𝒂𝒍𝒄
|<𝑺𝒂∙𝑺𝒃>𝑴𝒂𝒙|

× 𝟓𝟎� +  𝟓𝟎%    (3-4) 

In addition, the sign of BA ŜŜ ⋅
calc resolves the issue of whether the second half should 

be added or subtracted in each Equations 3-4 and 3-5. 

% 𝑺𝒂𝒕𝒊𝒔𝒇𝒂𝒄𝒕𝒊𝒐𝒏 =  𝜿𝑺 =  𝟓𝟎% − � <𝑺𝒂∙𝑺𝒃>𝑪𝒂𝒍𝒄
|<𝑺𝒂∙𝑺𝒃>𝑴𝒂𝒙|

× 𝟓𝟎�     (3-5) 
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It is the author’s belief that the majority of the time the quantification will be represented 

as percent frustration; however, due to the nature of the equation it is possible to also state the 

values as percent satisfaction.  

3.3 Results and Discussion 

3.3.1 Summary of Experimental Studies 

The structure of 3-1 is shown in Figure 3-5 along with the exchange pathways with 

significant magnetic interactions. Complex 3-1 is centrosymmetric with an inversion center. The 

exchange constants can thus be appropriately grouped into J1, J2, J3, and J4 as shown in Figure 

3-5. The structure comprises six Fe atoms in a chair conformation. It is of great relevance to the 

magnetic properties of 3-1 discussed previously to compare its structure with those of other 

[Fe6(μ3-O)2(μ-OR)8]6+ complexes in the literature with the same or a very similar core (Table 3-

4). In fact, there are several structural classes of FeIII
6 clusters that have been reported to date, 

differing in the Fe6 structural topology. These have been conveniently referred to as (a) planar, 

(b) twisted-boat, (c) chair-like, (d) parallel triangles, (e) octahedral, (f) fused or extended 

butterflies, (g) cyclic, and (h) linked-triangles. As can be anticipated, and as will be of interest to 

the magnetic arguments to follow, these different Fe6 topologies have led to a variety of ground 

state spin S values among these complexes. In order to allow for a convenient structural and 

magnetochemical comparison, these data for FeIII
6 complexes are collected in Table 3-4, together 

with their cores, the structural class they belong to, and their resultant ground state S values. As 

can be seen in Table 3-2, there are only two known examples of FeIII
6 complexes of class c), i.e. 

possessing a chair-like Fe6 topology; these are complex 3-1 and [Fe6O2Cl4(hmp)8](ClO4)2 (3-

2).83 The structure of complex 3-2 is similar to that of 3-1, except that the end Fe atoms Fe1 and 

Fe1΄ of 3-1 each possess a chelating hmp- and a terminal H2O, whereas these atoms in 3-2 each 

possess only two terminal Cl- ions and are thus five-coordinate.            
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Examination of Table 3-2 shows that an S = 3 ground state for an FeIII
6 complex is very 

rare. By far, most of the complexes for which the ground state spin has been determined have an 

S = 0 or S = 5 ground state. In fact, it is not intuitively obvious how an S = 3 ground state could 

arise for an  FeIII
6 complex, since it is clearly not the resultant of simple considerations of spin-

up and spin-down alignment possibilities. The usual qualitative rationalization in such cases is to 

say that spin frustration effects must be operative within the Fe3 triangular sub-units. Spin 

frustration is here defined in the more general, chemical sense as the presence of competing 

exchange interactions of comparable magnitudes that prevent (frustrate) the spin alignments 

preferred from the nature (ferro- or antiferromagnetic) of the exchange interactions between 

them. Thus, the qualitative argument would say that intermediate spin alignments (MS = ±
2

3 , ±

2
1  for high-spin FeIII) are present at some number of the Fe atoms and this gives the observed S 

= 3 ground state. While such qualitative arguments are undoubtedly correct, they are less than 

satisfying. The other  complex in class c), [Fe6O2Cl4(hmp)8](ClO4)2 (3-2), was also found to 

have an S = 3 ground state.83 Seeking to understand the origin of this ground state, the authors 

carried out computational studies using irreducible tensor methods to obtain the various pairwise 

Jij exchange parameters for each FeiFej pair and thus rationalize the S = 3 ground state. 

However, these calculations led to a predicted S = 0 ground state for 3-2, in conflict with the 

experimental data. The authors suggested several reasons for this discrepancy, but the bottom 

line is that the origin of the unusual S = 3 ground state for this class of FeIII
6 complex has yet to 

be satisfactorily explained at a quantitative level. In order to do so for our present complex 3-1, 

and by extension for 3-2, we have carried out computational studies on complex 3-1 using the 

ZILSH method. 
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3.3.2 Computational Studies 

Nonzero exchange constants obtained from the data of Table 3-1 are presented in Table 

3-5.  Trends in the values of the exchange constants found within the μ3-oxo bridged triangular 

subunits of 3-1 (J1, J2, and J3) follow magnetostructural correlations established for oxo-

mediated interactions between Fe3+ ions,89 with stronger antiferromagnetic coupling 

accompanying larger Fe-O-Fe bond angles and shorter Fe-O bonds in the oxo-bridged pathways 

(Table 3-5).  This is especially evident for the J3 pathway, which has a much larger bond angle 

and shorter average bond distance than the J1 and J2 pathways, and hence a much larger 

exchange constant.  The J4 pathway which is mediated exclusively by alkoxide moieties of hmp 

does not follow this trend, having a larger exchange constant despite its smaller average bond 

angle and longer average bond distance than the J1 and J2 pathways.  This could indicate that the 

ZILSH method treats exchange interactions mediated by substituted oxide ligands less accurately 

than it treats interactions mediated by unsubstituted oxide ligands.   

Whether that eventually proves to be the case or not, the J4 interaction does not influence 

the ground state spin of 3-1 or 3-3, as thoroughly discussed in reference 30.90 These calculations 

were first carried out with exchange constants obtained from ZILSH as the initial step in fitting 

the χMT data which gave the ground state spin of 3-1 as S = 3, in accord with, along with the 

ground state spin of 3-3 as S = 5 and ground state spin of 3-4 as S=0.90  

Repeating the spin eigenstate calculations with the exchange constants obtained 

empirically gave the same result: complex 3-1 has a S = 3 ground state, while complex 3-3 and 

3-4 have a S = 5 and S = 0 ground state, respectively and in agreement with all relevant 

experimental magnetic data on the complexes.  Ground state properties computed for 3-1, 3-3, 
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and 3-4 with exchange constants obtained from either ZILSH calculations or empirical fits are 

given in Table 3-5.  

In previous work our group has considered the spin couplings BA ŜŜ ⋅  found for the 

ground state of a complex by diagonalizing the HSH as an indicator of spin frustration.91 The 

spin coupling for a pathway indicates the alignment of spins in that pathway in the ground state, 

and is positive for parallel alignment and negative for antiparallel alignment.  Spin coupling 

values are helpful in determining the spin alignment in different ST due to the unique values for 

every combination of Ms for a given system. For example, any combination of two spins aligned 

antiparallel will give an ST = 0; however, the BA ŜŜ ⋅  value will be distinctly different (Figure 3-

6).  

The exchange constant, on the other hand, indicates the preferred alignment of spins.  

Under the –J (or –2J) convention, a negative exchange constant describes antiferromagnetic 

coupling and hence a preferred antiparallel spin alignment, while a positive exchange constant 

describes ferromagnetic coupling and a preferred parallel alignment.  Thus a pathway with 

BA ŜŜ ⋅  and J with opposite signs is frustrated.  Previously we have used this argument 

qualitatively as a simple indicator of the presence or absence of spin frustration.  We have also 

discussed the product –2JAB⋅ BA SS ˆˆ ⋅  as a more quantitative measure of spin frustration,92 as it 

represents the contribution of the A-B pathway to the total energy of the ground state.  Spin 

frustrated pathways thus increase the energy of the state, while pathways that are not frustrated 

decrease the energy.  Viewed in this way, spin frustration occurs in spite of increasing the ground 

state energy because the resulting alignment of spins allows greater decreases in energy in other 

pathways that are not frustrated. 
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The two views of spin frustration just described are both useful for understanding 

magnetic interactions between metal centers, but are both formulated on the basis of the simple 

presence or absence of spin frustration, i.e., a pathway is either frustrated, resulting in parallel 

alignment of the spins (assuming antiferromagnetic coupling), or is not frustrated, resulting in 

antiparallel alignment of spins.  Although the idea of “partial spin frustration” is often invoked in 

cases of intermediate spin ground states that cannot result from fully parallel or antiparallel spin 

alignments, as in triangular Fe3 complexes in which the ground state can have ST = 2
1 , 2

3 , or 

2
5 ,28 it has not previously been discussed on a quantitative basis.  A more quantitative 

understanding of spin frustration in such cases would clearly be useful.  This is amply illustrated 

by the initial report of complex 3-2,83 in which a fit of the magnetic susceptibility with a model 

assuming J1 = J2 failed to reproduce the ground state spin of S = 3, giving instead S = 0.  Several 

qualitative arguments were given to explain this discrepancy, including the absence of zero-field 

splitting in the model, the possibility that J1 ≠ J2, the magnetic field used in obtaining M vs. H 

data perturbed the ground state, and the observed ground state spin actually represented an 

average over several thermally populated states.  The second argument proves to be the crucial 

point (vide infra), but this is unclear without a quantitative view of spin interactions in the 

complex.  The following discussion presents a quantitative description of spin interactions that 

thoroughly explains the origin of the intermediate spin ground states observed for 3-1 and 3-2. 

There are three alternate definitions or types of frustration described by Baker et.al called 

type I, type II, and type III.93 

Type I systems obey the strict definition given by Kahn. Physically, they must have an 
odd number of electrons and result in a degenerate, spin-active ground state, i.e., multiple 
S = 1/2 levels. The spin number of the ground states will be lower than can be reached by 
regarding the quantum spins of the system classically. Structurally this will require a very 
regular geometry and the presence of odd-numbered circuits—either triangles, pentagons 
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(as in the Keplerates), or larger rings. Type II frustration is where the single ground state 
has a spin value lower than can be achieved by treating the molecule as having classical 
spins. The degenerate ground state required for type I frustration is not evident in type II 
systems. Structurally, a type II system is likely to contain odd-numbered circuits of spin 
centers, but with some structural distortion. Type III frustration is found in cases where 
the ground state could be derived from a classical treatment of spin, but where there are 
competing antiferromagnetic exchange interactions.93  
 

While the authors go into qualitative detail regarding the different types of frustration, we are 

focused on quantifying the extent of frustration within different pathways regardless of the type 

of frustration.  

The central concept of our quantitative view of spin frustration is again that the spin 

coupling BA ŜŜ ⋅  reflects the actual alignment of the spins across the A-B pathway.  In principle, 

then, this quantity directly reflects the “partially frustrated” spin alignments indicated for 3-1 in 

Table 3-7 in which, e.g., Fe1 and Fe1 both have M1 = + 2
3 .  It is immediately apparent when 

comparing 
21

ˆˆ SS ⋅  for 3-1 and 3-3, in which MX = MY = +
2

5 , that the value of 
YX ŜŜ ⋅  is 

distinctly different in the two cases.  Before proceeding in analyzing this difference, it is 

necessary to first consider a point of terminology.  The Fe1-Fe3 pathway in 3-1 is clearly 

partially frustrated, with M1 = M3 = +
2

3 , but no similar term has been used previously to 

describe the interaction of Fe1 and Fe2, which have M1 = +
2

3  and M2 = –
2

3 .  The 1-2 

interaction thus appears to be “partially not frustrated.”  We introduce the term “spin 

satisfaction” to avoid this awkward phrasing; the 1-2 pathway would thus be “partially satisfied.”  

Spin frustration and spin satisfaction are opposite senses of the same phenomenon, which we 

henceforth refer to as spin compensation.  We next introduce a quantitative scale of spin 

compensation based on the spin coupling that ranges from fully frustrated through fully satisfied 

and encompasses both partially frustrated and partially satisfied interactions. 
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In 3-1, the sides of the two triangles have J's of -17 and -22 cm-1. The sides with J = -17 

cm-1 are partially frustrated, all spins are roughly +
2

3 , and the frustration causes them to align to 

a net of S = 3 in the ground state. In the case of nonequivalent J's which have largely differing 

values,  the results are more or less complete satisfaction in one side and frustration in the other, 

local spin components of +
2

5 , and alignments leading to the net spin of 5. If those J's are 

changed slightly to be equivalent, then the ground state changes dramatically. The ground state 

becomes S = 0, all spins average to zero (combinations of spin components pointing in opposite 

directions on each metal), and none of the pathways are completely frustrated. The pathways are 

only slightly satisfied but they are not frustrated. Both slightly satisfied and slightly frustrated 

pathways are present in complex [Fe6O2(hmp)10(H2O)2](NO3)4 (3-1). As expected, all of the 

exchange couplings are negative, indicating antiferromagnetic coupling. However, the most 

interesting results are the spin couplings for each pair of FeIII ions because all of the pathways 

except for the interaction between Fe2 and Fe3 (as well as the symmetry equivalent Fe1´ and 

Fe3´) have values of -3.69 which is indicative of two FeIII ions with Sz = 
2

3 with opposite spin 

direction (antiparallel alignment), Figure 3-7. The pathway between Fe2 and Fe3 (Fe2´ and Fe3´) 

is frustrated as expected because it has a negative exchange coupling that is the smallest within 

the complex and has a positive spin coupling, BA ŜŜ ⋅ = +2.23 which is similar to the calculated 

spin coupling of +2.25 for two spins of 2
3 aligned parallel to one another. In Figure 3-7, the spin 

alignments are shown; therefore, S = 6 – 3 = 3 explains the S = 3 ground state.  

As has been discussed before, when the competing exchange interactions are comparable 

in strength there is a balance established and the spin ground state is very sensitive to the relative 

magnitudes of the exchange couplings. This can be demonstrated for complexes 3-1 and 3-2 and 
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is part of the explanation for why the literature example, complex 3-2, gave an S = 0 ground state 

when the data were fit to an isosceles triangle. The S = 3 ground state was explained assuming a 

scalene triangle for each triangular unit when calculating the exchange couplings of -17, -22, -60 

cm-1. When we assumed an isosceles triangle for the triangular units and used J = -19.5, -19.5, 

and -60 cm-1, an S = 0 ground state was predicted. The influence of lower symmetry on the 

ground state S is further demonstrated in Table 3-6 where the ground state varies from S = 0 to S 

= 5 with only slight changes in the value of J23 (and its symmetry equivalent) and holding all 

other exchange pathways constant at -22, -33 and -60 cm-1 pathway numbering according to 

Figure 3-7. 

The results found in Table 3-6 show how the spin ground state can vary from S = 0 to S = 

5 with only subtle changes to one pathway of a triangular unit. The plot found in Figure 3-8 

shows how the ratio of J13 and J23 can change the spin ground state drastically. These values 

were calculated varying the ratios of J13 and J23 (and their symmetry equivalents) and holding all 

other exchange parameters constant. The yellow dot represents the ratio of J13 and J23 for 

complex 3-1, it has been shown that subtle changes in the symmetry change the ground state of 

the complex. When the pathways have approximately equal or equal values the S = 0 ground 

state prevails which was the problem with the isosceles symmetry assumption made in effort to 

explain the S = 3 spin ground state of 3-2.  

In contrast to complex 3-1, which has spin couplings of the order of 3-2, in 

[Fe6O2(OH)2(O2CBut)10(hep)2] (3-3) and [Fe6O2(OH)(O2CBut)9(hep)4] (3-4), two  similar 

complexes previously reported, the spin couplings are all larger than 5.0 in magnitude. All Sz 

values are close to 
2

5 in magnitude. Both complexes, 3-3 and 3-4 (Figure 3-9), have competing 

antiferromagnetic exchange interactions; however, they are not all comparable in strength which 
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forces the pairs of spins with the weakest interactions to align parallel to one another i.e. the 

weakest interactions are completely frustrated in both complexes. The placement of the weakest 

interactions within each complex ultimately is responsible for the difference in the ground state 

(i.e. complex 3-3 and 3-4 having S = 0 and S =5, respectively.)  

3.3.3 A Spin Frustration Quantification Method  

When the quantification method was being developed, it became obvious that it would be 

most convenient to express spin compensation as a percentage as mentioned earlier. I will use the 

symbol κ as the spin compensation parameter. Due to most discussion of spin compensation 

being in terms of spin frustration rather than spin satisfaction, the spin satisfaction percentage 

will be denoted by κs and the spin frustration percentage will be denoted by just κ with no 

subscript. 

The initial test for our method for calculating percent compensation was how the values 

compared for all possible spin alignments for two Fe3+ ions. These results are impressive because 

there is a symmetric distribution about the 50% satisfied/frustrated as shown in Figure 3-10. 

Only the percent frustration values were calculated; however, when the percent satisfaction is 

calculated the values have a similar distribution around 50% (included at the end in the 

supplementary information for completeness). Three Fe3+
6 clusters will be used as test cases 

because all three cases contain exchange pathways which are antiferromagnetic and are 

comprised of two triangular units. These two conditions always result in at least some degree of 

spin frustration as shown in all of these complexes.  

  The success of these results led to the implementation of our method to quantify spin 

compensation on complex 3-1, which clearly has two frustrated pathways. For both complexes 3-

1 and 3-2, none of the pathways are completely satisfied or completely frustrated. Starting with 
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the Fe1-Fe2 exchange pathway in complex 3-1 which has a J = -22 cm-1 and a 
BA SS ˆˆ ⋅ calc = -3. 

69, it is possible to determine the percent frustration (κ) or percent satisfaction (κs) of this 

pathway within the compound. 

𝜿 =  � −𝟑.𝟔𝟗
|−𝟖.𝟕𝟓|

× 𝟓𝟎�% + 𝟓𝟎% = 𝟐𝟗%       (3-6) 

𝜿𝑺 = 𝟓𝟎% − � −𝟑.𝟔𝟗
|−𝟖.𝟕𝟓|

× 𝟓𝟎�% = 𝟕𝟏%       (3-7) 

Then, Fe1-Fe3 exchange pathway which has a J = -17cm-1 and BA ŜŜ ⋅ calc = +2.23  

 𝜿 =  � +𝟐.𝟐𝟑
|+𝟔.𝟐𝟓|

× 𝟓𝟎�% + 𝟓𝟎% = 𝟔𝟖%      (3-8) 

 𝜿𝑺 = 𝟓𝟎% − � +𝟐.𝟐𝟑
|+𝟔.𝟐𝟓|

× 𝟓𝟎�% = 𝟑𝟐%      (3-9) 

This method was carried out with every pathway in both complexes which makes it 

possible to discuss the amount of spin compensation contained for each interaction. The amount 

of spin frustration as well as the spin-dependent energy contribution for each exchange pathway 

is shown in Table 3-7. Focusing on complex 3-1, it is possible to see that by only two pathways 

being 68% frustrated and the others being 71% satisfied, actually lowers the total spin-dependent 

energy. The many definitions used to qualitatively describe spin frustration are in agreement with 

the first way to quantitate spin satisfaction, as is shown in Table 3-7. 

3.5 Conclusions 

 
The unusual S = 3 ground state for an FeIII

6 complex has been explained by intermediate 

spin states orientation at each metal. The intermediate spin states were identified by examining 

the exchange interactions and the spin couplings for each pathway. There are two partially 

frustrated pathways due to the parallel alignment and the balance are partially satisfied by 

aligning antiparallel of the intermediate spins on each metal. Since the two FeIII
6 complexes with 
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the S = 3 ground states were discovered there has been a new complex with an S = 4 ground state 

that can be added to the FeIII
6 family.94  

The decision to make assumptions to simplify fitting the data or calculations is a very 

important one as the influence of lower symmetry was shown to have drastic effects on the spin 

ground state. By only varying J12 slightly, we were able to show that only subtle changes can 

have large effects on the spin ground state. The assumption of higher symmetry doesn’t allow the 

explanation of unusual ground states in all cases.  

With the discovery of new FeIII complexes with unusual spin ground states, it is important 

to have a quantitative scale to be able to compare frustrated pathways from complex to complex 

as well as within a single complex. As thermometers allow the quantitative measurement of 

temperature so we know exactly how hot or how cold something is instead of using vague words 

such as hot and hotter, this work allows not only a more specific way to discuss spin 

compensation but also a way to identify trends in these pathways that are not completely 

satisfied or completely frustrated. Equations 3-4 and 3-5 are also effective for describing systems 

with smaller numbers of unpaired electrons. For completeness, two figures have been included to 

describe the complete range from completely satisfied to completely frustrated spin alignments 

for two high spin d4 metals (Figure 3-11) and two d3 metals (Figure 3-12). The percentages for 

each intermediate spin state are symmetric around the 50% mark and describe the 50% mark in 

the case of two high spin d4 metals.  

In the future, it may be possible to use magnetostructural parameters and spin 

compensation parameters to develop a correlation method to predict spin compensation based on 

structural information. This would allow information to be obtained without employing 
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computational methods on large complexes that are potentially too large and cumbersome to 

obtain theoretical results without huge expenses.  
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Table 3-1. Structural Parameters and Magnetic Properties for the Two Chair-like Complexes with the [FeIII
6(μ3-O)2(μ-OR)8]6+ Core 

Complexa α (o) β (o) γ (o) δ (o) Fe-(μ3-O)-Fe (o) Fe…Fe (Å) Fe-(μ3-O)b (Å) Ji (cm-1) S Ref 

 

(3-2) 

100.2 101.3 105.2 105.4 150.7 

104.1 

104.9 

3.040 

3.054 

3.688 

3.165c 

1.907 

1.905 

1.947 

J1 = -

18d 

J2 = -

18d 

J3 = -

52d 

J4 = -3d 

0 83
 

 (3-1) 97.7 99.4 104.9 105.2 100.7 

102.6 

156.7 

3.030 

3.064 

3.671 

3.166c 

1.967 

1.962 

1.874 

J1 = -17 

J2 = -22 

J3 = -60 

J4 = -33  

 

3 t.w

. 

a See Figure 3-2 for the definition of the structural parameters given in this table. b Average Fe-O distance.   
c Neighboring Fe…Fe distances between the apices of the two triangular [Fe3(μ3-O)]7+ units. d From theoretical calculations, assuming an 
isosceles FeIII

3O triangle, and applying a 3-J model (J1 = J2, see Figure 3-2).   
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Table 3-2.  Results of ZILSH calculations on complex 3-1.  See text for discussion. 

Componenta Energy (cm-1) M1
b M2 M3 M4 M5 M6 

high spin 4328.44c 
(-854.41034573)d 4.37 4.35 4.30 4.37 4.35 4.30 

1,2 2337.89 -4.35 -4.34 4.29 4.36 4.34 4.30 

1,3 2252.74 -4.31 4.31 -4.30 4.37 4.34 4.30 

1,4 0.00 -4.31 4.30 4.29 -4.31 4.30 4.29 

1,5 1332.65 -4.32 4.31 4.29 4.33 -4.31 4.30 

1,6 1431.90 -4.31 4.31 4.29 4.36 4.34 -4.29 

2,3 2155.51 4.32 -4.30 -4.29 4.36 4.35 4.30 

2,4 1332.74 4.33 -4.31 4.30 -4.32 4.31 4.29 

2,5 191.22 4.31 -4.30 4.30 4.31 -4.30 4.30 

2,6 1527.70 4.33 -4.30 4.30 4.35 4.35 -4.29 

3,4 1431.84 4.36 4.34 -4.29 -4.31 4.31 4.29 

3,5 1527.39 4.35 4.35 -4.29 4.33 -4.30 4.30 

3,6 2870.34 4.36 4.35 -4.29 4.36 4.35 -4.29 

4,5 2337.83 4.36 4.34 4.30 -4.35 -4.34 4.29 

4,6 2252.52 4.37 4.34 4.30 -4.31 4.31 -4.30 

5,6 2155.23 4.36 4.35 4.30 4.32 -4.30 -4.29 
a Indices indicate metals with unpaired spins reversed to all other unpaired spins.  See Figure 3-1 
for numbering scheme.  “HS” indicates component with all unpaired spins aligned.  b local spin 
density for Fe1 from ZILSH calculations.  c Relative energy (cm-1).  d Absolute energy of HS 
component (a.u.). 
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Table 3-3.    Spin couplings BA ŜŜ ⋅
UHF computed from ZILSH UHF wavefunctions for spin components of compound 3-1.   

Componenta S1·S2 S1·S3 S1·S1' S1·S2' S1·S3' S2·S3 S2·S1' S2·S2' S2·S3' S3· S1' S3· 
S2' 

S3· 
S3' 

S1'· 
S2' 

S1'· 
S3' 

S2'· S3' 

high spin 4.75 4.70 4.77 4.75 4.70 4.68 4.75 4.74 4.69 4.70 4.69 4.63 4.75 4.70 4.68 

1,2 4.72 -4.66 -4.73 -4.72 -4.68 -4.65 -4.73 -4.71 -4.67 4.66 4.65 4.61 4.73 4.68 4.67 

1,3 -4.65 4.63 -4.71 -4.68 -4.64 -4.63 4.70 4.68 4.64 -4.69 -4.66 -4.62 4.74 4.70 4.67 

1,4 -4.64 -4.63 4.64 -4.63 -4.62 4.61 -4.63 4.62 4.61 -4.62 4.61 4.60 -4.64 -4.63 4.61 

1,5 -4.66 -4.64 -4.67 4.65 -4.64 4.62 4.66 -4.64 4.63 4.64 -4.62 4.61 -4.66 4.64 -4.63 

1,6 -4.65 -4.63 -4.70 -4.68 4.61 4.62 4.70 4.68 -4.62 4.68 4.65 -4.60 4.73 -4.67 -4.65 

2,3 -4.65 -4.64 4.70 4.70 4.65 4.61 -4.68 -4.68 -4.63 -4.67 -4.67 -4.62 4.74 4.68 4.68 

2,4 -4.66 4.64 -4.67 4.66 4.64 -4.63 4.65 -4.64 -4.62 -4.64 4.63 4.61 -4.66 -4.64 4.62 

2,5 -4.64 4.63 4.65 -4.64 4.63 -4.62 -4.64 4.62 -4.61 4.63 -4.61 4.61 -4.64 4.63 -4.62 

2,6 -4.65 4.64 4.70 4.70 -4.63 -4.62 -4.67 -4.67 4.60 4.67 4.67 -4.60 4.73 -4.66 -4.66 

3,4 4.73 -4.67 -4.70 4.70 4.68 -4.65 -4.68 4.68 4.65 4.61 -4.62 -4.60 -4.65 -4.63 4.62 

3,5 4.73 -4.66 4.70 -4.67 4.67 -4.66 4.70 -4.67 4.67 -4.63 4.60 -4.60 -4.65 4.64 -4.62 

3,6 4.74 -4.67 4.75 4.74 -4.67 -4.66 4.74 4.73 -4.66 -4.67 -4.66 4.59 4.74 -4.67 -4.66 

4,5 4.73 4.68 -4.73 -4.73 4.66 4.67 -4.72 -4.71 4.65 -4.68 -4.67 4.61 4.72 -4.66 -4.65 

4,6 4.74 4.70 -4.71 4.70 -4.69 4.67 -4.68 4.68 -4.66 -4.64 4.64 -4.62 -4.65 4.63 -4.63 

5,6 4.74 4.68 4.70 -4.68 -4.67 4.68 4.70 -4.68 -4.67 4.65 -4.63 -4.62 -4.65 -4.64 4.61 

 
a All spins on the indicated metals reversed relative to others; see Figure 2 for numbering scheme. 
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Table 3-4. Structural Classes and Ground State S Values of Known FeIII
6 Clusters 

Complexa,b Core Classc S Ref. 

[Fe6O2(OH)2(O2CMe)10(C7H11N2O)2] [Fe6(μ3-O)2(μ-OH)2(μ-OR)2] a 5 83 

[Fe6O2(OH)2(O2CPh)10(dipaH2)2] [Fe6(μ3-O)2(μ-OH)2(μ-OR)2] a 5 95 

[Fe6O2(OH)2(O2CBut)10(hep)2] (3-3) [Fe6(μ3-O)2(μ-OH)2(μ-OR)2] a 5 96 

[Fe6O2(OH)2(O2CMe)10(Me-hmp)2] [Fe6(μ3-O)2(μ-OH)2(μ-OR)2] a 5 96 

[Fe6O2(OH)2(O2CPh)10(hep)2] [Fe6(μ3-O)2(μ-OH)2(μ-OR)2] a 5 90 

[Fe6O2(OH)(O2CPh)9(hep)4] [Fe6(μ3-O)2(μ-OH)(μ-OR)4] a 0 90 

[Fe6O2(OH)4Cl2(O2CR)6(4-NCC5H4N)4] [Fe6(μ3-O)2(μ-OH)4(μ-OR)2] a n.r. 97 

[Fe6O2(OH)2(O2CMe)10(C10H13N4O)2] [Fe6(μ3-O)2(μ-OH)2(μ-OR)2] a 5 28 

[Fe6O2(OH)(O2CBut)9(hep)4] (3-4) [Fe6(μ3-O)2(μ-OH)(μ-OR)4] b 0 96
 

[Fe6O2(OH)2(O2CBut)12(THF)2] [Fe6(μ3-O)2(μ-OH)2] b 0 98 

[Fe6O2(OH)2(O2CPh)12(H2O)2] [Fe6(μ3-O)2(μ-OH)2] b 0 98 

[Fe6O2(O2CH2)(O2CCH2But)12(py)2] [Fe6(μ3-O)2(μ4-O2CH2)] b 0 99 

[Fe6O2(OH)2(O2CPh)12(py)2] [Fe6(μ3-O)2(μ-OH)2] b 0 100 

[Fe6O2(OH)2(O2CPh)12(H2O)(diox)] [Fe6(μ3-O)2(μ-OH)2] b 0 101 

[Fe6O2(O2)(O2CPh)12(H2O)2] [Fe6(μ3-O)2(μ4-O2)] b n.r. 102 

[Fe6O2(O2)(O2CBut)12(L)2] [Fe6(μ3-O)2(μ4-O2)] b n.r. 103 

[Fe6O2(hmp)10(H2O)2]4+ (3-1) [Fe6(μ3-O)2(μ-OR)8] c 3 t.w. 

[Fe6O2Cl4(hmp)8]2+ (3-2) [Fe6(μ3-O)2(μ-OR)8] c 3  83 

[Fe6O2(O2CCH2Cl)6(moe)6]2+ [Fe6(μ3-O)2(μ-OR)6] d 0 99 

[Fe6O2(O2CBut)6(hmp)6]2+ [Fe6(μ3-O)2(μ-OR)6] d 0 77 

[Fe6O2(O2CPh)6(hmp)6]2+ [Fe6(μ3-O)2(μ-OR)6] d 0 77 

{Na∩[Fe6O3(hpidaH)6]}+ {Na∩[Fe6(μ-O)3(μ-OR)3]} d 0 104 



 

97 

Table 3-4. Continued     
Complexa,b Core Classc S Ref. 

[Fe6O2(O2)3(O2CMe)9]- [Fe6(μ3-O)2(μ4-O2)3] d 1 84 

[Fe6(L΄)6] [Fe6(μ3-OR)6] d n.r. 85 

[Fe6O2(OH)6(ida)6]4- [Fe6(μ3-O)2(μ-OH)6] d n.r. 105 

[Fe6O(OMe)18]2- [Fe6(μ6-O)(μ-OMe)14] e n.r. 106 

[Fe6O{CH3C(CH2O)3}6]2- [Fe6(μ6-O)(μ-OR)12] e n.r. 88 

[Fe6OCl6(OMe)3(thmeH3)3]2- [Fe6(μ6-O)(μ-OR)12] e 0 107 

[Fe6OCl6(OMe)12]2- [Fe6(μ6-O)(μ-OMe)12] e n.r. 108 

[Fe6O2(OPri)8(O2CPh)6] [Fe6(μ3-O)2(μ-OPri)6] f 3 100 

[Fe6O2(OH)6(O2CR)4Cl4(2-Ph2P(O)py)2] [Fe6(μ4-O)2(μ-OH)6] f n.r. 109 

[Fe6O2Cl4(OMe)6(L1)2] [Fe6(μ4-O)2(μ-OMe)6] f 3 110 

[Fe6O3(O2CMe)9(OEt)2(bpy)2]+ [Fe6(μ4-O) (μ3-O)2(μ-OEt)2] f 0 111 

[Fe6O3(O2CMe)9(OPh)2(bpy)2]+ [Fe6(μ4-O)(μ3-O)2(μ-OPh)2] f 0 91 

[Fe6O2(OH)2(O2CPh)6(hmbp)4]2+ [Fe6(μ3-O)2(μ-OH)2(μ-OR)4] f 5 86 

[Fe6O2(OH)4(O2CBut)8(dmem)2] [Fe6(μ3-O)2(μ-OH)4(μ-OR)2] f 5 87 

[Fe6O2(OMe)12(tren)2]2+ [Fe6(μ4-O)2(μ-OMe)8] f 5 112 

[Fe6O6(O2CPh)3(L3)3(H2O)2]3+ [Fe6(μ3-O)4(μ-O)2] f 0 78 

[Fe6O4Cl4(O2CPh)4(L3)2]2+ [Fe6(μ3-O)4] f 0 113 

[Fe6O3(OH)(p-NO2C6H4CO2)11L4] [Fe6(μ3-O)3(μ-OH)] f n.r. 114 

[Fe6O4(OH)2(ami)4(phen)8]8+ [Fe6(μ-O)4(μ-OH)2] g 0 115 

[Fe6Br6(L5)6] [Fe6(μ-OR)12] g n.r. 116 

[Fe6(ashz)6(MeOH)6] [Fe6(μ-OR)12] g 0 117 
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Table 3-4. Continued 
    

Complexa,b Core Classc S Ref. 

[Fe6Cl6(Rda)6] [Fe6(μ-OR)12] g n.r. 118 

[Fe6(L6)6] [Fe6(μ-OR)12] g 0 119 

[Fe6O3(O2CMe)8(L4)4] [Fe3(μ3-O)](μ-O)[Fe3(μ3-O)] h n.r. 120 

[Fe6O(OH)3(O2CMe)3(O2PPh)4(py)9]2+ {[Fe3(μ3-O)][Fe3(μ-OH)3]} h n.r. 121 

[Fe6O2(O2CPh)10(salox)2(H2O)2] [Fe6(μ3-O)2(μ-OR)2] h 0 122 

a Counterions and solvate molecules are omitted. 
b Abbreviations: n.r. = not reported; t.w. = this work; dipaH3 = diisopropanolamine; hepH = 2-
(2-hydroxyethyl)pyridine; Me-hmpH = 6-methyl-2-(hydroxymethyl)pyridine; THF = 
tetrahydrofuran; py = pyridine; diox = 1,4-dioxane; L = various terminal solvent molecules; 
moeH=2-methoxyethanol; hpidaH3 = N-(2-hydroxypropyl)iminodiacetic acid; (L’)3- = di-para-
tolyl malonate; ida2- = dianion of iminodiacetic acid; thmeH3 = 1,1,1-tris(hydroxymethyl)ethane; 
H2L1 = N,N’-bis(n-butylcarbamoyl)pyridine-2,6-dicarboxamide; bpy = 2,2’-bipyridine; hmbpH 
= 6-hydroxymethyl-2,2’-bipyridine; dmemH = 2-{[2-
(dimethylamino)ethyl]methylamino}ethanol; tren = 2,2’,2’’-triaminotriethylamine; L3 = 1,2-
bis(2,2’-bipyridyl-6-yl)ethane; ami = amphoteric ion of β-alanine; phen = 1,10-phenanthroline; 
H2L5 = N-(2,5-dimethylbenzyl)iminodiethanol; ashzH3 = N-propionylsalicylhydrazide; bicH3 = 
bicine; RdaH2 = various N-substituted diethanolamines; H3L6 = N-(2-hydroxy-5-
nitrobenzyl)iminodiethanol; L4 = N-(2-methylthiazole-5-yl)-thiazole-2-carboxamide; saloxH2 = 
salicylaldehyde oxime.  
c a = planar, b = twisted-boat, c = chair-like, d = parallel triangles, e = octahedral, f = fused or 
extended butterflies, g = cyclic, and h = linked triangles. 
 
  



 

99 

Table 3-5. Nonzero exchange constants (-2J convention) obtained for compounds 3-1, 3-3, and 3-4 with ZILSH calculations and 
empirical fits of magnetic susceptibility data.  All values given in cm-1. 

 
Interactiona 

 
3-1 3-3 3-4 

Method ZILSHb FITb ZILSHc FITc FITd FITb 

J1 -16.8  -15.9 -3.5 -18  

J2 -22.0  -39.0 -29.9 -18  

J3 -60.0  -55.6 -39.1 -52  

J4 -33.3  -28.5 -17.4 -3  
a Numbering scheme as in Figure3-1.b This work.c Reference22.d Reference 23. 
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Table 3-6. Calculated spin ground states holding all J constant except J23. 
J23 J13 S 

-18.5 -22.0 0 
-18.0 -22.0 1 
-17.5 -22.0 2 
-17.0 -22.0 3 
-16.5 -22.0 4 
-16.0 -22.0 5 
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Table 3-7. Exchange couplings (J, cm-1), spin couplings (<Sa·Sb>), ΔE (cm-1) and κ (% Frustration) for 3-1, 3-3, and 3-4. Note: Fe2-
F3’ and Fe3-Fe2’ values for complex 3-4 correspond to Fe2-Fe5 and Fe3-Fe4 pathways, respectively. 

  

3-1 3-3 3-4 

J  <Sa·Sb> ΔE  κ (%) J  <Sa·Sb> ΔE κ (%)  J  <Sa·Sb> ΔE  κ (%)  

Fe1-Fe2  -22 -3.69  -162.4 29  -7.5 6.16 92.4  93 -16 5.34 37.3  99 

Fe1-Fe3  -17 2.23  +75.8 68  -34 -7.13 -485  9 -31 -7.17 -444.5 9 

Fe2-Fe3  -60 -3.69  -442.8  29 -47 -7.47 -702  9 -33 -7.11 -469.3 7  

Fe2-Fe3’  -33 -3.69  -243.5 29  -17 -6.17 -210 15  -7.5 -7.57 -113.6 15  

Fe3-Fe2’  -33  -3.69  -243.5 29  -17 -6.17 -210 7  -21 -6.15 -258.3 15  
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Figure 3-1. Schematic of [Fe6O2(hmp)10(H2O)2](NO3)4 , complex 3-1. 

 

 

Figure 3-2. Schematic of [Fe6O2(OH)2(O2CBut)10(hep)2], complex 3-3. 
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Figure 3-3. Schematic of [Fe6O2(OH)(O2CBut)9(hep)4], complex 3-4. 

S1z = +5/2 S1z = +5/2 S1z = +5/2 S1z = +5/2 S1z = +5/2 S1z = +5/2
S2z = -3/2 S2z = -1/2 S2z = +3/2S2z = +1/2 S2z = +5/2S2z = -5/2

S1·S2 = -8.75 S1·S2 = -5.25 S1·S2 = -1.75 S1·S2 = 1.25 S1·S2 = 3.75 S1·S2 = 6.25

ST = 0 ST = 1 ST = 2 ST = 3 ST = 4 ST = 5
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Figure 3-4. The alignments of the z-component of two FeIII ions ranging from completely 
satisfied to completely frustrated. 
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Figure 3-5. The core of complex 3-1, defining the structural and magnetic parameters listed in 

Table 3-1. 

 

    

 
Figure 3-6. Multiple ways that ms states can combine to give ST = 0; however, all combinations 

give unique BA ŜŜ ⋅  values. 
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Figure 3-7. Schematic of complex 3-1 with J values, <SA∙SB> values, and spin alignments. 
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Figure 3-8. Plot of J23 versus J13 showing how their relative magnetudes affect the spin ground 

state. The dashed line is the J23 = J13 situation. 
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Figure 3-9. Schematic of complex 3-3 (top) and 3-4 (bottom) showing J values, <SA∙SB> values, 
and spin alignments. The frustrated pathways are indicated with dashed lines. 
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Figure 3-10. Percent Frustration (κ) calculated for all values of <S1·S2> for two FeIII (S = 5/2) 
ions. 
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Figure 3-11. All possible spin alignments for two high spin d4 metals (i.e. MnIII). 
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 Figure 3-12. All possible spin alignments for two d3 metals (i.e. MnIV). 
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CHAPTER 4 
DINUCLEAR MANGANESE(III) COMPLEXES WITH UNUSUALLY STRONG 

FERROMAGNETIC COUPLING 

4.1 Introduction 

Transition metal compounds can have interesting magnetic properties caused by large 

spin moments.  These properties are important in understanding enzymatic processes such as 

water oxidation in photosynthesis, in which the changes in the magnetic moment of a 

manganese-calcium cluster active site accompany changes in oxidation state during the catalytic 

cycle.123-125  When transition metal compounds can be fixed in two different distinct magnetic 

states they are called "single-molecule magnets" (SMMs).  SMMs have the potential for 

applications in molecular scale digital memory storage126 and quantum computing.127,128  The 

size of the energy barrier between two distinct magnetic states depends on the coupling of the 

transition metal ion spin moments.129   Higher energy barriers are needed to ensure data integrity 

by limiting thermally assisted switching between magnetic.12 Single-molecule magnet behavior 

in most 3d metals results from a large ground state spin (S) and a large and negative (Ising or 

easy axis type) magnetic anisotropy, as gauged by the zero-field splitting parameter (D). This 

combination leads to a significant barrier for magnetization reversal, whose upper limit is given 

by S2|D| for integer S values and (S2 – 1/4)|D| for half-integer S values.  It is thus important to 

establish a comprehensive understanding of spin moment coupling in transition metal 

compounds.  Over the last twenty years, manganese(III)-based single molecule magnets have 

been the main focus of many research groups due to the inherent axial anisotropy from Jahn-

Teller axes and relatively large spin (S) in each MnIII ion (S = 2, d4). These properties are also 

important in magnetocalorics where large spin ground states are necessary. The main issue with 

MnIII ions is that they tend to have weak coupling regardless of the type (antiferromagnetic or 

ferromagnetic) and when they do display strong coupling it tends to be antiferromagnetic. Weak 
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exchange interactions cause small energy gaps between spin states which is an issue when a well 

isolated, large ground state spin is desired to optimize the previously mentioned important 

physical properties.   

The exchange constant, J, for a dinuclear complex can be determined by fitting variable-

temperature magnetic susceptibility data to the appropriate Van-Vleck Equation 4-1. This allows 

the sign and magnitude of J. Experimental determination of J values in complexes with more 

than two metals is carried out in the same way, but becomes more difficult as the number of 

metals in the complex increases. 

𝜒𝑀 =  𝑁𝑔
2𝛽2

3𝑘𝑇
∙
∑ (𝑆𝑇+1)(2𝑆𝑇+1)Ω(𝑆𝑇)𝑒

−𝐸�𝑆𝑇�
𝑘𝑇𝑆𝑇

Σ(2𝑆𝑇+1)Ω(𝑆𝑇)𝑒
−𝐸�𝑆𝑇�
𝑘𝑇

       (4-1) 

The increased number of interactions in a larger metal cluster can lead to problems with 

obtaining a unique set of fitting parameters, with heavy dependence on the initial parameter 

values assumed in the fit. For this reason, there is no direct link between experiment and 

exchange constants in some larger complexes.  Computational modeling can in principle be used 

to assess magnetic interactions between transition metal ions, either to independently provide 

corroboration for results of fits of experimental data or to provide estimates of exchange 

constants in large, asymmetric complexes. 

Thus, a strong interest in the synthesis and study of small nuclearity MnIII and/or MnIV 

complexes remains. For example, a series of [Mn3O4(O2CR)4(bpy)2]130 (R = Me, Et) complexes 

containing the V-shaped [Mn3(μ-O)4] unit and new procedures to dinuclear MnIV complexes 

containing terminal Cl- ligands have been published in the past.131 Many groups are developing a 

number of new procedures to access MnIII and/or MnIV species, as well as oxidizing MnII ions in 

complexes to higher oxidation states. 
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A common route to manganese clusters is the oxidation of a MnII salt in the presence of a 

carboxylic acid and often a chelating ligand. In aqueous acetic acid, KMnO4 has been used to 

synthesize the dodecanuclear cluster [Mn12O12(O2CMe)16(H2O)4],132 octanuclear 

[Mn8O10(O2CMe)6(H2O)2(bpy)6](ClO4)4
133

  and dinuclear [Mn2O2(bpy)4](ClO4)3
134, just to 

name a few. The use of NnBu4MnO4
135

  was introduced by our group as a powerful oxidizing 

agent soluble in most common organic solvents, and this has led to the synthesis of a variety of 

polynuclear MnIII complexes. An alternate oxidizing agent, (NH4)2[Ce(NO3)6], has been used in 

the synthesis of several MnIV containing complexes such as 

[Mn2O2(O2CMe)(bpy)2Cl(H2O)](ClO4)2
10 and [Mn3O4(bpy)4(H2O)2](NO3)2(ClO4)2,5 and 

more recently to a variety of mixed-metal Mn/Ce complexes.136-141 

The present work explores the use of oxone as an oxidizing agent in Mn chemistry. 

Oxone is a peroxymonosulfate (SO5
2-), a very powerful oxidizing agent with E0 = 1.79 V vs 

NHE.142  The use of oxone in manganese coordination chemistry is very limited: for example, it 

was used in the synthesis of a MnIII-MnIV complex [Mn2O2(terpy)2(H2O)2](NO3)2
143 (where 

terpy is 2, 2’, 6, 6’-terpyridine).  

Our group has investigated many reactions of MnII salts with oxone in the presence of a 

chelating ligand and carboxylic acid. The chelates for the present study are 2,2'-bipyridine (bpy) 

and 1,2-bis(2,2'-bipyrididyl-6-yl)ethane (bbe), shown in Figure 4-1. The former is a commonly 

used ligand in many inorganic reactions and the latter is a bis-chelating ligand commonly 

employed in supramolecular chemistry,144-151 and which has previously yielded some 

tetranuclear complexes in Mn chemistry, [Mn4O2(O2CR)4(bbe)2](ClO4)2 and 

[Mn4O2(OMe)3(O2CR)2(bbe)2(MeOH)](ClO4)2 (R = Me, Et, Ph).152 Although bbe has not been 

used much in manganese chemistry, it has been explored in V153, Cr,152 Fe76,78, Co154, Ni155, and 
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Cu152 chemistry. The synthesis, structure, physical properties and DFT calculations of two 

ferromagnetically-coupled dinuclear manganese(III) carboxylate/sulfate-containing compounds 

with bpy or bbe will be discussed. These are the first SO4
2- bridged species in MnIII chemistry. 

Also reported is a synthetic attempt to isolate a carboxylate- and bbe-containing dimer without 

the use of oxone, which resulted in a tetranuclear species, and a study of the magnetic properties 

of this complex. 

4.2 Experimental Section 

4.2.1 Syntheses 

All manipulations were performed under aerobic conditions, except the synthesis of the 

organic compound bbe. All chemicals and solvents were used as received. The compound 1,2-

bis(2,2'-bipyridyl-6-yl)ethane156 (bbe), Mn(O2CEt)2·4H2O157 [Mn2O(SO4)2(bpy)2(H2O)2]158 

(4-1), and  [Mn2O(O2CMe)(SO4)(bbe)(MeOH)2](PF6)158 (4-2) were synthesized as described 

elsewhere.  

[Mn2O(SO4)2(bpy)2(H2O)2] (4-1):  The synthesis of complex 4-1 was confirmed by 

elemental analysis, infrared spectroscopy, and crystal unit cell comparison with the unit cell 

comparison with the authentic material. Elemental analysis: (%) calculated (found) for 4-

1·3H2O: C 33.38 (33.78); H 3.64 (3.59); N 7.78 (7.72). Selected IR data of the crystals (KBr 

pellet, cm-1): 1644 (w), 1601 (s), 1566 (m), 1495 (m), 1471 (m), 1445 (s) 1314 (m), 1282 (w), 

1251 (m), 1113 (vs), 1030 (vs), 965 (vs), 774 (s), 730 (s), 658 (s), 612 (s). The sample 

crystallized in the monoclinic space group P21/n. 

[Mn2O(O2CMe)(SO4)(bbe)(MeOH)2](PF6)158 (4-2): The synthesis of complex 4-2 was 

confirmed by elemental analysis, infrared spectroscopy, and crystal unit cell comparison with 

the unit cell comparison with the authentic material. Elemental analysis: Elemental analysis: 

(%) calculated (found) for 2·2 H2O C 36.12 (35.63), H 3.85 (3.83), N 6.66 (6.48) %. Selected 
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IR data (cm-1): 1602 (m), 1565 (m), 1530 (m), 1494 (m), 1453 (s), 1314 (w), 1264 (w), 1227 

(w), 1187, (w), 1171 (w), 1153 (w), 1059 (s), 1032 (s), 1011 (m), 984 (m), 844 (s), 779 (s), 

726 (w), 672 (w), 657 (w), 639 (w), 602 (w) 557 (s). The sample crystalized in the space 

group P 21/n.  

 [Mn4O2(O2CMe)4(bbe)2] (4-3): To a stirred solution of bbe (0.1g, 0.3 mmol) was added 

Mn(O2CMe)2 (0.35 g, 2.0 mmol) and NaIO4 (0.028g, 0.15mmol) followed by HAc (5 mL, 87 

mmol). The yellow slurry was stirred for one hour, during which time, the solution changed to a 

deep red. The solution was filtered and set up for slow evaporation. Single crystals formed on the 

sides of the vial after three days, the yield was 68 %. Elemental analysis: (%) calculated (found) 

for 4-3·4H2O: C 36.11 (36.11); H 3.83 (3.67); N 5.61 (5.85). Selected IR data (cm-1): 3429 (b), 

3121 (m), 1600 (m), 1578 (m), 1566 (m), 1455 (m), 1402(s), 1314 (w), 1094 (s), 1031 (m), 780 

(s), 724 (m), 657 (m), 623 (m). This complex crystallized in the space group P1 ̅ .A similar 

compound has been isolated by other methods.159 

4.2.2 Physical Measurements 

Infrared spectra were recorded in the solid state (KBr pellets) on a Nicolet Nexus 670 

FTIR spectrometer in the 400-4000 cm-1 range. Elemental analyses (C, H, and N) were 

performed by the in-house facilities of the University of Florida, Chemistry Department. 

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 solid eicosane to prevent 

torqueing. Magnetization vs field and temperature data were fit using the program MAGNET.  

Pascal’s constants were used to estimate the diamagnetic correction, which was subtracted from 

the experimental susceptibility to give the molar paramagnetic susceptibility (χM).  
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 4.2.3 Computational Studies 

The exchange constants in complex 4-1 and 4-2 were estimated with the ZILSH method34 

and density functional theory (DFT) calculations. For the ZILSH calculations, unrestricted 

Hartree-Fock molecular orbital wavefunctions were obtained with the INDO/S method of 

Zerner160-167 for various spin components of the complex. These wavefunctions were assumed to 

follow an effective Heisenberg spin Hamiltonian given in Equation 4-2,  

 ∑
<

⋅−=
BA

BAABeff SSJHH ˆˆ2ˆˆ
0             (4-2) 

where A and B label metal centers and Ĥ0 contains all spin-independent terms in the electronic 

Hamiltonian. The expectation value of Ĥeff for a spin component wavefunction Ψi is given in 

Equation 4-3,  

  ∑
<

⋅−=
BA

iUHF

BAAB
iUHF SSJEE

,

0
, ˆˆ2       (4-3) 

where E0 contains all spin-independent contributions to the energy. Spin couplings BA SS ˆˆ ⋅ UHF 

were calculated with the semiempirical local spin operator of Davidson and O’Brien.168-170 Given 

energies and spin couplings for the appropriate number of spin components, Equation 4-3 were 

solved simultaneously for the parameters E0 and JAB for all unique combinations of A and B. 

The spin components used were those with all unpaired spins aligned parallel (“high-spin”), and 

the component with unpaired spins on one of the two metal ions reversed. Since the identity of 

the two metals was the same reversing the spins on either metal was acceptable. 

A similar strategy was used in the DFT calculations by assuming that energies of 

unrestricted Kohn-Sham determinants representing the spin components also follow Equation 4-

3.  Following our standard procedure, ZILSH spin couplings were used with DFT energies to 

obtain estimates of the exchange constants. Spin couplings computed with the ZILSH method are 
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generally similar to those obtained from DFT densities.170-172 The B3LYP functional173,174 was 

used for all DFT calculations, which were performed with the Gaussian03 program.175 One basis 

set, the triple-zeta TZVP basis set of Alrichs176 was employed on all atoms. An important 

quantity obtained from both ZILSH and DFT calculations was the local spin density for each 

metal atom, equal to the number of unpaired electrons (Ni) on metal atom ‘i’.170 The signs of the 

Ni indicate the spin alignments within the complex for a particular spin component. The local 

spin densities were used to check that the correct spin component wavefunctions (or densities, in 

the case of DFT calculations) were obtained from the calculations (vide infra). 

Once the exchange constants (JAB) were obtained, wavefunctions and energies of the spin 

eigenstates described by the Heisenberg spin model could be obtained by substituting the JAB 

into the Heisenberg spin Hamiltonian (Equation 4-5 with Ĥ0 = 0) and diagonalizing the operator 

in the basis of spin components 
iN21i MMM =φ , where MA is the formal local z 

component of spin of metal ‘A’ (i.e. MA = 2 for high spin d4 MnIII ions). The wavefunctions of 

the spin eigenstates are then linear combinations of the basis functions φ i,  

 ∑∑ ==
i

iNi
i

ii
I

S MMMCC 21φψ          (4-4) 

as given by Equation 4-4. In the case of a ground state with nonzero spin, the component making 

the leading contribution to the wavefunction (i.e., that with the largest weighting coefficient Ci) 

indicates the spin alignments in the ground state. Both complexes were small enough to be 

treated with full diagonalization. The positions of the added protons were optimized using the 

MM+ forcefield with the Hyperchem program,177 while keeping all other atoms in fixed 

positions. 
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4.3 Results and Discussion 

4.3.1 Structure Descriptions 

4.3.1.1 Complex 4-1 

The treatment of MnCl2·4H2O and 2,2ʹ-bipyridine in aqueous MeCO2H with oxone 

resulted in the formation of a black solution, from which a new product, 

[Mn2O(SO4)2(bpy)2(H2O)2] (1) was obtained in the form of black crystals after the addition of 

THF (Equation 4-5).  

2 MnCl2 + 2 bpy + SO5
2- + 2 H2O + SO4

2- → [Mn2O(SO4)2(bpy)2(H2O)2] + 4 Cl- 

 (4-5) 

Complex 4-1 crystalizes in the monoclinic space group P21/n, and contains a dinuclear 

MnIII
2 core bridged by a µ2-O2- and two η1, η1-μ-SO4

2- ions. The octahedral coordination sphere 

is complete by a chelating 2,2ʹ-bipyridine (bpy) and a terminal water molecule. The two bpy 

units are nearly perpendicular to one another, as is ususlly the case for Mn2(µ-O)(µ-

O2R)2(bpy)2]2+ units.135 Bond valence sum calculations confirm that the two Mn centers are 

MnIII ions and that the two terminal ligands are water molecules. This in in agreement with the 

Jahn-Teller (JT) axial elongation clearly present in the molecules, as expected for MnIII with 

nearly octahedral geometry. The labeled core of 4-1 is shown in Figure 4-2 and selected 

intermolecular distances and angles can be found in Table A-1. The JT axes are O(3)-Mn(1)-

O(7) and O(4)-Mn(2)-O(13). Thus, at each Mn, one MnIII-O(SO4) bond is ~ 2.14 Å, significantly 

longer than the other one (~ 1.96 Å).  The JT elongated Mn-OH2 bonds are 2.218 (2) Å and 

2.186 (2) Å shorter than those in [Mn2O(O2CMe)2(bpy)2(H2O)2]2+ 135 (2.293(6) and 2.331(6) Å) 

but longer than those in [Mn4O2(O2CPh)9(H2O)]-172 (2.102(3)Å). The two JT axes are 

essentially perpendicular. The sulfate groups are tetrahedral, with all O-S-O angles in a narrow 

range of 108-111°. The coordinated water molecules are involved in hydrogen-bonding to two of 
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the H2O molecules in the lattice (O(79)-O(81)), the distances being 2.689 (2)Å (O(79)…O(3)) 

and 2.653Å (O(80)…O(4)). The O atoms of the SO4
2- groups are also involved in hydrogen-

bonding with a lattice molecule, (O(9)…O(81) = 2.783 (2) Å) and this water molecule also forms 

hydrogen-bonds to the neighboring dinuclear unit. There are also additional intermolecular 

interactions, provided by π-stacking of bpy rings (~3.4 Å). 

4.3.1.2 Complex 4-2 

Addition of oxone to Mn(O2CMe)2·4H2O and bbe in MeOH produced a red solution 

with a light precipitate. After addition of MeCO2H, filtration, and addition of TBAPF6 to the 

filtrate, the compound [Mn2O(O2CMe)(SO4)(bbe)(MeOH)2](PF6) (4-2) was obtained as dark 

red crystals (Equation 4-6). 

2 Mn(O2CMe)2 + bbe + SO5
2- + 2 MeOH → 

  [Mn2O(O2CMe)(SO4)(bbe)(MeOH)2]+ + 3MeCO2
-   (4-6) 

Complex 4-2, Figure 4-3, has a similar topology to complex 4-1 with slightly different ligands 

such as a bridging acetate, two terminal methanols, and a tetradentate bbe bridging chelate.  Both 

complexes are described elsewhere.158 Complex 4-2 crystallizes in the monoclinic space group 

P21/n, and the cation consists of two Mn centers bridged by a μ-O2-, a syn, syn-μ- MeCO2
- and 

one η1, η1, μ-SO4
2- ion. . Selected intermolecular distances and angles of 4-2 can be found in 

Table A-2. Octahedral coordination at each metal center is completed by a MeOH molecule and 

a chelating bipyridyl unit from the ligand bbe. The MnIII oxidation states and the protonated 

nature of the MeOH groups was established by BVS calculations on both the Mn and O atoms. 

However, the expected axial elongation of a MnIII JT distortion was not obvious.  For each Mn 

center, the shortest bond is the Mn-oxide bond (Mn(1)-O(1) 1.780 (2)Å and Mn(2)-O(1) 1.774 

Å). The Mn(1)…Mn(2) distance is 3.178 (20) Å and the Mn(1)-O(1)-Mn(2) angle is 126.83o. 

Figure 4-3 shows the parallel arrangement of the two bipyridyl halves of the bbe, necessitated by 
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their linkage via the ethylene bridge.  This parallel arrangement is in contrast to the 

perpendicular arrangement of two bpy groups about [Mn2(µ-O)(µ-O2CR)2]+ core.  

 The Mn(1)-O(5)-Mn(1) angle of 127.82(9)o in 4-1 is very similar to that of 4-2. The Mn 

centers in 4-1 are both clearly Jahn-Teller (JT) axially elongated along the O(3)-Mn(1)-O(7) and 

O(4)-Mn(2)-O(13) trans bonds, as expected for high-spin MnIII in near-octahedral geometry. The 

Mn coordination geometries in 4-2 are also clearly distorted, although this distortion does not 

take the form of the usual axial elongation. As can be seen in Figure 4-3, the two bonds 

undergoing the main elongation are cis to each other, involving atoms N(2) and O(4) at Mn(1), 

and N(4) and O(7) at Mn(2). This is an unusual pattern of bond elongation at a JT-susceptible 

metal ion. The pattern in 4-1 is the normal situation in dinuclear MnIII systems with a bridging 

oxide. The naturally short Mn-O2- bond already removes the degeneracy of the dσ orbitals of an 

octahedral, high-spin MnIII ion. Taking this direction as the z-axis, then the axial elongation of 

two trans bonds in the xy plane causes additional stabilization of the singly-occupied dx2-y2 

orbital and thus increases the overall ligand field stabilization energy of the molecule. Note that, 

as expected, each JT elongation is along the axis containing the neutral solvent molecule, the 

poorest donor of the ligand set. It is possible that the very short Mn-O bond is also causing some 

of the asymmetric elongation of two bonds (i.e. 2.13 vs 2.21 for the two JT elongated bonds. The 

unusual bond elongation pattern in 4-2 can be rationalized as follows: the naturally short Mn-O2- 

bond destabilizes the dz
2 over the dx

2
-y

2 orbital, and elongation of bonds in the xy plane would 

again lead to further stabilization of the molecule. Elongation of the Mn-MeOH bond is 

understandable. The unusual elongation of the bond cis rather than trans to the MeOH is due, we 

believe, to an additional benefit of the former over the latter, and that is a relief of strain in the 

molecule due to the limited flexibility of the bis-pyridyl ligand bbe. 
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4.3.1.3 Complex 4-3 

When NaIO4 was added to a mixture containing bbe, Mn(O2CMe)2 aqueous acetic acid,  

the yellow slurry changed to a dark red solution. Complex 4-3 was prepared from the following 

4 Mn(O2CMe)2 + 2 bbe + O2  →  [Mn4O2(O2CMe)4(bbe)2]+    

 (4-7) 

Complex 4-3 (Figure 4-4) is a dimer-of-dimers and consists of two 

[Mn2O(O2CCH3)2(bbe)]+ fragments held together by Mn1-O3 and Mn1ʹ-O3ʹ interfragment 

linkages. Selected intermolecular distances and angles for 4-3 can be found in Table A-3. The 

cation is centrosymmetric and mixed-valent containing two MnII and two MnIII ions where the 

MnII ions are five coordinate and the MnIII ions are six coordinate. Each resulting MnII-MnIII pair 

is quadruply bridged by O3, two syn, syn-H3CCO2
- groups and the bbe ligand, which is attached 

to both metals. All bipyridine rings are essentially parallel, providing additional interfragment 

interactions through π-stacking as well as intramolecular π-stacking.  

4.3.2 Magnetochemistry 

Variable-temperature magnetic susceptibility studies were performed on microcrystalline 

samples of 4-1, 4-2, and 4-3, restrained in eicosane to prevent torqueing.  

4.3.2.1 Magnetochemical studies for complex 4-1 

The magnetic susceptibilities were examined at a 0.1 T (1 kG) field in the 2.0 to 300 K 

temperature range for 4-1.  Diamagnetic corrections were applied to the magnetic susceptibilities 

using Pascal's constants.178  The solid-state χMT of 4-1 (Figure 4-5) shows a smooth increase 

from 7.2 cm3 K mol-1 at 300 K to a plateau at  9.0 cm3 K mol-1 between 10.0 and 35.0 K and then 

sharply decreases to 4.8 cm3 K mol-1 at 2.00K . This is a good indication that the ground state of 

the complex is ferromagnetic because the 300K value is a little higher than the spin-only (g = 

2.0) value of 6 cm3 K mol-1 that would be expected for two non-interacting MnIII ions.  The 
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plateau value of 9.0 cm3 K mol-1 suggests the presence of ferromagnetic interactions in the 

dinuclear MnIII complex of ST = 4 ground state. The sharp decrease in the signal is most probably 

due to changes in the population of the components of the spin ground state multiplet which are 

split by ZFS and antiferromagnetic intermolecular interactions caused by the solvent molecules 

within the lattice. It is important to collect magnetism data below 0.5 T to know whether a sharp 

decrease in signal at low temperature is due to intermolecular exchange interactions mediated by 

the solvent molecules in the lattice (vide supra) and Zeeman effects from the applied field or if it 

is an artifact. The data were fit to the theoretical expression, based on the spin Hamiltonian  Ĥ = 

BAAB ŜŜJ2 ⋅− , for the temperature dependence of the χMT of a dinuclear MnIII complex (S1 

= S2 = 2).179 Data below 8 K were neglected because the decrease in χMT at the lowest 

temperatures is due to the factors mentioned above that are not included in the model. A 

temperature independent paramagnetism (TIP) term was held constant at 300 x 10-6 cm-3 mol-1. 

The best fit is shown as the solid line in Figure 4-5, and the fit parameters were J = +11.4(3) cm-1 

and g = 1.86(1). The net ferromagnetic interaction between the two MnIII ions in 4-1 gives an S = 

4 ground state separated from the S = 3 first excited state by |8J| = 91.2 cm-1. In order to assess if 

the fit obtained was the superior fit and also to ensure it was the global minimum was located, a 

root-mean-square J vs g error surface was calculated, which calculates the relative difference 

between the experimental χMT data and the calculated values for various combinations of J and 

g. The error surface is shown in Figure 4-6 as a two dimensional contour plot and clearly shows 

only one minimum, confirming a good fit to the data. 

To confirm the indicated ST = 4 ground state of complex 4-1 and to estimate the 

magnitude of the zero-field splitting parameter D, magnetization vs dc field measurements were 

made on restrained samples at applied magnetic fields and temperatures in the 1-70 kG and 1.8-
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10.0 K ranges, respectively. The resulting data for 4-1 are shown in Figure 4-7 as a reduced 

magnetization (M/NµB) vs H/T plot, where M is the magnetization, N is Avogadro’s number, µB 

is the Bohr magneton, and H is the magnetic field. The data were fit using the program 

MAGNET,180 by diagonalization of the spin Hamiltonian matrix assuming only the ground state 

is populated, incorporating the axial anisotropy ( 2ˆ
zSD ) and Zeeman terms, and employing a full 

powder average. The corresponding spin Hamiltonian is given by Equation 4-8,  

ℋ = 𝐷�̂�𝑧2 + 𝑔𝜇𝐵𝜇0�̂� ∙ 𝐻        (4-8) 

where zŜ is the easy-axis spin operator, g is the Landé g factor and µ0 is the vacuum 

permeability.  

 The best fit for 4-1 is shown as the solid lines in Figure 4-7 and was obtained with S = 4 

and either of the two sets of parameters:  g = 1.86 and D = +1.6 cm-1, or g = 1.82(2) and D = -

0.63 cm-1. Alternate fits with S = 3 were rejected because they gave unreasonable values of g. It 

is common to obtain two acceptable fits of the magnetization data for a given S value, one with 

D > 0 and one with D < 0, since magnetization fits are not very sensitive to the sign of D. In 

order to assess which is the superior fit and also to ensure the global minimum was located, a 

root-mean-square D vs g error surface was calculated using the GRID181 program, which 

calculates the relative difference between the experimental M/NµB data and the calculated values 

for various combinations of D and g. The error surface is shown in Figure 4-8 as a two-

dimensional contour plot and clearly shows only two minima, with positive and negative D 

values. While both appear to be equally good fits of the data, it is not possible on the basis of 

these magnetization fits to conclude the more likely sign of the axial anisotropy parameter, D. 

However, the zero-field splitting of the ground state of a polynuclear MnIII complex is largely 

due to the vector addition of the single-ion ZFS tensors. Jahn-Teller elongations are typically 
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seen in octahedral MnIII ions where two Mn-L bonds opposite one another are noticeably longer 

creating a unique axis that usually defines the magnetic structure. Electron paramagnetic 

resonance experiments have shown that single-ion ZFS can be very large. For example, 

Mn(acac)3 (acac = 2,4-pentanedione) and Mn(taa) (taa = tris(1-(2-azolyl)-2-azabuten-4-yl)amine 

have D values of -4.52 cm-1 and -5.90 cm-1, respectively. When all JT axes are aligned 

essentially parallel, the net ZFS is relatively large as in the case of the Mn12 family where D ~ -

0.5 cm-1. Using chemical intuition, the J-T elongations tend to give negative ZFS parameters so 

the fit with the negative ZFS parameter is most likely correct. 

An additional, independent assessment of the ground state S value can be determined 

with an ac susceptibility measurement. An ac experiment was collected on 4-1 in the 1.8 - 10 K 

range using a 3.5 G ac field oscillating at a frequency of 997 Hz.  If the magnetization vector can 

relax fast enough to keep up with the oscillating field, then there is no imaginary (out-of-phase) 

susceptibility signal (χMʺ), and the real (in-phase) susceptibility (χMʹ) is equal to the dc 

susceptibility. However, if the barrier to magnetization relaxation is significant compared to 

thermal energy (kT), then there is a non-zero χMʺ signal and the in-phase signal decreases. In 

addition, the χMʹ and χMʺ signals will be frequency dependent if the complex is a single-

molecule magnet.  

 The obtained in-phase χMʹ signal for 4-1 is plotted as χMʹT vs T in Figure 4-9 (top) and 

can be seen to quickly decreasing from 10K down to 1.8 K. Extrapolating to 0 K the data from 

above 4K (to avoid lower temperature effects from the slight anisotropy and weak intermolecular 

interactions) gives a value in the 7 cm3Kmol-1 range, which is low for an S = 4 ground state and 

g < 2 but as was mentioned previously when looking at the χMT vs T plot, there is plateau and a 

steep drop at low temperature due to intermolecular interactions from the pi-pi stacking. Our 
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hypothesis that complex 4-1 may be a single-molecule magnet proved to be wrong as there is no 

χMʺ signal in the out-of-phase plot (Figure 4-9, bottom). 

4.3.2.2 Magnetochemical studies for complex 4-2 

The solid-state χMT of 4-2 shows only a slight increase from 8.1 cm3 K mol-1 at 300 K to 

9 cm3 K mol-1 at 50.0 K, which appears to almost be temperature independent. This is a good 

indication that the ground state of the complex is ferromagnetic because the 300K value is a little 

higher than the spin-only (g = 2.0) value of 6 cm3 K mol-1 that would be expected for two non-

interacting MnIII ions.  The plateau value of 9 cm3 K mol-1 suggests the presence of 

ferromagnetic interactions in the dinuclear MnIII complex of ST = 4 ground state. The sharp 

decrease in the signal is probably due to changes in the population of the components of the spin 

ground state multiplet which are split by ZFS and antiferromagnetic intermolecular interactions 

caused by the solvent molecules within the lattice. The data were fit to the theoretical expression, 

based on the spin Hamiltonian  Ĥ = BAAB ŜŜJ2 ⋅− , for the temperature dependence of the 

χMT of a dinuclear MnIII complex (S1 = S2 = 2).179 Data below 8 K were neglected because the 

decrease in χMT at the lowest temperatures is due to the factors mentioned above that are not 

included in the model. A temperature independent paramagnetism (TIP) term was held constant 

at 300 x 10-6 cm-3 mol-1. The best fit is shown as the solid line in Figure 4-5, and the fit 

parameters were J = 46(2) cm-1 and g = 1.86(4). The net ferromagnetic interaction between the 

two MnIII ions in 4-2 gives an S = 4 ground state separated from the S = 3 first excited state by 

|8J| = 350.4 cm-1. In order to assess if the fit obtained was the superior fit and also to ensure the 

global minimum was located, a root-mean-square J vs g error surface was calculated, which 

calculates the relative difference between the experimental χMT data and the calculated values 

for various combinations of J and g. The error surface is shown in Figure 4-10 as a two-
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dimensional contour plot and clearly shows only one minimum, confirming a good fit to the data. 

However, the fit looked slightly insensitive to the value of J with an uncertainty in the value from 

44< J <48. Magpack182 was used to simulate the data with J ranging from 44 to 46 cm-1 and the 

simulations plotted with the experimental data (Figure 4-11) and confirmed the insensitivity to 

the value in the range of 44-46cm-1 for complex 4-2. 

To confirm the indicated ST = 4 ground state of complex 4-2 and to estimate the 

magnitude of the zero-field splitting parameter D, magnetization vs dc field measurements were 

made on restrained samples at applied magnetic fields and temperatures in the 1-70 kG and 1.8-

10.0 K ranges, respectively. The resulting data for 4-2 are shown in Figure 4-12 as a reduced 

magnetization (M/NµB) vs H/T plot, where M is the magnetization, N is Avogadro’s number, µB 

is the Bohr magneton, and H is the magnetic field. The best fit for 4-2 is shown as the solid lines 

in Figure 4-12 and was obtained with S = 4 and either of the two sets of parameters: g = 1.80(2) 

and D = +0.92(3) cm-1, or  g = 1.84(1) and D = -0.80(2) cm-1. Alternative fits with S =3 were 

rejected because they gave unreasonable values of g. The error surface for 4-2 is shown as the 

two-dimensional contour plot in Figure 4-13 and shows only two minima with positive and 

negative D values, with the latter being of superior quality thus suggesting the true sign of D is 

negative.  

Alternating current susceptibility studies were performed on complex 4-2 (Figure 4-14) 

to determine if it displayed single-molecule magnet behavior. There were no indications that the 

in-phase data would allow for confirmation of the ground state due to relatively strong 

intermolecular interactions from pi-pi stacking. The obtained in-phase χMʹ signal for 4-2 is 

plotted as χMʹT vs T in Figure 4-14 (top) and decreases quickly from 10K down to 1.8 K. 

Extrapolating to 0 K the data from above 4K (to avoid lower temperature effects from the slight 
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anisotropy and weak intermolecular interactions) gives a value around 4 cm3Kmol-1 range, which 

is low for an S = 4 ground state and g < 2.  There is no χMʺ signal in the out-of-phase plot 

(Figure 4-14, bottom). 

4.3.2.3 Magnetochemical studies for complex 4-3 

The solid state χMT of 4-3 has a value of ~5.9 cm3 K mol-1 and appears temperature 

independent from  300 K down to 40 K where is slowly decreases to a value of 5.5 before 

decreasing rapidly to 3.5 cm3Kmol-1 at 5 K (Figure 4-15). The value of ~ 6 cm3Kmol-1 at 300 K 

is much lower than the spin-only value of 14.75 cm3Kmol-1 expected for four non-interacting 

manganese (2 MnIII and 2 MnII) ions which is an indication of antiferromagnetic interactions. 

The sharp decrease in the signal is most probably due to changes in the population of the 

components of the spin ground state which are split by ZFS and intermolecular interactions. The 

metal ions are thus clearly involved in magnetic exchange interactions, and the data were fit to 

the theoretical χMT vs T expression derived from the spin Hamiltonian appropriate for a Mn4 

butterfly; given in Equation 4-8,  

Ĥ = -2Jwb( Ŝ1·Ŝ2 + Ŝ1·Ŝ2ʹ + Ŝ1ʹ·Ŝ2 + Ŝ1ʹ·Ŝ2ʹ)  – 2Jbb(Ŝ1·Ŝ1ʹ) – 2Jww(Ŝ2ʹ·Ŝ2)   (4-8) 

Where Si refers to the spin of metal Mni, and Jwb and Jbb are the pairwise exchange 

parameters for wingtip-body and body-body metals of the butterfly topology, respectively; the 

Mn labeling scheme of Figure 4-4 was employed. However, it is reasonable to simplify Equation 

4-8 to Equation 4-9 based on structural considerations.  

Ĥ = -2Jwb( Ŝ1·Ŝ2 + Ŝ1·Ŝ2ʹ + Ŝ1ʹ·Ŝ2 + Ŝ1ʹ·Ŝ2ʹ)  – 2Jbb(Ŝ1·Ŝ1ʹ)    (4-9) 

 This Hamiltonian can be transformed into an equivalent form (Equation 4-9) by using the 

Kambe coupling method and the substitutions ŜA = Ŝ1 + Ŝ1ʹ, ŜB = Ŝ2 + Ŝ2ʹ and ŜT = ŜA + ŜB 

where the ST is the resultant spin of the complete molecule. 
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Ĥ = -2Jwb( ŜT
2 – ŜA

2– ŜB
2)  – 2Jbb(ŜA

2 – Ŝ1
2 – Ŝ2)     (4-10) 

From Equation 4-10 can be obtained the energy expression (Equation 4-11) for the 

energies, E(ST), of each ST state; constant terms contributing equally to all states have been 

omitted from Equation 4-10.  

E(ST, SA, SB) = -Jwb[ST(ST+1) – SA(SA+1) – SB(SB+1)] – Jbb[SA(SA+1)]  (4-11) 

An expression for the molar paramagnetic susceptibility, χM, was derived using the 

above and the Van Vleck equation, and assuming an isotropic g tensor. The derived equation was 

then used to fit the experimental χM vs T data in Figure 4-16 as a function of the two exchange 

parameters Jwb and Jbb, and the g factor. Good fits were obtained with fit parameters of Jwb = -

4.6 + 0.3 cm-1, Jbb = -2.4 + 0.1 cm-1, and g = 1.85 + 0.03, with temperature independent  

paramagnetism (TIP) held constant at 600 x 10-6 cm3 mol-1. Using these values, an energy ladder 

(Figure 4-17) can be created to further confirm the S =1 ground state with a |1, 4> and the first 

excited state is |2, 4>, located 18.4 cm-1 above the ground state. There is a cluster of 5 excited 

states within 36.8 cm-1 shows that there are many low-lying excited states which helps explain 

the following magnetic results. By using the energy ladder and the exchange couplings it is 

possible to see how the ST changes with the ratio of Jwb/Jbb in a spin frustrated system (Figure 4-

18). 

To confirm the indicated ST = 1 ground state of complex 4-3 and to estimate the 

magnitude of the zero-field splitting parameter D, magnetization vs dc field measurements were 

made on restrained samples at applied magnetic fields and temperatures in the 0.1-70 kG and 

1.8-10.0 K ranges, respectively. The resulting data for 4-3 are shown in Figure 4-19 as a reduced 

magnetization (M/NµB) vs H/T plot, where M is the magnetization, N is Avogadro’s number, µB 

is the Bohr magneton, and H is the magnetic field. However, a reasonable fit was not obtained 
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for any ground state S = 0-4. The splitting between the isofield lines indicates either a relatively 

large ZFS parameter or relatively strong intermolecular interactions. Strong intermolecular 

interactions are common with complexes containing large aromatic rings due to pi-pi stacking. 

 An additional, independent assessment of the ground state S value, ac susceptibility data, 

were collected on 4-3 in the 1.8 - 10 K range using a 3.5 G ac field oscillating at a frequency of 

997 Hz.  If the magnetization vector can relax fast enough to keep up with the oscillating field, 

then there is no imaginary (out-of-phase) susceptibility signal (χMʺ), and the real (in-phase) 

susceptibility (χMʹ) is equal to the dc susceptibility. However, if the barrier to magnetization 

relaxation is significant compared to thermal energy (kT), then there is a non-zero χMʺ signal and 

the in-phase signal decreases. In addition, the χMʹ and χMʺ signals will be frequency dependent if 

the complex is a single-molecule magnet. The main advantage of ac studies in the present case is 

that no dc field is used. This precludes problems arising from a dc field, such as the stabilization 

of Ms levels of low-lying excited states with S greater than that of the ground state. 

 The obtained in-phase χMʹ signal for 4-3 is plotted as χMʹT vs T in Figure 4-20 (top) and 

can be seen to quickly decreasing from 10 K down to 1.8 K. Extrapolating to 0 K the data from 

above 4K (to avoid lower temperature effects from the slight anisotropy and weak intermolecular 

interactions) gives a value around the 2 cm3Kmol-1 range, which is consistent with an S = 1 

ground state and g ~ 2. As can be seen in Figure 4-20 (bottom), there is no out-of-phase signal.  

4.3.3 Computational Studies 

Theoretical calculations were carried out on complex 4-1 and 4-2 using semiemperical 

ZILSH method and with DFT calculations (vide infra). The single exchange constant is obtained 

by computing energies and spin couplings for the ferromagnetic (F, parallel) and 
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antiferromagnetic (AF, antiparallel) spin components, and then solving Equation 4-3 for J and E0 

using Equation 4-12. 

𝐽 =  1
2

𝐸𝐹−𝐸𝐴𝐹

〈𝑆1𝑆2〉𝐴𝐹−〈𝑆1𝑆2〉𝐹
         (4-12) 

Energies and local spin densities of the Mn ions for each component are presented in 

Table 4-3. To summarize these results, the F component is quite low in energy relative to the 

other component. This indicates the exchange interactions between the two Mn3+ ions are 

ferromagnetic in nature. The spin densities are close to the formal values of four expected for 

high-spin Mn3+ (d4) ions but are reduced below these numbers by spin delocalization, as found 

with ZILSH for other complexes.34,90,92,183 The signs of the local spin densities indicate the 

relative direction of the spin moments of the manganese ions and show that the correct spin 

distributions were obtained for all spin components considered. Exchange constants were 

obtained from the information in Table 4-4 by simultaneous solution of Equation 4-8. The 

interactions between the two MnIII ions in both 4-1 and 4-2 are weakly antiferromagnetic with 

J12 = -4.8 cm-1. ZILSH calculations indicate that the exchange constants in both complexes are 

equivalent and antiferromagnetic which is contrary to experimental evidence. Refinement of the 

exchange constants with more accurate DFT calculations showed that these interactions were in 

fact different. Complexes 4-1 and 4-2 are small enough to be treated with DFT without 

fragmentation. The single exchange coupling, J12, is obtained by computing the DFT energies of 

both spin components along with spin couplings obtained with the semiempirical ZILSH method 

and solving Equation 4-9 for J12 and E0. The obtained exchange constant, J12 are 16.4 cm-1 and 

45.7 cm-1 for 4-1 and 4-2, respectively, which are in excellent agreement with the values of 16.4 

cm-1 and 43.8 cm-1 obtained from the fit of the magnetization data.  
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4.4 Conclusions and Future Work 

Peroxymonosulfate used in Mn chemistry in aqueous or mixed aqueous-organic reaction 

matrices can be simply an oxidizing agent or can be used as an oxide or sulfate ion source. The 

use of peroxymonosulfate yielded two new species, [Mn2O(SO4)2(bpy)2(H2O)2] (4-1) and 

[Mn2O(O2CMe)(SO4)(bbe)(MeOH)2](PF6) (4-2), which are strongly ferromagnetically coupled. 

Species 4-1 and 4-2 display ferromagnetic coupling between the MnIII centers, with a resulting 

ground-state spin of S = 4. The unusually strong ferromagnetic coupling in 4-2 is assigned to the 

net sum of its unusual structural distortions and two different tri-atomic bridges. Clearly, the 

obtained results demonstrate that strong ferromagnetic coupling is possible between two MnIII 

ions in the common structural type [MnIII
2O(X)2(bbe)2] where X is a polyatomic bridging group 

and bbe a chelating ligand. This unusually strong coupling found in complexes 4-1 and 4-2 were 

validated by DFT calculations. A similar mixed-valent Mn4 tetramer has been synthesized and 

fully characterized. Contrary to the dimeric complexes, complex 4-3 displays antiferromagnetic 

coupling with an S = 1 ground state and can be rationalized using the concept of spin frustration.  

Future work is to investigate how the strain of the bbe ligand effects the exchange 

interactions within the complex. The investigation will have the angle between the bipyridine 

units of the bbe ligand systematically varied in 5° increments with geometry optimization before 

the exchange couplings are calculated through computational methods. Further attempts need to 

be made to isolate the [Mn2O(H3CCO2)2(bbe)(H3CCO)2]+ complex to determine if the sulfate 

bridges play a role or if our hypothesis is correct that there is a correlation between the strain of 

the ligand on the molecule and the magnetic interactions. 
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Table 4-1. Exchange Interactions and Selected Structural Parameters for [MnIII
2OXY]n+ 

Complexes. 
Complex Mn..Mn, Å Mn-O, Å Mn-O-Mn, o J, cm-1 Ref 

[Mn2O(O2CMe)2(bpy)2Cl2]  3.353(3) 1.788(11) 

1.777(12) 

124.3 (7) -4.1 184 

[Mn2O(O2CPh)2(bpy)2(N3)2]  3.253(4) 1.802(4) 122.0(5) +8.8 184 

[Mn2O(O2CMe)2(bpy)2(H2O)2](ClO

4)  

3.132(2) 1.781(5) 

1.784(5) 

122.9(4) -3.4 158 

[Mn2O(O2CMe)2(HB(pz)3)2]a  3.159(1) 1.780(2) 125.0(3) -0.5 179 

[Mn2O(O2CMe)2(Me3-TACN)2]b na 1.810(4) 120.9(1) +9 185 

[Mn2O(O2CMe)2(TMIP)2](ClO4)2  3.164(5) 1.797(11) 

1.781(11) 

124.4(6) -0.5 186 

4-2 3.178(2) 1.780(3) 

1.774(3) 

126.83(16) +43.8 t.w. 

4-1 3.2157(5) 1.7947(16) 

1.7858(17) 

127.82(9) +11.4 t.w. 

a HB(pz)3
- = hydridotris((1-pyrazol)borate). b Me3-TACN = 1,4,7-trimethyl-1,4,7-triazacyclononane. 

 t.w. = this work. 
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Table 4-2. Crystallographic data for [Mn2O(SO4)2(bpy)2(H2O)2] (4-1), 
[Mn2O(O2CMe)(SO4)(bbe)(MeOH)2](PF6) (4-2) and 
[Mn4O2(O2CMe)4(bbe)2](ClO4) (4-3). 

aR=100 Σ ||Fo| - |Fc||/ Σ |Fo|. b Rw= 100 [ Σw(|Fo| - |Fc|)2/Σw|Fo|2]1/2 where w = 1/σ2(|Fo|). 

 

 

 

 

 4-1•3H2O 4-2 4-3•2MeCN•3H2O 

Empirical Formula C20H26Mn2N4O14S2 C26F6H29Mn2N4O9PS C32H40Mn4N6O21 

FW, g mol-1 720.45 828.47 1064.44 

Crystal System Monoclinic monoclinic triclinic 

Space Group P 21/n P 21/n P1̅ 

Temperature 116 K 193 K 193 K 

a, Ǻ 8.6849(3) 7.5946(6) 12.7443(6) 

b, Ǻ 37.7372(15) 16.129(2) 13.0561(7) 

c, Ǻ 17.0389(7) 27.531(2) 13.7098(7) 

α 90 90 81.539(2) 

β 101.1080(10) 91.849(2) 89.482(2) 

γ 90 90 80.227(2) 

Z 8 4 2 

Wavelength, Ǻ 0.71073 0.71073 0.71073 

Calculated density,        

g cm-3 
1.568 

1.660 1.686 

Linear absorption 

coefficient, cm-1 

11.506 9.48 12.90 

Rb or R1, %a 3.51a 5.44a 4.55a 

Rw or wR2c, %b 

 

8.65b 

 

13.10c 

 

12.88c 
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Table 4-3. Bond valance sum table for complex for 4-3. 

 
Mn(II) Mn(III) Mn(IV) 

Mn1 2.93 2.91 2.83 
Mn2 2.05 2.07 1.81 

  Atom BVS Assignment group Atom BVS Assignment group 

O1 1.97 RO- H3CO2
- O4 1.98 RO- H3CO2

- 
O2 2.01 RO- H3CO2

- O5 2.02 RO- H3CO2
- 

O3 1.97 O2- oxide     
The underlined value is the one closest to the charge for which it was calculated. The oxidation 
state of a particular atom can be taken as the nearest whole number to the underlined value.  
The BVS values for O atoms of O2-, OH-, and H2O groups are typically 1.8-2.0, 1.0-1.2, and 0.2-
0.4, respectively. 
 
 
 
 
 
 
Table 4-4. Computational results for complexes 4-1 and 4-2. 

   4-1 ZILSH DFT   

 
Component Ferromagnetic Antiferromagnetic Ferromagnetic Antiferromagnetic 

 

 
E (cm-1) +126.72b 

0  
(-359.53630396)a 

0 
(-4916.10221493)a +243.61b 

 
 

Mn1 +3.90 -3.84 +3.90 -3.83 
 

 
Mn2 +3.89 +3.83 +3.89 +3.83 

      +3.691  -3.715      -      -   
   4-2 ZILSH DFT   

 
Component Ferromagnetic Antiferromagnetic Ferromagnetic Antiferromagnetic 

 

 
E (cm-1) +299.38b 

0 
 (-367.14)a 

0  
(-4601.98329978) a +678.82 b 

 
 

Mn1 +3.90 -3.84 +3.91 -3.83 
 

 
Mn2 +3.90 +3.84 +3.90 +3.82 

      +3.718  -3.709  -  -   

       a   a.u.  b cm-1 

 

⟨𝑆1𝑆2⟩ 

⟨𝑆1𝑆2⟩ 



 

135 

 
Figure 4-1. Structure of ligands: 2,2'-bipyridine (bpy) and 1,2-bis(2,2'-bipyrididyl-6-yl)ethane 

(bbe). 
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Figure 4-2. The structure of complex 4-1 (top), a stereopair (middle), and the labeled core. 

Hydrogen atoms have been omitted for clarity. Color code: MnIII green; O red; N 
blue; S magenta; C gray. 
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Figure 4-3. The structure of complex 4-2 (top), a stereopair (middle), and the labeled core. 

Hydrogen atoms have been omitted for clarity. Color code: MnIII, green; O, red; N, 
blue; S, magenta; C, gray. 
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Figure 4-4. The structure of complex 4-3 (top), a stereopair (middle), and the labeled core. 

Hydrogen atoms have been omitted for clarity. Color code: MnII, yellow; MnIII, 
green; O, red; N blue; C, gray. 
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Figure 4-5.  Plots of χMT vs T for complexes 4-1 (Δ) and 4-2 (■) using 0.1 T field, solid black 

lines are fits to the data, see text for details.  
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Figure 4-6. J vs g root-mean-square error surface for 4-1. 
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Figure 4-7. Plot of reduced magnetization for 4-1; see text for fit parameters.  
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Figure 4-8. D vs. g root-mean-square error surface for 4-1. 
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Figure 4-9. Plots of in-phase χMʹ (as χMʹT) vs T ( left) and out-of-phase χMʺ vs T (right) ac 
susceptibility for complex 4-1. 
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Figure 4-10. J vs g root-mean-square error surface for 4-2. 
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Figure 4-11. Magpack simulations for complex 4-2 with varying values of J. 
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Figure 4-12. Plot of the reduced magnetization for 4-2; see text for fit parameters.  

 

Figure 4-13. D vs g root mean square error surface for 4-2. 
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Figure 4-14. Plots of in-phase χMʹ (as χMʹT) vs T (top) and out-of-phase χMʺ vs T (bottom) ac 
susceptibility for complex 4-2. 
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Figure 4-15. Plot of χM T vs T for complex 4-3. 
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Figure 4-16. Plot of χM vs T for complex 4-3, solid black line is the fit to the data, see text for 
details 
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Figure 4-17. Energy ladder for Complex 4-3. 
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Figure 4-18. Plot of Energy/Jbb vs Jbb/Jwb for complex 4-3.  
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Figure 4-19. Plot of the reduced magnetization for complex 4-3. 
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Figure 4-20. Plots of in-phase χMʹ (as χMʹT) vs T (top) and out-of-phase χMʺ vs T (bottom) ac 
susceptibility for complex 4-3. 
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CHAPTER 5 
A FAMILY OF MN7 DISKLIKE COMPLEXES WITH AN UNUSUAL GROUND STATE 

SPIN OF S = 9 

5.1 Introduction  

The pursuit of novel mixed-valent high nuclearity manganese clusters has been continued 

for a plethora of reasons for which range from their aesthetically pleasing architecture to their 

ability to act as mimics for Mnx sites within biomolecules.187-192 Moreover, many of them display 

interesting magnetic properties such as large ground spin states, S, and sometimes behave as 

single-molecule magnets (SMMs). SMMs are individual molecules that function as single-

domain nanoscale magnetic particles below their blocking temperature, TB.16,138,193  This 

behavior arises from the combination of a large ground-state spin, S, and Ising-type 

magnetoanisotropy (negative zero-field splitting parameter, D), which leads to a significant 

energy barrier to the thermal relaxation of the molecular magnetic moment.194 The upper limit of 

the energy barrier to the relaxation of the magnetization can be calculated by S2|D| or (S2-1/4)|D| 

for integer and half-integer spins, respectively. Experimentally, an SMM exhibits frequency-

dependent out-of-phase ac magnetic susceptibility signals, and hysteresis in a plot of 

magnetization vs applied dc magnetic field. Various families of SMMs have been discovered, 

and the largest Mn SMM is a Mn84 torus. SMMs have be known to display interesting quantum 

phenomena such as quantum tunneling of magnetization,195-201 spin parity effects,57,202 and 

quantum phase interference.57,202,203  Thus, they have been implicated for possible use in 

quantum computing and as components in molecular spintronic devices, among others.204-209 

Thus, much of the allure of inorganic synthetic chemistry is to try to synthesize these interesting 

complexes for potential applications; however, part of this attraction is no doubt related to the 

unpredictable and sometimes serendipitous products produced from different types of reactions.  
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Our group has reported the successful synthesis and isolation of two 

[Mn10O4(N3)4(hmp)12]2+ cations with T symmetry and a ground state spin, S = 22.210-212 After a 

thorough investigation, it was established that the [Mn10O4(N3)4(hmp)12]2+ cations are not 

SMMs due to their small D. Following up on this project, the same synthetic route was used with 

the initial goal of substituting the azide ligands with other pseudo-halides and halides to 

potentially change the symmetry or orientation of the Jahn-Teller axes to isolate a good single-

molecule magnet by taking advantage of the large ground state spin. However, the substitution of 

azide for other pseudo-halides and halides has instead led to the preparation of a 

[Mn7(OH)3(hmp)9X3]2+ (where X = SCN-, OCN-, Br-, Cl-, I-) family of  complexes. Herein the 

syntheses, crystal structures, and physical properties of this family of Mn7 clusters will be 

described. The thiocyanate version is a new member of the whole-integer spin SMM family of 

Mn7 wheels.  

5.2 Experimental Section 

5.2.1 Syntheses 

All preparations were performed under aerobic conditions using reagents and solvents as 

received unless otherwise specified. Safety note: Perchlorate salts are potentially explosive; such 

compounds should be synthesized and used in small quantities, and treated with utmost care at 

all times. 

[Mn7(OH)3(SCN)3(hmp)9](ClO4)2 (5-1): To a stirred solution of hmpH (0.20 ml, 2.0 

mmol) and NEt3 (0.28mL, 2.0 mmol) in MeCN/MeOH (19/1, v/v) was added 

tetrabutylammonium thiocyanate (NBun
4SCN) (0.155g, 2 mmol) and Mn(ClO4)2·xH2O (0.50g, 

2.0 mmol).  Immediately following the addition of Mn(ClO4)2, Bromine water (1.7 mL, 2.0 

mmol) was added. The resulting red-brown solution was stirred for 30 minutes, filtered and the 

filtrate layered with diethyl ether and left undisturbed at room temperature. After two days, X-
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ray quality crystals of 5-1·MeCN were obtained. They were collected by filtration, washed with 

Et2O, and dried under vacuum; the yield was 82 %. Anal. Calculated (Found) for 5-1 (solvent-

free): C 39.31 (39.25); H 3.41 (3.29); N 10.52 (10.49). Selected IR data (cm-1): 3487 (b), 2839 

(m), 2064 (vs), 1605 (s), 1569 (m), 1480 (m), 1437(s), 1384 (w), 1363 (m), 1281 (m), 1223 (w), 

1154 (m), 1063 (s), 1044 (s), 1017 (m), 762 (s), 719 (m), 670 (m), 565 (s), 525 (m), 480 (m), 448 

(m).  

[Mn7(OH)3(NCO)3(hmp)9] (ClO4)2 (5-2): To a stirred solution of hmpH (0.2 ml, 2.0 

mmol) and NEt3 (0.28 mL, 2.0 mmol) in MeCN/MeOH (19/1, v/v) was added NaNCO (0.14 g, 

2.0 mmol) and Mn(ClO4)2·xH2O (0.50 g, 2.0 mmol). The resulting red-brown solution was 

stirred for 30 minutes, filtered and the filtrate layered with diethyl ether and left undisturbed at 

room temperature. After two days, X-ray quality crystals of 5-2·MeCN were obtained. They 

were collected by filtration, washed with Et2O, and dried under vacuum; the yield was 76 %. 

Analysis: Calculated (Found) for 5-2·MeCN: C 36.856 (36.95); H 3.596 (3.361); N 9.001 

(8.937). Selected IR data (cm-1): 3439 (b), 2840 (m), 2196 (vs), 1606 (s), 1570 (m), 1481 (s), 

1439 (s), 1366 (m), 1324 (w), 1288 (m), 1225 (w), 1156 (s), 1068 (s), 1017 (s), 823 (w), 763 (s), 

720 (m), 669 (s), 624 (s), 566 (s), 527 (m), 481 (w). 

[Mn7(OH)3 (hmp)9 (I)2(H2O)] (ClO4)3   (5-3): To a stirred solution of hmpH (0.2ml, 2 

mmol) and NEt3 (0.28mL, 2 mmol) in MeCN/MeOH (19/1, v/v) was added TEAI (0.514g, 2 

mmol) and Mn(ClO4)2·xH2O (0.50g, 2 mmol) The resulting red-brown solution was stirred for 

30 minutes, filtered , the filtrate was layered with diethyl ether, and left undisturbed at room 

temperature.  After two days, X-ray quality crystals of 5-3·MeCN were obtained. They were 

collected by filtration, washed with Et2O, and dried under vacuum; the yield was 74 %. 

Analysis:  Calculated (Found) for 5-3 (solvent-free): C 34.51 (34.37); H 3.16 (2.93); N 6.71 
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(6.57). Selected IR data (cm-1): 3400 (b), 3059 (m), 3024 (m), 2832 (m), 2246 (m), 1606 (s), 

1569 (m), 1480 (s), 1438 (s), 1365 (m), 1223 (w), 1156 (m), 1065 (s), 1016 (m), 824 (w), 760 

(s), 720 (m), 669 (m), 640 (s), 561 (m), 525 (m), 447 (m).  

[Mn7(OH)3(Br)3(hmp)9] (ClO4)2 (5-4): To a stirred solution of hmpH (0.20 ml, 2.0 

mmol) and NEt3 (0.28 mL, 2.0 mmol) in MeCN/MeOH(19/1, v/v) was added TBABr (0.65 g, 

2.0 mmol) and Mn(ClO4)2·xH2O (0.50 g, 2 mmol). The resulting red-brown solution was stirred 

for 30 minutes, filtered, the filtrate was layered with diethyl ether, and left undisturbed at room 

temperature. After two days, X-ray quality crystals of 5-4·MeCN were obtained. They were 

collected by filtration, washed with Et2O, and dried under vacuum; the yield was 85 %. 

Analysis: Calculated (Found) for 5-4·3MeCN: C 36.57 (36.54); H 3.38 (3.38); N 8.53 (8.43). 

Selected IR data (cm-1):  3398 (b), 2840 (m), 1606 (s), 1569 (s), 1482 (s), 1439 (s), 1365 (m), 

1289 (s), 1259 (w), 1224 (m), 1157 (m), 1066 (s), 1015 (s), 885 (w), 825 (m), 761 (s), 721 (m), 

670 (s), 562 (s), 525 (m), 484 (m) 448 (w).    

[Mn7(OH)3(Cl)3(hmp)9] (ClO4)2 (5-5): To a stirred solution of hmpH (0.20 ml, 2.0 

mmol) and NEt3 (.28mL, 2.0 mmol) in MeCN/MeOH(19/1, v/v) was added TEACl (0.36g, 2.0 

mmol) and Mn(ClO4)2·xH2O (0.50g, 2.0 mmol). The resulting red-brown solution was stirred 

for 30 minutes, filtered, the filtrate layered with diethyl ether, and left undisturbed at room 

temperature. After two days, X-ray quality crystals of 5-4·MeCN were obtained. They were 

collected by filtration, washed with Et2O, and dried under vacuum; the yield was 78 %. 

Analysis:  Calculated (Found) for 5-4·H2O: C 38.57 (38.42); H 3.85 (3.84); N 6.98 (7.03). 

Selected IR data (cm-1): 3398 (b), 2840 (m), 1606 (s), 1569 (s), 1482 (s), 1439 (s), 1365 (m), 

1289 (s), 1259 (w), 1224 (m), 1157 (m), 1066 (s), 1015 (s), 885 (w), 825 (m), 761 (s), 721 (m), 

670 (s), 562 (s), 525 (m), 484 (m) 448 (w). 
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5.2.2 X-ray Crystallography 

X-Ray Intensity data were collected at 100 K on a Bruker DUO diffractometer using 

MoKα radiation (λ = 0.71073 Å) and an APEXII CCD area detector.  Raw data frames were read 

by program SAINT1 and integrated using 3D profiling algorithms.  The resulting data were 

reduced to produce hkl reflections and their intensities and estimated standard deviations.  The 

data were corrected for Lorentz and polarization effects and numerical absorption corrections 

were applied based on indexed and measured faces.   

The structure of 5-1 was solved and refined in SHELXTL6.1 using direct methods and 

full-matrix least-squares refinement.  The non-H atoms were refined with anisotropic thermal 

parameters and all of the H atoms were placed in calculated, idealized positions and refined as 

riding on their parent atoms.  The asymmetric unit consists of one third of a Mn7 cluster, two 1/3 

perchlorate anions and two acetonitrile solvent molecules.  The Mn7 and perchlorates are located 

on 3-fold rotation axes while the solvent molecules are in general positions.  Each of the solvent 

molecules was disordered and was refined in three parts each.  The H atom, H4, on the bridging 

atom O4 was obtained from a difference Fourier map and refined freely.  In the final cycle of 

refinement, 6607 reflections (of which 6382 are observed with I > 2σ(I)) were used to refine 386 

parameters and the resulting R1, wR2 and S (goodness of fit) were 3.01%, 8.54% and 1.061, 

respectively.  The refinement was carried out by minimizing the wR2 function using F2 rather 

than F values. R1 is calculated to provide a reference to the conventional R value but its function 

is not minimized.   

The structure of 5-2 was solved and refined in SHELXTL6.1 using direct methods and  

full-matrix least-squares refinement.  The non-H atoms were refined with anisotropic thermal 

parameters and all of the H atoms were calculated in idealized positions and refined as riding on 
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their parent atoms.  The asymmetric unit consist of a third of a Mn7 cluster (located on a 3-fold 

rotation axis, a 1/3 perchlorate anion (also located on the same 3-fold rotation axis), a 1/3 

perchlorate anion in general position, an acetonitrile solvent molecule and two one third 

methanol solvent molecules each located on 3-fold rotational axes. The H atom on the bridging 

O1 atom was obtained from a difference Fourier map and refined freely while the protons of the 

methanol solvent molecules could not be located and thus were not included in the final 

refinement cycle. In the final cycle of refinement, 5243 reflections (of which 4629 are observed 

with I > 2σ(I)) were used to refine 357 parameters and the resulting R1, wR2 and S (goodness of 

fit) were 4.83 %, 13.70% and 1.069, respectively.  The refinement was carried out by minimizing 

the wR2 function using F2 rather than F values. R1 is calculated to provide a reference to the 

conventional R value but its function is not minimized.   

The structure of 5-4 was solved and refined in SHELXTL6.1 using direct and full-matrix 

least-squares refinement.  The non-H atoms were refined with anisotropic thermal parameters 

and all of the H atoms were calculated in idealized positions and refined riding on their parent 

atoms.  The asymmetric unit consists of a Mn7Br3 cluster, one perchlorate anion, one Br- 

disordered against a perchlorate anion, and five acetonitrile solvent molecules.  The Br/ClO4 

ratio was fixed at 90/10 after refinement.  Three of these perchlorate or Br- disordered anions 

interact strongly with the three bridging OH ligands, whose H atoms were obtained from a 

difference Fourier map and refined freely.  In the final cycle of refinement, 17929 reflections (of 

which 14761 are observed with I > 2σ(I)) were used to refine 988 parameters and the resulting 

R1, wR2 and S (goodness of fit) were 2.07 %, 5.05 % and 1.019, respectively.  The refinement 

was carried out by minimizing the wR2 function using F2 rather than F values. R1 is calculated to 

provide a reference to the conventional R value but its function is not minimized.  
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5.2.3 Physical Measurements 

Infrared spectra were recorded in the solid state (KBr pellets) on a Nicolet Nexus 670 

FTIR spectrometer in the 400-4000 cm-1 range. Elemental analyses (C, H, and N) were 

performed by the in-house facilities of the University of Florida, Chemistry Department. 

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 solid eicosane to prevent 

torqueing. Magnetization vs field and temperature data were fit using the program MAGNET.  

Pascal’s constants were used to estimate the diamagnetic correction, which was subtracted from 

the experimental susceptibility to give the molar paramagnetic susceptibility (χM).  

5.3 Results and Discussion 

5.3.1 Syntheses 

Some of the most common routes to high-nuclearity Mnx clusters are reactions of simple 

manganese salts in the presence of potentially bridging or chelating ligands. The exact identity 

and nuclearity of the isolated products depend on a variety of factors such as pH, reagent ratios, 

solvent, carboxylate and chelate, among others. Reaction of Mn(ClO4)2·6H2O with equimolar 

amounts of hmpH, NEt3, and X- salts (X- = Br-, I-, Cl-, OCN-) in MeCN/MeOH (20:1 v/v) 

resulted in dark reddish brown solutions from which were subsequently isolated 

[Mn7(OH)3(hmp)9X3](ClO4)2 in good yields (74-85 %). The thiocyanate (SCN-) version with 

the same formula was isolated with the addition of bromine water to the previous reaction. Only 

the full structure of 5-1, 5-2, 5-3, and 5-4 were solved because unit cell determinations, infrared 

spectra, and elemental analyses indicated compound 5-5 was the same a previously published 

compound. Formation of 5-1, 5-2, 5-4, and 5-5 is summarized in Equation 5-1:  

4Mn2+ + 3Mn3+ + 9hmpH + 6NEt3 + 3/2 O2 + 3X-   
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[Mn7(OH)3(hmp)9X3]2+ + 6HNEt3
+     (5-1)  

And the formation of 5-3 is summarized in Equation 5-2: 

14Mn2+ + 18hmpH + 24NEt3 + 3/2 O2 +  6H2O   

2[Mn7(OH)3(hmp)9I2(H2O)]2+ + 24HNEt3
+    (5-2)  

where atmospheric O2 is assumed to be the oxidizing agent to generate MnIII from MnII, 

facilitated by the basic conditions provided by NEt3; in the absence of NEt3, longer reaction 

times are required to get a significant dark coloration and the yields of the isolated products are 

much lower. However, addition of more than 2 equivalents of NEt3 does not increase the yield of 

products.  

5.3.2 Description of Structures 

Complexes 5-1 and 5-2 are isostructural and crystallize in a rhombohedral space group 

R3 and have C3 crystallographic symmetry (Figures 5-5 and 5-6) with the Jahn-Teller 

elongations of 5-1 and 5-2 shown in Figure 5-7.  Selected intermolecular distances and angles for 

5-1 and 5-2 can be found in Table A-4 and A-5, respectively. The five cations of 5-(1-5) all 

contain a near-planar hexagon of alternating MnII and MnIII ions surrounding a central, seventh 

MnII ion. There is a perchlorate ion hydrogen-bonded to the three µ3-OH groups (Figure 5-8, 

top). The central MnII ion is 0.28 Å out of the Mn6 hexagon plane (Figure 5-8, bottom). This 

Mn7 unit is held together by three µ3-OH and 9 hmp- ligands (Figures 5-5 and 5-6).  There are 

three terminal halides or pseudo-halides on each of the MnII ions in the outer hexagon. The 

manganese ions are all six-coordinate with near-octahedral geometry. The oxidation state 

assignments mentioned above were determined from charge considerations, the metric 

parameters, bond valence sum (BVS)  calculations (Table 5-3), and the identification of Jahn-

Teller distortions expected for MnIII ions; the Mn7 cations of 5-(1-4) are thus mixed-valent 
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4MnII, 3MnIII and they are color-coded accordingly in Figures 5-1 – 5-6. The protonation levels 

of the bound O atoms were confirmed by oxygen BVS calculations (Figure 5-4) to be protonated 

in the case of the hydroxides and deprotonated for the hmp- oxygen atoms. The MnIII JT 

elongation axes are O3-Mn1-N2, O3ʹ-Mn1ʹ-N2ʹ, O3ʺ-Mn1ʺ-N3ʺ and O3-Mn3-N2, O3ʹ-Mn3ʹ-

N2ʹ, O3ʺ-Mn3ʺ-N2ʺ, for 5-1 and 5-2, respectively. 

The cores of the structures of 5-1 – 5-5 are thus overall very similar to each other, except 

for the terminal halides or pseudo-halides on the MnII ion in the outer wheel (Figures 5-(1-4)). 

Closer inspection of the structures and metric parameters reveal few differences. Selected 

intermolecular distances and angles for 5-4 can be found in Table A-6. For this reason, direct 

comparison will be done on complexes 5-1 and 5-2 because they are isostructural and differ only 

by three atoms. The Jahn-Teller axes are shown for both 5-1 and 5-2 in Figure 5-7 and the core 

with a perchlorate ion hydrogen-bonded to the three hydroxides is shown in 5-8. In fact, 5-1 and 

5-2 were overlaid and a root-mean-square difference was calculated to be only 0.0318 (Figure 5-

9).  

5.3.3 Magnetochemistry 

5.3.3.1 Direct current magnetic susceptibility studies 

Solid-state, variable temperature dc magnetic susceptibility (χM) measurements were 

performed on vacuum-dried microcrystalline samples of complexes 5-(1-5). The data were 

collected in the 5.0-300 K range in a 0.1 T (1000 Oe) dc magnetic field, and they are shown as 

χMT vs T plots in Figure 5-10. 

Variable temperature magnetic susceptibility studies were performed on microcrystalline 

samples of 5-1, restrained in eicosane to prevent torqueing. The magnetic susceptibilities were 
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examined at a 0.1 T (1000 Oe) field in the 5 to 300 K temperature range for 5-1.  Diamagnetic 

corrections were applied to the magnetic susceptibilities using Pascal's constants.178 

For complex 5-1, χMT gradually increases from 24.78 cm3Kmol-1 at 300K to a value of 

~29 cm3Kmol-1 at 100 K and then increases rapidly to 58.06 cm3Kmol-1 at 5K (Figure 5-10). The 

300K value is slightly less than the spin-only (g = 2) value of 26.5 cm3Kmol-1 for four MnII and 

three MnIII non-interacting ions, indicating the presence of dominant ferromagnetic exchange 

interactions. The χMT value at low temperature appears to be heading for a final value of ~60 

cm3Kmol-1, the spin-only (g = 2) value of a species with an S = 11 ground state.  

For complexes 5-2, 5-3, 5-4, and 5-5, χMT gradually increases from ~26 cm3Kmol-1 at 

300K to a value of ~29 cm3Kmol-1 at 100 K and then increases rapidly to ~ 40.06 cm3Kmol-1 at 

5K (Figure 5-10). The 300K value is slightly less than the spin-only (g = 2) value of 26.5 

cm3Kmol-1 for four MnII and three MnIII non-interacting ions. The χMT value at low temperature 

appears to be heading for a final value of ~ 40 cm3Kmol-1, the spin-only (g = 2) value of a 

species with an S = 9 ground state.  

To confirm the indicated  S = 11 and S = 9 ground state for complex 5-1 and 5-(2-4), 

respectively, and to estimate the magnitude of the zero field splitting parameter, D, 

magnetization vs dc field measurements were made on restrained samples at applied magnetic 

fields and temperatures in the 1 – 10 kG and 1.8-10.0 K ranges, respectively. Attempts to fit the 

data, using the MAGNET program, by diagonalization of the spin Hamiltonian matrix assuming 

only the ground state is populated, incorporating axial anisotropy (DŜz
2), Zeeman terms, and 

employing a full powder average. The corresponding spin Hamiltonian is given by Equation 5-4, 

where Ŝz is the easy-axis spin operator, g is the Landѐ g factor, µB is the Bohr magneton, and µ0 

is the vacuum permeability.  
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H = DŜz
2 + gµBµ0 Ŝ·H        

 (5-4) 

From past experience, MnII
4MnIII

3 wheel complexes tend to be a case where there are 

low-lying excited states that are consequently populated even at relatively low temperatures 

and/or excited states that are more separated from the ground state but have S values greater than 

that of the ground state and thus their larger Ms levels rapidly approach (or even cross) those of 

the ground state in a strong magnetic field. Such situations are expected for complexes 5-(1-4) 

because of their high MnII content (exchange interactions involving MnII are known to be weak 

and almost always antiferromagnetic, leading to small energy separations between the ground 

state and the many excited states with larger S values), and will lead to poor fits of the 

magnetization data since the fitting program assumes only the ground state is populated.213  

For complex 5-1, a satisfactory fit was obtained using data collected in the field range 

0.1-0.8 T. The best fit is shown as the solid lines in the reduced magnetization (M/NµB vs H/T) 

plot (Figure 5-11), and was obtained  with S = 11, g = 1.83(1), and D = -0.06(1). An equally 

good fit was also obtained with S = 11, g = 1.82(2), and D = 0.75(1) cm-1. It is common to obtain 

two acceptable fits of magnetization data for a given S value, one with D < 0 and the other with 

D > 0, since magnetization fits are not very sensitive to the sign of D. Alternative fits with S = 10 

were rejected because they gave unreasonable values of g and D. The root-mean-square D vs g 

error surface for the fit was generated using the program GRID, and is shown as a 2-D contour 

plot in Figure 5-12 for the D = -0.3 to 0.3 cm-1 and g = 1.8 - 2.2 ranges. Two minima are 

observed; the one for the negative D value is clearly of greater quality.  

For complex 5-2, we were able to obtain a satisfactory fit using all data up to 3 T. This 

suggests that the ground state of complex 5-2 is relatively well isolated from the nearest excited 
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states. The best fit is shown as the solid lines in the reduced magnetization (M/NµB vs H/T) plot 

in Figure 5-13 and was obtained  with S = 9, g = 1.94(1), and D = -0.03(1) cm-1. An equally good 

fit was also obtained with S = 9, g = 1.94(2), and D = 0.03(1) cm-1. It is common to obtain two 

acceptable fits of magnetization data for a given S value, one with D < 0 and the other with D > 

0, since magnetization fits are not very sensitive to the sign of D. Alternative fits with S = 10 and 

8  were rejected because they gave unreasonable values of g and D. The root-mean-square D vs g 

error surface for the fit was generated using the program GRID, and is shown as a 2-D contour 

plot in Figure 5-14 for the D = -0.3 to 0.3 cm-1 and g = 1.8 - 2.2 ranges. Two minima are 

observed, both are of similar quality thus it is not possible on the basis of these fits to determine 

the more likely sign of the axial anisotropy parameter D for 5-2. 

5.3.3.2 Alternating current magnetic susceptibility studies.  

Ac susceptibility studies are a powerful complement to dc studies for determining the 

ground state of a system, because they remove the complications that arise from having a dc field 

present. The obtained in-phase χʹM signal for complex 5-1 is plotted as χʹMT vs T in Figure 7-15, 

and the data appears to be almost temperature independent, confirming a well-isolated ground 

state before decreasing slightly around 3 K, extrapolation to 0 K (to avoid lower temperature 

effects from the slight anisotropy and weak intermolecular interactions) gives a value of ~ 62 

cm3 K mol-1, which is consistent with an S = 11 ground state and g ~2, in excellent agreement 

with the reduced magnetization fit. We conclude that complex 5-1 does have an S = 11 ground 

state. There is an out-of-phase ac susceptibility signal; however, only a partial peak is present 

down to 1.8 K, the operating limit of our SQUID magnetometer. 

The obtained in-phase χʹM signal for complexes 5-2, 5-3, 5-4, and 5-5 are plotted as χʹMT 

vs T in Figure 5-15, and the data appears to be almost temperature independent, before 
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decreasing slightly around 3 K , extrapolation  to 0 K gives a value of ~ 43 cm3 K mol-1, which is 

consistent with an S = 9 ground state and g ~2, in excellent agreement with the reduced 

magnetization fit. We conclude that complex 5-2 does have an S = 9 ground state. There is no 

out-of-phase ac susceptibility signal down to 1.8 K, the operating limit of our SQUID 

magnetometer. 

An S = 11 ground state has been identified for six Mn7 complexes at the MnII
4MnIII

3 

oxidation level: 5-1 and the five previously published examples in Table 5-1. Additionally, an S 

= 9 ground state has been identified for four complexes reported in the present work. The repeat 

occurrence of S = 11 is a little surprising due to complexes containing only MnIIMnII and 

MnIIMnIII interactions, typically all interaction would be expected to be weak and of comparable 

magnitude.1,214,215 The Mn7 topology is typically described as a Mn6 hexagon with a central 

manganese ion; however, it also consists of fused Mn3 triangles which are common examples of 

units susceptible to spin frustration effects. It is reasonable to conclude that the ground state 

would be very sensitive to the relative magnitude of the competing interactions; a MnII
4MnIII

3 

species could have a ground state spin of S = 0-16 range, so an intermediate S = 11 or 9 could be 

rationalized as due to spin frustration.1 Thus, a family of Mn7 complexes could be expected to 

have a variety of ground states resulting in slight changes in their structural parameters, from 

differing ligation, crystal packing, solvation, and so forth. However, the above five Mn7 

complexes instead possess S =11 and 9 ground states even though they contain only slight 

modification of the terminal ligands. To fully understand the role spin frustration effects are 

playing, it is necessary to examine the exchange interactions between the constituent manganese.   

Unfortunately, the Mn7 complexes are not amenable to the Kambe method18 and the exchange 
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couplings are not easily or reliably obtained by fitting the variable-temperature magnetization for 

such a complicated high nuclearity manganese system.  

However, previous work on similar Mn7 wheel clusters with the same oxidation states of 

the metals within the same topology has given a foundation to begin to understand the 

differences in the ground states displayed by the Mn7 family presented herein. Stamatatos et al. 

reported complexes, {[Na(MeOH)3][MnII
4MnIII

3(N3)6(mda)6]}215
n (5-6) 

and{Na[MnII
4MnIII

3(N3)6(teaH)6]}n (5-7), with S = 11 and 16, respectively (Figure 5-17).213 In 

complex 5-6, the MnII ions are labeled as Mn2, Mn3, Mn4, and Mn7 and the MnIII ions are 

labeled as Mn1, Mn5, and Mn6.  In complex 5-7, the MnII ions are labeled Mn2, Mn2ʹ, Mn2ʺ, 

and Mn3 and the MnIII are labeled as Mn1, Mn1ʹ, and Mn1ʺ. The S = 16 ground state of complex 

5-7 results from all of the spins aligning parallel to one another, whereas the S = 11 ground state 

of complex 5-6 occurs with all of the outer manganese ions’ spins aligning parallel with one 

another and the central manganese ion’s spin aligning antiparallel to the outer ring. Theoretical 

calculations were performed on both complexes and the estimated exchange couplings are shown 

in Figure 5-18. The outer ring of manganese ions are coupled relatively strongly compared to the 

inner-wheel couplings. So, the ground state is dependent on the subtle differences in the 

magnitude of the coupling of the central MnII ion to the outer ring of Mn ions. In the case of 

complex 5-6, the MnIIMnII antiferromagnetic exchange interactions dominate leading to an S =11 

ground state, whereas in complex 5-7, the MnIIMnIII ferromagnetic exchange interactions  

dominate leading to an S = 16 ground state. Thus, it becomes clear that if the magnitude of the 

outer MnIIMnIII interactions are of comparable magnitude to the inner MnIIMnII and MnIIMnIII 

interactions spin frustration effects led to an intermediate ground state spin. A similar example 

was discussed in Chapter 3.  
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5.4 Conclusions and Future Work 

A new family of Mn7 wheel clusters containing the hmp- ligand has been prepared and 

characterized. The use of hmpH and a variety of pseudo-halides and halides in manganese cluster 

chemistry resulted in a new family of Mn7 (5-(2-5)) complexes with an unusual ground state spin 

value of S = 9 and a rare example of a whole-integer single-molecule magnet (5-1).  The present 

work along with past work emphasizes the versatility of hmp- as a chelating and bridging ligand 

and suggests that further work substituting   halides and pseudo-halides in place of azide is worth 

exploring in the future. Further investigation of the exchange couplings within the new Mn7 

family with the ground spin state value S = 9 through computational methods could further  help 

explain this unusual ground state spin. 
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Table 5-1. Previously reported Mn7 wheel complexes. 
 
Complex 
 

Ref 
 

S 
 

D (cm-1) 
 

Ueff  
 

[MnII
4MnIII

3(OH)3(hmp)9Cl3](Cl)(ClO4) 216,217 11 -0.11 - 

[MnII
4MnIII

3(teaH)3(tea)3](ClO4)2·3MeOH 218
 11 -0.08 19.5 K 

[NEt4]{MnII[MnII
3MnIII

3Cl6(mda)6]} 219
 - - - 

{[Na(MeOH)3][MnII
4MnIII

3(N3)6(mda)6]}n 210
 11 -0.15 - 

(NHEt3)[MnII
4MnIII

3Cl6(mda)6] 213
 11 -0.13 - 

(NHEt3)[MnII
4MnIII

3(N3)6(mda)6 213
 11 - - 

{Na[MnII
4MnIII

3(N3)6(teaH)6]}n 210
 16 -0.02 - 

(NHEt3)[MnII
4MnIII

3(N3)6(teaH)6] 213
 16 - - 

[MnII
7(pppd)6(tea)(OH)3][BF4}2·2MeOH·2CH2Cl2 220

 5/2 - - 

[MnII
7(paa)6(OMe)6][NO3]2·6MeOH 220

 5/2 - - 

[MnII
3MnIII

4(OMe)12(dbm)6]·CHCl3·14MeOH 221
 17/2 -0.27 

 [MnII
3MnIII

4(5-NO2-hbide)6]·5C2H4Cl2 119,222 19/2 -0.2 18.1 K 

{MnII[MnII
2MnIII

4Cl6(L3)6]}·2CHCl3 223
 27/2 -0.05 10 K 

[MnIIMnIII
6(heamp)6](ClO4)2·4CH2Cl2·H2O 224

 19/2 -0.16 12.9 cm-1 
 
hmpH, 2-hydroxymethylpyridine; teaH3, triethanolamine; mdaH2,  N-methyldiethanolamine; 
pppdH, 1-phenyl-3-(2-pyridyl)propane-1,3-dione; paaH, N-(2-pyridinyl)acetoacetamide; Hdbm, 
dibenzoylmethanol; H3(5-NO2-hbide), N-(2-hydroxy-5-nitrobenzyl)iminodiethanol; H2L3, N-n-
butyldiethanolamine, heampH3, 2-[N,N-di(hydroxyethyl)aminomethyl]phenol 
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Table 5-2. Crystallographic data for complexes 5-1, 5-2, and 5-4. 
complex 5-1 5-2 5-4 

formula C65H74Cl2Mn7N15O25 C69H75Cl2Mn7N18O20S3 C64H72Br3.90Cl1.10Mn7N14O16.40 
crystal system Rhombohedral Rhombohedral Triclinic 
space group R3 R3 P1̅ 
a, Å 17.3867 17.4453 13.6574 
b, Å 17.3867 17.4453 14.0774 
c, Å 24.2977 24.558 21.9356 
α, deg 90 90 108.408 
β, deg 90 90 91.776 
γ, deg 120 120 101.353 
V, Å3 6361.1 6472.5 3903.6 
Z 3 3 2 
T, K 100 100 100 
radiation, Å    
ρcalc, gcm-3 1.069 1.061 1.019 

μ, mm-1 1.151 1.202 3.201 
R1c,d 0.0483 0.0301 0.0207 
wR2e 0.137 0.0854 0.0505 

 
 
 
 
Table 5-3. Bond-valence sums for the Mn atoms of complex 5-1, 5-2, 5-3, and  5-4. 

  
5-1 

  
5-2 

  
5-3 

 
 

MnII MnIII MnIV MnII MnIII MnIV MnII MnIII MnIV 
Mn1 3.32 3.07 3.14 3.34 3.11 3.24 3.34 3.11 3.24 
Mn2 1.78 1.92 1.94 1.94 1.95 1.99 1.94 1.95 1.99 
Mn3 1.95 1.78 1.87 1.82 1.94 2.02 1.82 1.94 2.02 

  
5-3 

  
5-4 

 
 

MnII MnIII MnIV MnII MnIII MnIV 
Mn1 3.21 3.01 3.21 3.31 3.11 3.21 
Mn2 1.95 1.98 1.96 1.97 1.94 1.98 
Mn3 1.97 1.87 1.89 1.86 1.96 2.04 

The underlined value is the one closest to the charge for which it was calculated. The oxidation 
state of a particular atom can be taken as the nearest whole number to the underlined value.  
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Table 5-4. Bond-valence sums for the O atoms of complex 5-1, 5-2, 5-3, and  5-4. 

5-1 5-2 
Atom BVS Assignment group Atom BVS Assignment group 

O1 1.973 RO- hmp- O1 1.349 HO- HO- 
O2 2.016 RO- hmp- O2 1.535 RO- hmp- 
O3 1.556 RO- hmp- O3 1.931 RO- hmp- 
O4 1.09 HO- OH- O4 1.985 RO- hmp- 

5-3 5-4 
Atom BVS Assignment group Atom BVS Assignment group 

O1 1.213 HO- OH- O1 1.099 HO- OH- 
O2 1.214 HO- OH- O2 1.176 HO- OH- 
O3 1.214 HO- OH- O3 1.181 HO- OH- 
O4 1.985 RO- hmp- O4 2.012 RO- hmp- 
O5 1.965 RO- hmp- O5 1.952 RO- hmp- 
O6 1.867 RO- hmp- O6 2.011 RO- hmp- 
O7 1.964 RO- hmp- O7 1.864 RO- hmp- 
O8 1.967 RO- hmp- O8 1.855 RO- hmp- 
O9 1.866 RO- hmp- O9 1.907 RO- hmp- 
O10 1.989 RO- hmp- O10 1.499 RO- hmp- 
O11 1.963 RO- hmp- O11 1.939 RO- hmp- 
O12 1.868 RO- hmp- O12 1.983 RO- hmp- 
O13 0.321 H2O H2O     

The BVS values for O atoms of O2-, OH-, and H2O groups are typically 1.8-2.0, 1.0-1.2, and 0.2-
0.4, respectively. 
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Figure 5-1. Structure of 5-1, side-on view (top); top-down view (middle); labelled stereoview 
(bottom). Hydrogen atoms have been omitted for clarity. Color code: Mn3+, green; 
Mn2+, yellow; S, magenta; O, red; N, blue; C, light grey. 
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Figure 5-2. Structure of 5-2, side-on view (top); top-down view (middle); and labelled 
stereoview. Hydrogen atoms have been omitted for clarity. Color code: Mn3+, green; 
Mn2+, yellow; O, red; N, blue; C, light grey. 
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Figure 5-3. Structure of 5-3, side-on view (top); top-down view (middle); and labelled 

stereoview. Hydrogen atoms have been omitted for clarity. Color code: Mn3+, green; 
Mn2+, yellow; O, red; N, blue; I, light green; C, light grey. 
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Figure 5-4. Structure of 5-4, side-on view (top); top-down view (middle); and labelled 
stereoview. Hydrogen atoms have been omitted for clarity. Color code: Mn3+, green; 
Mn2+, yellow; O, red; N, blue; C, light grey; Br, orange. 
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Figure 5-5. The stereopair of 5-1, side-on view (top); top-down view with J-T axes shown in 
bright green (bottom). Hydrogen atoms have been omitted for clarity. Color code: 
Mn3+, green; Mn2+, yellow; O, red; N, blue; C, light grey. 
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Figure 5-6. The stereopair of 5-2, side-on view (top); top-down view (bottom). Hydrogen atoms 

have been omitted for clarity. Color code: Mn3+, green; Mn2+, yellow; O, red; N, blue; 
C, light grey. 
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Figure 5-7. The stereopair of 5-1 (top) and 5-2 (bottom) with J-T axes shown in bright green. 
Hydrogen atoms have been omitted for clarity. Color code: Mn3+, green; Mn2+, 
yellow; O, red; S, magenta; N, blue; C, light grey. 
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Figure 5-8. The core of 5-2 hydrogen-bonding with perchlorate (top); stereoview of 5-2 
hydrogen bonding to the perchlorate counter ion (middle); and side view of Mn6 
plane showing the central Mn2+ ion slightly out of the plane. Hydrogen atoms have 
been omitted for clarity. Color code: Mn3+, green; Mn2+, yellow; O, red; N, blue; C, 
light grey. 
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Figure 5-9. Weighted root-mean-square deviation of 5-1 and 5-2; stick diagram (top) and 
stereoview (bottom). 
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Figure 5-10. Plots of χMT vs T for complexes 5-1, 5-2, 5-3, 5-4, and 5-5. 
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Figure 5-11. Reduced magnetization plot for complex 5-1; see the text for fit parameters. 
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Figure 5-12. Root-mean-square error surface for D vs g plot for complex 5-1. 



 

182 

H/T (kG/K)
0.0 0.5 1.0 1.5 2.0 2.5

M
/N
µ B

0

2

4

6

8

10

12

14

0.1 T
0.2 T
0.3 T
0.4 T
Fit

 

Figure 5-13. Reduced magnetization plot for complex 5-2; see text for fit parameters. 
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Figure 5-14. Root-mean-square error surface for D vs g for complex 5-2. 
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Figure 5-15. Alternating current susceptibility studies for 5-1, 5-2, 5-3, 5-4, and 5-5 plotted as 

χM’T vs T. 
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Figure 5-16. Plot of χM” vs T for complex 5-1. 
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Figure 5-17. Labelled structures of complexes 5-6 and 5-7 Reprinted (adapted) with permission 
from Stamatatos, T.C.; Foguet-Albiol, D.; Poole, K.M.; Wernsdorfer, W.; Abboud, 
K.A.; O’Brien, T.A.; Christou, G. Inorg. Chem. 2009, 48, 9831. Copyright (2009) 
American Chemical Society.213 

 

 

Figure 5-18. Labelled structures of complexes 5-6 and 5-7 with the ground state rationalization 
based on theoretical calculations of the exchange couplings. Adapted with permission 
from Stamatatos, T.C.; Foguet-Albiol, D.; Poole, K.M.; Wernsdorfer, W.; Abboud, 
K.A.; O’Brien, T.A.; Christou, G. Inorg. Chem. 2009, 48, 9831. Copyright (2009) 
American Chemical Society.213 
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CHAPTER 6 
NEW Mn5 AND Mn18 MANGANESE CLUSTERS FROM THE USE OF CYANIDE IN 

PLACE OF AZIDE IN KNOWN REACTIONS 

6.1 Introduction 

The pursuit for new polynuclear transition metal complexes continues to be of great 

interest. This is especially due to their exciting magnetic properties, and potential use for many 

applications.12,15,27,36,138,193,203 Manganese ions are of particular interest due to their variety of 

oxidation states and their rich redox chemistry. In recent years, the fields of biochemistry and 

magnetic materials have been particularly focused on the synthesis of manganese complexes. 

Overall, it is generally accepted that a tetranuclear manganese cluster is located in the active-site 

of photosystem II in green plants to catalyze the light-driven water oxidation reaction to generate 

dioxygen.187-189,191,192,225-231 Currently, many oxygen-evolving center (OEC) analogues or near 

OEC analogues have been reported.26,189-192,216,226-249 The synthesis and structural 

characterization of manganese clusters have provided a treasure trove of data to model the 

photosynthetic water oxidation center.26,172,234-238,240-244 Another focus of manganese cluster 

chemistry is the rich magnetic properties which offer potential in design of molecular magnetic 

materials, which has been of considerable interest.1,15,250-252 

So far, one of the most common strategies to prepare polynuclear manganese complexes 

relies mostly on the use of carboxylate ligands either with or without a chelating ligand. This 

chemistry has been explored in the Christou group 

extensively.6,13,26,46,204,216,233,236,238,244,246,249,253,254 However, many complexes have been reported 

without the use of carboxylates and the use of exclusively versatile chelating and bridging 

ligands might foster the formation of higher nuclearity products. Two families of such ligands 

are pyridyl and non-pyridyl alcohols, which have proved to be versatile chelating and bridging 

groups that have produced many manganese-containing clusters with various metal 
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topologies.81,86,87,217,255-258 Some successfully employed pyridyl alcohol ligands are 2-

hydroxymethyl pyridine (hmpH), 2,6-pyridine-dimethanol (pdmH2), and dipyridyl 2-ketone 

(dpkdH2) and non-pyridyl alcohols are 2,2-bis(hydroxymethyl)-2,2ʹ,2ʺ-nitrlotriethanol(bis-tris) 

and 1,1,1-tris(hydroxymethyl)ethane (thmeH3) (Figure 6-1). Previously, 2,6-pyridine-dimethanol 

and 1,1,1, tris-(hydroxymethyl)ethane have been employed together in the presence of sodium 

azide and resulted in [Mn10O2(N3)6(pdmH)4(thme)4] complex.210 Continuation of the synthetic 

strategy where pseudo-halides are substituted for sodium azide has resulted in two novel mixed-

valent Mn(II/IV) pentanuclear complexes with a regular trigonal bipyrimidal metal topology and 

a mixed-valent Mn(II/III) octadecanuclear complex with a double-decker [3X3] grid topology. 

The synthesis, structures, and magnetic properties of these complexes will be presented.  

6.2 Experimental Section 

6.2.1 Syntheses 

All manipulations were performed under aerobic conditions.  All chemicals and solvents 

were used as received. Safety note: Perchlorate salts are potentially explosive and cyanide salts 

are highly toxic; such compounds should be synthesized and used in small quantities, and treated 

with utmost care at all times. 

[Mn5(pdmH)6(thme)2] (ClO4)2 (6-1): To a stirred solution of pdmH2 (0.28g, 2.0 mmol), 

thmeH3 (0.24 g, 2.0 mmol) and triethylamine (0.28ml, 2.0 mmol) in acetonitrile/methanol 

mixture was added potassium cyanide (KCN) (0.130g/ 2.0 mmol) directly followed by 

Mn(ClO4)2·6H2O (0.72, 2.0 mmol) The dark red solution was filtered, layered with Et2O, and 

left undisturbed. After three days, x-ray quality crystals were obtained. These crystals were 

collected by filtration, washed with Et2O, and dried in vacuo; the yield was ~89% (Figure 6-2). 

Anal. Calc. (Found) for 6-1 (solvent-free): 40.589 (40.601); H, 4.454 (4.48); N, 5.562 (5.519). 

Selected IR data (cm-1): 3431 (b), 2851 (w), 1599 (s), 1506 (w), 1384 (s), 1109 (s), 775 (w), 625 



 

189 

(s). [Mn5(pdmH)6(thme)2](I3)2 (6-2): To a stirred solution of pdmH2 (0.28g, 2.0 mmol), thmeH3 

(0.24 g, 2.0 mmol) and triethylamine (0.28ml, 2.0 mmol) in acetonitrile/methanol mixture was 

added potassium cyanide (0.130g, 2.0 mmol). This slurry was allowed to stir for approximately 

15 minutes before the addition of Mn(ClO4)2·6H2O (0.72, 2.0 mmol). After five minutes, iodine 

(0.255 g, 1.0 mmol) was added to the mixture and stirred further for one hour. The dark reddish-

yellow solution was filtered, layered with Et2O, and left undisturbed. After three days, x-ray 

quality crystals were obtained in 83% yield (Figure 6-2). Anal. Calc. (Found) for 6-2 (solvent-

free): C, 29.729 (30.121); H, 3.261 (3.258); N, 4.021 (4.041). Selected IR data (cm-1): 3429 (b), 

2853 (w), 1600 (s), 1504 (w), 1387 (s), 1110 (s), 773 (w), 626 (s).  

[Mn18O12(hmp)20(H2O)2](ClO4)6 (6-3): A solution of NEt4 (0.28mL, 2mmol), hmpH (2-

hydroxymethylpyridine) (0.20mL, 2mmol), KCN (0.130 g, 2mmol) in MeCN/MeOH (20 mL/1 

mL) was treated with Mn(ClO4)2 (0.50 g, 2 mmol). The black slurry was stirred for 45 minutes. 

After the filtered solution was carefully layered with tert-butanol, and it slowly produced black 

crystals of [Mn18O12(hmp)20(H2O)2](ClO4)6 (6-3) as 6-3·2MeCN in 45% yield (Figure 6-3). 

Vacuum-dried solid analyzed as solvent-free: C, 32.813 (32.663); H, 3.875 (3.246); N, 6.378 

(6.422). Selected IR data (cm-1): 3426 (b), 1614 (s), 1592 (s), 1567 (s), 1475 (w), 1443 (w), 1384 

(s), 1089 (m), 1048 (m), 1015 (w), 760 (m), 704 (m), 624 (s). 

6.2.2 X-Ray Crystallography 

X-Ray Intensity data were collected on a Bruker DUO diffractometer using MoKα 

radiation (λ = 0.71073 Å) and an APEXII CCD area detector. Suitable crystals of 6-1, 6-2, and 6-

3 were attached to glass fibers using silicone grease and transferred to a goniostat where they 

were cooled to 100 K for data collection. Raw data frames were read by program SAINT1 and 

integrated using 3D profiling algorithms.  The resulting data were reduced to produce hkl 
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reflections and their intensities and estimated standard deviations.  The data were corrected for 

Lorentz and polarization effects and numerical absorption corrections were applied based on 

indexed and measured faces.   

The structure of 6-1 was solved and refined in SHELXTL6.1,259 using full-matrix least-

squares refinement.  The non-H atoms were refined with anisotropic thermal parameters and all 

of the H atoms were calculated in idealized positions and refined riding on their parent atoms.  In 

the final cycle of refinement, the asymmetric unit consists of a half Mn5 cluster, one heavily 

disordered perchlorate anion and disordered water solvent molecules.  The first partial 

perchlorate is resolved in two positions with occupation factors of 0.4 and 0.2 (fixed after several 

refinement cycles of full refinement).  The second perchlorate anion is refined against three 

partial water molecules with occupation factors of 0.2 for each part.  The third perchlorate is also 

refined against three partial water molecules with occupation factors of 0.2 for each part.  The 

hydroxyl protons were obtained from a Difference Fourier maps and refined freely. 7480 

reflections (of which 5611 are observed with I > 2σ(I)) were used to refine 459 parameters and 

the resulting R1, wR2 and S (goodness of fit) were 6.78%, 20.72% and 1.083, respectively.  The 

refinement was carried out by minimizing the wR2 function using F2 rather than F values. R1 is 

calculated to provide a reference to the conventional R value but its function is not minimized.   

The structure of 6-2 was solved and refined in SHELXTL2013,260 using full-matrix least-

squares refinement.  The non-H atoms were refined with anisotropic thermal parameters and all 

of the H atoms were calculated in idealized positions and refined riding on their parent atoms.  

The asymmetric unit consists of a half Mn5 cluster and one I3
- counterion.  The three hydroxy 

protons were obtained from a Difference Fourier map and refined freely. The I3
- is significantly 

disordered and was refined in several parts. Judging from the electron density maps, it looks like 
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the counterions appear more like diffused electron density than discrete electron density peaks.  

In the final cycle of refinement, 7595 reflections (of which 6165 are observed with I > 2σ(I)) 

were used to refine 502 parameters and the resulting R1, wR2 and S (goodness of fit) were 

3.34%, 9.10% and 0.953, respectively.  The refinement was carried out by minimizing the wR2 

function using F2 rather than F values. R1 is calculated to provide a reference to the conventional 

R value but its function is not minimized.  Unit cell data and details of the structure refinements 

for the two complexes are listed in Table 6-1. 

The structure of 6-3 was solved and refined in SHELXTL6.1,259 using full-matrix least-

squares refinement.  The non-H atoms were refined with anisotropic thermal parameters and all 

of the H atoms were calculated in idealized positions and refined riding on their parent atoms.  

The asymmetric unit consists of a half Mn18 cluster cations, three perchlorate anions and two 

ether solvent molecules.  The solvent molecules were disordered and could not be modeled 

properly, thus program SQUEEZE,261 a part of the PLATON262 package of crystallographic 

software, was used to calculate the solvent disorder area and remove its contribution to the 

overall intensity data.  The coordinated water protons were obtained from a Difference Fourier 

map but refined riding on their o atom.  In the final cycle of refinement, 13424 reflections (of 

which 5367 are observed with I > 2σ(I)) were used to refine 1000 parameters and the resulting 

R1, wR2 and S (goodness of fit) were 7.13%, 16.71% and 0.811, respectively.  The refinement 

was carried out by minimizing the wR2 function using F2 rather than F values. R1 is calculated to 

provide a reference to the conventional R value but its function is not minimized.   

6.2.3 Other studies 

Infrared spectra were recorded in the solid state (KBr pellets) on a Nicolet Nexus 670 

FTIR spectrometer in the 400 - 4000 cm-1 range. Elemental analyses (C, H and N) were 

performed by the in-house facilities of the University of Florida, Chemistry Department. 
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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 solid eicosane to prevent 

torqueing. Magnetization vs. field and temperature data was fit using the program MAGNET.53 

Pascal's constants were used to estimate the diamagnetic correction, which was subtracted from 

the experimental susceptibility to give the molar paramagnetic susceptibility (χM).  

6.3 Results and Discussion 

6.3.1 Syntheses 

The initial attempts to substitute cyanide salts for azide salts in reactions afforded new 

interesting products. Cyanide was chosen as a good candidate because it tends to behave 

similarly to azide. The previous azide containing reaction produced the mixed-valent 

[Mn10O2(N3)6(pdmH)4(thme)4] which contains 6 MnIII ions that have an octahedral topology 

with 4 MnII ions capping four faces. The addition of cyanide provided access to a lower 

nuclearity cluster retaining the higher symmetry in the isolation of a Mn5 cluster with trigonal 

bipyramidal topology. The reaction of pdmH2, thmeH3, KCN, and Mn(ClO4)2 in MeCN/MeOH 

in the presence of base afforded a dark orange-red solution from which was subsequently 

obtained the new mixed-valent [MnII
3 MnIV

2] complex [Mn5(pdmH)6(thme)2](ClO4)2 (6-1). Its 

formation is summarized in Equation 6-1. 

5 Mn2+ + 6 pdmH2 + 2 thmeH3 + O2 +12 NEt3           

[Mn5(pdmH)6(thme)2]2+ + 12 HNEt3
+     

(6-1) 

Complex 6-1 contains two MnIV and three MnII ions. Generally, it is not easy to obtain 

MnIV ions by simple aerobic oxidation reactions starting with MnII sources. More common 

approaches to higher oxidation state manganese clusters is the use of comproportionation 
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reactions or the use of a strong oxidant in the reaction mixture. Comproportionation reactions 

typically employ optimum ratios of MnII/MnVII to achieve a desired average Mnn+ product. While 

this method could be useful, we employed the method by addition of a non-Mn oxidant to the 

reaction mixture. Our initial attempt was to try and oxidize the MnII ions in 6-1 to create a 

MnIII/MnIV mixed-valent complex; however, using the oxidant in the reaction provided a more 

direct and potentially more intuitive reaction to the final product [Mn5(pdmH)6(thme)2](I3)2.  

5 Mn2+ + 6 pdmH2 + 2 thmeH3 + 3 I2 + 12 NEt3   

[Mn5(pdmH)6(thme)2]2+ + 2 I3
- + 12 HNEt3

+   

 (6-2) 

As before, the previous azide containing reaction produced the mixed-valent 

[Mn10O4(N3)4(hmp)12](ClO4)2 which contains 6 MnIII ions that have an octahedral topology 

with 4 MnII ions capping four faces. The addition of cyanide provided access to a higher 

nuclearity cluster with an unprecedented and architecturally beautiful double [3x3] grid 

topology. The reaction of hmpH, KCN, and Mn(ClO4)2 in MeCN/MeOH in the presence of base 

afforded a black solution from which was subsequently obtained the new mixed-valent [MnII
4 

MnIII
14] complex [Mn18O12(hmp)20(H2O)2](ClO4)6 (6-3). The formation of 6-3 is summarized 

in Equation 6-3. 

18 Mn2+ + 20 hmpH + 2H2O + 20 NEt3 + 3 ½ O2   

[Mn18O12(hmp)20(H2O)2]6+ + 20 HNEt3
+  (6-3) 

The lack of incorporation of cyanide in 6-1, 6-2, and 6-3 was surprising especially in the case of 

6-3 due to the ligation being completed by two water molecules. Thus, the reactions were 

investigated without the presence of cyanide and no products were isolated. Additionally, 

cyanide is a weak base so reactions with 1 mmol of potassium hydroxide without cyanide were 
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performed resulting in the isolation of an unidentifiable oily product. Therefore, we conclude the 

cyanide is necessary even though its role is still unclear.   

6.3.2 Description of Structures 

Complex 6-1 crystallizes in the monoclinic space group C2/c with one Mn5 unit in the 

asymmetric unit. The partially labelled structure of the [Mn5(pdmH)6(thme)]2+ cation is shown 

in Figure 6-3. Selected interatomic distances and angles are listed in Table A-7. The core of 6-1 

consists of five Mn atoms arranged in a trigonal bipyramidal topology (Figure 6-3, bottom). The 

apical positions are occupied by MnIV ions, whereas the equatorial plane positions are occupied 

by three MnII ions. The Mneq-Mneq-Mneq, Mneq-Mneq-Mnap, and Mneq-Mnap-Mneq angles range 

from 59.3-60.3°, 57.2-57.6°, and 64.8-65.5°, respectively. Each MnII ion is linked to the other 

equatorial MnII ions and the apical MnIV ions through six µ3-OR bridges (O1, O1ʹ, O3, O3ʹ, O8, 

and O8ʹ) of the 2,6-dimethanol pyridine ligands.  

All Mn atoms are six-coordinate with distorted octahedral geometry. Charge 

considerations and an inspection of the metric parameters indicate a 2MnIV, 3MnII description, 

which was confirmed by BVS calculations (Table 6-2),263,264 which identified Mn2 as MnIV and 

the other Mn as MnII ions. The protonation levels of the peripheral and bridging ligands were 

also confirmed by BVS calculations (Table 6-5). 

Complex 6-2 also crystallizes in the monoclinic space group C2/c with half of a Mn5 unit 

in the asymmetric unit. The partially labelled structure of the [Mn5(pdmH)6(thme)2]2+ cation is 

shown in Figure 6-4. Selected interatomic distances and angles are listed in Table A-8. The core 

of 6-2 consists of five Mn atoms arranged in a trigonal bipyramidal topology (Figure 6-4). The 

apical positions are occupied by MnIV ions, whereas the equatorial plane positions are occupied 

by three MnII ions. The Mneq-Mneq-Mneq, Mneq-Mneq-Mnap, and Mneq-Mnap-Mneq angles range 
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from 59.6-60.2°, 57.3-57.6°, and 64.6-65.0°, respectively. Each MnII ion is linked to the other 

equatorial MnII ions and the apical MnIV ions through six µ3-OR bridges (O1, O1ʹ, O3, O3ʹ, O8, 

and O8ʹ) of the 2,6-dimethanol pyridine ligands. Complexes 6-1 and 6-2 are very similar; in fact, 

the weighted root-mean-square deviation between the two structures is 0.0235Å (Figure 6-5). 

All Mn atoms are six-coordinate with distorted octahedral geometry. Charge 

considerations and an inspection of the metric parameters indicate a 2MnIV, 3MnII description, 

which was confirmed by BVS calculations (Table 6-2),263,264 which identified Mn2 as MnIV and 

the other Mn as MnII ions. The protonation levels of the peripheral and bridging ligands were 

also confirmed by BVS calculations (Table 6-3).  

There are many structural types of Mn5 complexes known in the literature (Table 6-4), 

the most well-known topology is the trigonal bipyramidal. However, the complexes reported 

here are the first II/IV mixed-oxidation state Mn5 complexes reported.  

The partially labeled structure of [Mn18O12(hmp)20(H2O)2](ClO4)6 (6-3) is shown in 

Figure 6-6, 6-7, and 6-8; selected interatomic distances and angles are listed in Table A-9. 

Complex 6-3 crystallizes in the triclinic space group Pī and possesses two nearly planar Mn9 

units bridged by twelve µ3-O2- ions and 20 hmp- ligands with the coordination sphere completed 

with two water molecules. The two layers are held together with twelve µ3-O2-, twelve µ3-hmp 

alkoxide arms and six µ2-hmp alkoxide arms. There are seven MnIII and two MnII ions in each 

layer. The manganese ions are all six-coordinate with near-octahedral geometry. The oxidation 

state assignments mentioned above were determined from charge considerations, the metric 

parameters, bond valence sum (BVS)  calculations (Table 6-5), and the identification of Jahn-

Teller distortions expected for MnIII ions; the Mn18 cation of 6-3 are thus mixed-valent 4MnII, 

14MnIII and they are color-coded accordingly in Figures 6-3. The protonation levels of the bound 
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O atoms were confirmed by oxygen BVS calculations (Figure 6-3) to be protonated in the case of 

the waters and deprotonated for the hmp- oxygen atoms.  There are 12 virtually parallel Jahn-

Teller axes and two Jahn-Teller axes that are perpendicular (two MnIII ions in the same row as 

the MnII ions) shown in Figure 6-9. A single layer of the double-decker grid core is shown in 

Figure 6-10. The exterior location of the MnII ions suggests that they prefer to be away from the 

highly negative oxide core whereas the MnIII ions prefer the much more electron-rich 

environment of the oxide core.  

There are a few examples of Mn grid complexes;265 however, none have shown slow 

relaxation of their magnetization or spin ground states larger than S = ½. The largest Mn grid 

complex reported previously is a Mn16. Dawe and coworkers describe the core as a 

compartmentalized {4 x [2 x 2]} MnII
16 anitferromagnetically coupled square grid.266 There are 

some examples of mixed-valent Mn9 complex containing [3 x 3] topology; however, they are 

synthesized through self-assembly with tritopic picolinic dihydrazone ligands.267,268 The 

deprotonated hydrazine oxygen atoms bridge all manganese ions and hold six them almost planar 

with the other three ions slightly below the plane. The highest MnIII/MnII ratio contained in this 

topology is 4/5 in [Mn9(2poap-2H)6](ClO4)10 (6-4). 267,268 

6.3.3 Magnetochemistry 

6.3.3.1 Direct current  magnetic susceptibility.  

Variable temperature magnetic susceptibility studies were performed on microcrystalline 

samples of 6-1 and 6-2, restrained in eicosane to prevent torqueing. The magnetic susceptibilities 

were examined at a 0.1 T (1 kG) field in the 5 to 300 K temperature range for 6-1.  Diamagnetic 

corrections were applied to the magnetic susceptibilities using Pascal's constants.178 

For complex 6-1, χMT very gradually increases from  17.25 cm3Kmol-1 at 300K to a 

value of ~20 cm3Kmol-1 at 30 K and then increases rapidly to 32.13 cm3Kmol-1 at 5.0K (Figure 
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6-11). The 300 K value is slightly larger than the spin-only (g = 2) value of 16.875 cm3Kmol-1 

for three MnII and two MnIV non-interacting ions. The χMT value at low temperature appears to 

be increasing toward a final value of ~35 cm3Kmol-1, the spin-only (g=2) value of a species with 

an S = 17/2 ground state. The metal ions are thus clearly involved in magnetic exchange 

interactions, and the data were fit to the theoretical χMT vs T expression derived from the spin 

Hamiltonian appropriate for a Mn5 trigonal bipyramid; given in Equation 6-5,  

Ĥ = -2J (Ŝ1·Ŝ2 + Ŝ1·Ŝ3 + Ŝ1·Ŝ4 + Ŝ2·Ŝ5 + Ŝ3·Ŝ5 + Ŝ4·Ŝ5)  

– 2Jʹ (Ŝ2·Ŝ3+ Ŝ3·Ŝ4+ Ŝ2·Ŝ4) - 2Jʺ(Ŝ1·Ŝ5)     (6-5) 

Where Si refers to the spin of metal Mni, and J, Jʹ, and Jʺ are the pairwise exchange 

parameters for apical-to-equatorial and equatorial-to-equatorial metals of the trigonal bipyramid, 

respectively; the Mn labeling scheme of Figure 6-2 was employed. This Hamiltonian can be 

transformed into an equivalent form (Equation 6-2) by using the Kambe coupling method and the 

substitutions ŜA = Ŝ2 + Ŝ3, ŜB = ŜA + Ŝ4, ŜC = Ŝ1 + Ŝ5, and ŜT = ŜB + ŜC where the ST is the 

resultant spin of the complete molecule. 

Ĥ = -2J ( ŜT
2-ŜB

2 – ŜC
2) -2Jʹ(Ŝ2

2 – Ŝ3
2 – ŜB

2 – Ŝ4
2) -Jʺ(ŜC

2 – Ŝ1
2 – Ŝ5

2)  (6-6) 

From Equation 6-6 can be obtained the energy expression (Equation 6-7) for the energies, 

E(ST), of each ST state; constant terms contributing equally to all states have been omitted from 

Equation 6-6.  

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

–Jʹ[ SB(SB+1)] – Jʺ[SC(SC+1)]    

 (6-7) 

There are a total of 3456 possible ST states ranging in values from ½  to 21/2, where ST is 

the total spin of the Mn5 complex. The eigenvalue expression (Equation 6-7) and the van Vleck 
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equation were used to derive a theoretical χMT vs T expression for 6-1 and this was used to 

least-squares-fit the experimental data. The fit (solid line in Figure 6-11) gave J = -1.2(3) cm-1, Jʹ 

= -0.8(2) cm-1, and g = 2.02(2), with temperature independent paramagnetism (TIP) held 

constant at 500 x 10-6 cm3 mol-1.  

For complex 6-2, χMT very gradually increases from 18.40 cm3Kmol-1 at 300 K to a 

value of ~21 cm3K mol-1 at 20 K before increasing  rapidly to 38.34 cm3Kmol-1 at 5 K (Figure 6-

12). The 300K value is slightly larger than the spin-only (g = 2) value of 16.875 cm3Kmol-1 for 

three MnII and two MnIV non-interacting ions. The χMT value at low temperature appears to be 

heading for a final value of ~40 cm3Kmol-1, the spin-only (g=2) value of a species with an S = 

17/2 ground state. The metal ions are thus clearly involved in magnetic exchange interactions, 

and attempts to fit the data were made with the theoretical χMT vs T and χM vs T expression 

derived from the spin Hamiltonian appropriate for a Mn5 trigonal bipyramid; given in Equation 

6-5. 

For complex 6-3, χMT very gradually decreases from 48.4 cm3Kmol-1 at 300K to a value 

of ~30 cm3Kmol-1 at 30 K and then decreases more rapidly to 23.55 cm3Kmol-1 at 5.0K (Figure 

6-13). The 300K value is much smaller than the spin-only (g = 2) value of 59.5 cm3Kmol-1 for 

four MnII and fourteen MnIII non-interacting ions, indicating the presence of dominant 

antiferromagnetic exchange interactions. The χMT value at low temperature appears to be 

heading for a final value of ~24 cm3Kmol-1, which is slightly less than the spin-only (g=2) value 

of a species with an S = 7 ground state. It is not possible to fit complex 6-3 for the exchange 

parameters due to the complex structure and number of unique exchange interactions. 

To confirm the S = 17/2 and 7 ground state for complex 6-1 and 6-3, respectively; and to 

estimate the magnitude of the zero field splitting parameter, D, magnetization vs dc field 
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measurements were made on restrained samples at applied magnetic fields and temperatures in 

the 1 – 70 kG and 1.8-10.0 K ranges, respectively. Then attempts were made to fit the data, using 

the MAGNET program, by diagonalization of the spin Hamiltonian matrix assuming only the 

ground state is populated, incorporating axial anisotropy (DŜz
2), Zeeman terms, and employing a 

full powder average. The corresponding spin Hamiltonian is given by Equation 6-8, where Ŝz is 

the easy-axis spin operator, g is the Landѐ g factor, µB is the Bohr magneton, and µ0 is the 

vacuum permeability.  

H = DŜz
2 + gµBµ0 Ŝ·H        

 (6-8) 

For complex 6-1, we were able to obtain a satisfactory fit using all data up to 3 T. This 

suggests that the ground state of complex 6-1 is relatively well isolated from the nearest excited 

states. The best fit is shown as the solid lines in the reduced magnetization (M/NµB vs H/T) plot 

in Figure 6-14 and was obtained  with S = 17/2, g = 2.02(4), and D = -0.02(1) cm-1. An equally 

good fit was also obtained with S = 17/2, g = 2.00(2), and D = 0.25(1) cm-1. It is common to 

obtain two acceptable fits of magnetization data for a given S value, one with D < 0 and the other 

with D > 0, since magnetization fits are not very sensitive to the sign of D. Alternative fits with S 

= 15/2 and 19/2  were rejected because they gave unreasonable values of g and D. The root-

mean-square D vs g error surface for the fit was generated using the program GRID, and is 

shown as a 2-D contour plot in Figure 6-15 for the D = -0.3 to 0.3 cm-1 and g = 1.8 - 2.2 ranges. 

Two minima are observed the one for the negative D value is clearly of greater. For complex 6-2, 

initial attempts to fit the reduced magnetization data from 0.1 T to 7T were unsuccessful for a 

range of S values.   
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For complex 6-3, a satisfactory fit was obtained using field data from 0.1 to 3 T. This 

suggests that the ground state of complex 6-3 is relatively well isolated from the nearest excited 

states. The best fit is shown as the solid lines in the reduced magnetization (M/NµB vs H/T) plot 

in Figure 6-16 and was obtained  with S = 7, g = 1.94(4), and D = -0.23(2) cm-1. An equally good 

fit was also obtained with S = 7, g = 1.80(2), and D = 0.13(4) cm-1. However, the g = 1.80 is a 

slightly lower than the expected value for a manganese complex. Though it is common to obtain 

two acceptable fits of magnetization data for a given S value, the one with D < 0 seems more 

reasonable even though a decent fit was obtained with D > 0;however, g of 1.80 is considered 

very low and unreasonable. Alternative fits with S = 8 and 6 were rejected because they gave 

unreasonable values of g and D. The root-mean-square D vs g error surface for the fit was 

generated using the program GRID, and is shown as a 2-D contour plot in Figure 6-17 for the D 

= -0.3 to 0.3 cm-1 and g = 1.8 - 2.2 ranges. Two minima are observed; the one for the negative D 

value is clearly of greater quality.  

6.3.3.2 Alternating current magnetic susceptibility studies.  

Ac susceptibility studies are a powerful complement to dc studies for determining the 

ground state of a system, because they remove the complications that arise from having a dc field 

present. The obtained in-phase χʹM signal for complex 6-1 is plotted as χʹMT in Figure 6-18, and 

the data increases from 25.5 to 35.7 cm3Kmol-1 over the temperature range 15 to 4 K which is 

indicative of low-lying excited states that are smaller than the ground state. Extrapolation to 0 K  

from above 3 K to avoid lower temperature effects from the slight anisotropy and weak 

intermolecular interactions gives a value of ~ 38 cm3 K mol-1, which is consistent with an S = 

17/2 ground state and g ~2, in excellent agreement with the reduced magnetization fit. The 

obtained in-phase χʹM signal for 6-2 is plotted as χʹMT in Figure 6-1, and the data increases from 
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31.9 to 42.6 cm3Kmol-1 over the temperature range 15 to 4 K which indicates thermal population 

of the low-lying excited states even at very low temperatures. Extrapolation of the data to 0 K 

above 3 K gives a value of ~ 48 cm3 K mol-1, which is consistent with an S = 17/2 ground state 

and g ~ 2 in agreement with the data from the isostructural complex 6-1. We conclude that 

complex 6-2 does have an S = 17/2 ground state. There is an out-of-phase ac susceptibility 

signal; however, only a partial peak is present down to 1.8 K, the operating limit of our SQUID 

magnetometer. 

For complex 6-3, the obtained in-phase χʹM signal is plotted as χʹMT in Figure 6-20, and 

the data appears to be decreasing slightly from ~ 31 cm3Kmol-1 at 15 K to ~ 25 cm3Kmol-1 at 5 

K, confirming a relatively well-isolated ground state before decreasing concomitantly with the 

increase in the out-of-phase signal beginning around 4.5 K. To avoid lower temperature effects 

from slight anisotropy and weak intermolecular interactions and the out-of-phase signal, 

extrapolation to 0 K from the data above 5 K  gives a value of ~ 24.5 cm3 K mol-1, which is 

consistent with an S = 7 ground state and g ~2, in excellent agreement with the reduced 

magnetization fit. Multi-frequency ac measurements are an excellent tool to probe slow 

relaxation of the magnetization vector at low temperature. Only complex 6-3 showed such 

behavior thus data were collected for 6-3 in the 1.8 – 15 K range at 50-1000 Hz. At lower 

temperature, below 4.5 K, a decrease in χMʹT and the concomitant rise in the out-of phase χMʺ 

signal were seen (Figure 6-20, bottom), indicating the slow relaxation of the magnetization 

vector due to the presence of a spin barrier. However, the ac out-of-phase plot shows only partial 

peaks and they appear to be frequency independent which is inconsistent with single-molecule 

magnetism.  
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6.3.3.3 Single-crystal hysteresis studies of 6-3 below 1.8 K.  

Ac measurements strongly suggest that 6-3 could be a single-molecule magnet (SMM), 

which was confirmed by the observations of hysteresis loops in the magnetization vs dc field 

scans, measured on a single-crystal of 6-3 using a micro-SQUID apparatus. The temperature-

dependence at 0.14 Ts-1 and the scan-rate dependence at 0.03 K of the hysteresis loops are shown 

in Figure 6-21 and Figure 6-22, respectively. The coercivities clearly increase with decreasing 

temperature and increasing scan rate, as expected for the superparamagnet-like behavior of 

SMMs. However, complex 6-3 has extremely fast tunneling of its magnetization so there are no 

steps visible in the hysteresis loops. 

 6.4 Conclusions and Future Work 

The successful employment of the tridentate O,O,O ligand thme3- and tridentate O,N,O 

ligand pdmH- with a cyanide salt to isolate novel mixed-valent pentanuclear complexes has been 

presented. Again, it is surprising that the CN- group does not get incorporated to the complexes.  

The pentanuclear manganese clusters are the first such complexes reported with the combination 

of Mn(II)/Mn(IV) ions in a regular trigonal bipyramidal geometry. Magnetochemical 

characterization of these complexes revealed that 6-1 and by extention 6-2 has ground state spin 

values of S = 17/2. The two clusters display similar magnetic properties.  Further attempts to 

isolate the mixed-valent complex with three Mn(III) ions and two Mn(IV) ions could prove 

fruitful for redox applications.  

A novel manganese double-decker [3X3] grid complex was isolated from the substitution 

of potassium cyanide for sodium azide in a known reaction. The grid structure was obtained by 

self-assembly without a ligand scaffold to force the grid metal topology and is the first non-zero 

whole-integer spin system with a barrier to the reversal of magnetization. The synthesis, 

structure, and physical properties have been presented and discussed. Future work will include 
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trying to grow the grid structure to more layers and/or larger grid layers; however, one obstacle 

that will need to be overcome is the charge build-up as complex 6-3 has a 6+ charge. 
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Table 6-1.  Crystal data and structure refinement for 6-1 and 6-2. 
___________________________________6-1____________________6-2_______________ 
  
Empirical formula  C17.33 H23.33 Cl0.67 Mn1.67 N2 O9.33 C52 H66 I6 Mn5 N6 O18 
Formula weight  524.25 2099.20 
Temperature  100(2) K 100(2) K 
Wavelength  0.71073 Å 0.71073 Å 
Crystal system  Monoclinic Monoclinic 
Space group  C2/c  C2/c 
Unit cell dimensions a = 19.6048(12) Å a = 19.5974(16) Å 
 b = 18.3096(11) Å b = 18.3002(14) Å 
 c = 20.0246(12) Å c = 20.2057(16) Å 
 α= 90°  α= 90° 
 β= 115.0140(10)°. β= 114.2034(12)°. 
 γ = 90°.  γ = 90°. 
Volume 6513.8(7) Å3  6609.5(9) Å3 
Z 12  4 
Density (calculated) 1.604 Mg/m3 2.110 Mg/m3 
Absorption coefficient 1.113 mm-1  3.802 mm-1 
F(000) 3228 4028 
Crystal size 0.20 x 0.16 x 0.06 mm3 0.218 x 0.103 x 0.056 mm3 
Theta range for data collection 1.60 to 27.50°.  1.651 to 27.500°. 
Index ranges -25≤h≤25, -23≤k≤23, -26≤l≤26 -25≤h≤25, -23≤k≤23, -26≤l≤26 
Reflections collected 45318 47110 
Independent reflections 7480 [R(int) = 0.0440] 7595 [R(int) = 0.0423] 
Completeness to theta  = 27.50°   99.9 %  = 25.242°  100.0 % 
Absorption correction Integration  Analytical 
Max. and min. transmission 0.9322 and 0.8097 0.8424 and 0.6329 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 7480 / 32 / 459  7595 / 0 / 502 
Goodness-of-fit on F2 1.083  0.953 
Final R indices [I>2sigma(I)] R1 = 0.0678, wR2 = 0.2072 [5611] R1 = 0.0334, wR2 = 0.0910 [6165] 
R indices (all data) R1 = 0.0874, wR2 = 0.2241 R1 = 0.0450, wR2 = 0.0959 
Largest diff. peak and hole 2.804 and -0.937 e.Å-3 1.226 and -0.751 e.Å-3 
_____________________________________________________________________________________________ 

R1 = ∑(||Fo| - |Fc||) / ∑|Fo|.wR2 = [∑[w(Fo2 - Fc2)2] / ∑[w(Fo2)2]]1/2. S = [∑[w(Fo2 - Fc2)2] / (n-p)]1/2. w= 

1/[σ2(Fo2)+(m*p)2+n*p], p =  [max(Fo2,0)+ 2* Fc2]/3, m & n are constants. 

 ____________________________________________________________________________________________ 
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Table 6-2. Bond-valence sum (BVS)a  calculations for Mn in complexes 6-1 and 6-2. 

 
6-1 6-2 

 
Mn(II)   Mn(III)   Mn(IV) Mn(II)   Mn(III)   Mn(IV) 

           Mn1 1.71  1.61  1.62 1.74 
 

1.45 
 

1.52 

Mn2 4.17  3.81  4.00 4.45 
 

4.16 
 

4.22 

Mn3 1.76 
 

1.67 
 

1.67 1.72 
 

1.62 
 

1.63 
The underlined value is the one closest to the charge for which it was calculated. The oxidation 
state of a particular atom can be taken as the nearest whole number to the underlined value.  
 
Table 6-3. Bond-valence sums for the O atoms of complex 6-1, 6-2, and 6-3. 

6-1 6-2 
Atom BVS Assignment group Atom BVS Assignment group 

O1 1.05 ROH pdmH O1 1.06 ROH pdmH 
O2 1.78 RO- pdm- O2 1.78 RO- pdm- 
O3 1.09 ROH pdmH O3 1.08 ROH pdmH 
O4 0.95 ROH pdmH O4 0.97 ROH pdmH 
O5 1.76 RO- pdm- O5 1.78 RO- pdm- 
O6 1.80 RO- pdm- O6 1.81 RO- pdm- 

6-3 
Atom BVS Assignment group Atom BVS Assignment group 

O1 1.859 O2- O2- O10 1.908 RO- hmp- 
O2 1.919 O2- O2- O11 1.886 RO- hmp- 
O3 1.960 O2- O2- O12 0.224 H2O H2O 
O4 1.690 RO- hmp- O13 1.944 O2- O2- 
O5 1.835 RO- hmp- O14 1.921 RO- hmp- 
O6 1.778 RO- hmp- O15 1.945 O2- OH- 
O7 1.941 RO- hmp- O16 1.896 RO- hmp- 
O8 1.812 RO- hmp- O17 2.140 O2- O2- 
O9 1.942 RO- hmp-     

The BVS values for O atoms of O2-, OH-, and H2O groups are typically 1.8-2.0, 1.0-1.2, 
and 0.2-0.4, respectively. 
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Table 6-4. Structural types and ground state S values for pentanuclear manganese clusters. 
Complex Core Type S Ref 

[MnII
5(Htrz)2(SO4)4(OH)2] [Mn5(µ3-OH)2]8+ c n.r. 269 

[MnII
5(p3oapH)6]4+ [Mn5(µ-OR)6]4+ d 5/2 270 

[MnII
5(poapH)6]4+ [Mn5(µ-OR)6]4+ d 5/2 270 

[MnII
5(L)2(O2CMe)2(ClO4)2]2+ [Mn5(µ-OR)6(µ-OClO3)2]2+ e n.r. 271 

[MnII
5(phaapH)6]4+ [Mn5(µ-OR)6]4+ d 5/2 272 

[MnIII
5O3(t-

BuPO3)2(MeCO2)5(H2O)(phen)2]  
 [Mn5(µ3-O)3]9+  i 2 273 

[MnIII
5O3(t-BuPO3)2(PhCO2)5(phen)2]  [Mn5(µ3-O)3]9+ i 2 273 

[MnIII
5(µ3-O)2(Lʹ1)4(O2CMe)3(CH3OH)]  [Mn5(µ3-O)2(µ-OR)5]6+  

 
i 2 274 

[MnIII
5(µ3-O)2(Lʹ1)4(O2CPh)3(CH3OH)]  [Mn5(µ3-O)2(µ-OR)5]6+ i 2 274 

[MnIIMnIII
4(HLʹ2)2(Lʹ2)2(O2CMe)4)]  

 
[Mn5(µ-OR)6]8+  e 2 274 

[MnIIMnIII
4(HLʹ2)2(Lʹ2)2(O2CPh)4)]  [Mn5(µ-OR)6]8+ e 2 274 

[MnIIMnIII
4(shi)4(O2CMe)(DMF)6] [Mn5(µ3-ON)4]10+ f n.r. 275 

[MnIIMnIII
4(shi)4(O2CPh)2(MeOH)6] [Mn5(µ3-ON)4]10+ f n.r. 276 

[MnII
2MnIII

3O(salox)3Cl2(N3)6]3- [Mn5(µ3-O)(µ-ON)3(µ-N3)6]2+ d 11 277 

[MnII
2MnIII

3(LH2)3(LH5)(MeOH)3]4+ [Mn5(µ-OR)7]6+ d 2 278 

[MnII
3MnIII

2(fsatren)2(H2O)4] [Mn5(µ-OR)8]4+ g 7/2 279 

[MnII
3MnIII

2(tmphen)6(CN)12] Mn5(µ-NC)6]6+ d 11/2 280 

[MnII
3MnIV

2(thme)2(pdm)4(pdmH)2]2+ (7-1) [Mn5(µ-OR)6]6+ d 15/2 t.w. 

[MnII
3MnIV

2(thme)2(pdm)4(pdmH)2]2+ (7-2) [Mn5(µ-OR)6]6+ d 15/2 t.w. 

[MnII
4MnIII(cat)4(O2CCMe3)2(py)8]+ [Mn5(µ3-OR)4(µ-OR)4]3+ e n.r. 281 

a Abbreviations: n.r.= not reported; t.w.= this work; Htrz = triazole; phaapH = ditopic, diazine ligands; LH2 =a [2 + 
2] macrocycle; H2L1ʹ = 3,5-dibromosalicylidene-2-ethanolamine; Lʹ2H2 =3-(2-hydroxy-3,5- 
dibromobenzylideneamino)propane-1,2-diol; shiH3 = salicylhydroxamic acid; DMF = dimethylformamide, saloxH2 
= salicylaldoxime; fsatrenH6 = 3-formylsalicylic acid; tmphen = 3,4,7,8-tetramethyl-1,10-phenanthroline; catH2 = 
catechol; py =pyridine. b Counterions and solvate molecules are omitted. c Edge-sharing MnO6 octahedra. d Trigonal 
bipyramid. e Four Mn around a central Mn. f [12-metallacrown-4]ᴖMn ring. g Linear array. h basket-like cage. i 
incomplete cubane extended at one face by an incomplete adamatane unit.  
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Table 6-5. Bond valence sum calculations for 6-3. 

 
Mn(II) Mn(III) Mn(IV) 

Mn1 3.14 2.87 3.02 
Mn2 3.79 3.47 3.64 
Mn3 1.98 1.83 1.89 
Mn4 1.94 1.81 1.85 
Mn5 3.26 2.98 3.13 
Mn6 3.26 3.05 3.09 
Mn7 3.14 2.90 2.96 
Mn8 3.20 2.97 3.05 
Mn9 3.23 3.01 3.08 

The underlined value is the one closest to the charge for which it was calculated. The oxidation 
state of a particular atom can be taken as the nearest whole number to the underlined value.  
 
 
 
 
 
 
  

N

OH

N

OH OH

HO OH

HO
 

Figure 6-1. Structure of ligands: (left) 2-hydroxymethyl pyridine (hmpH), (center) 2,6-pyridine 
dimethanol (pdmH2) and (right) 1,1,1-tris(hydroxymethyl)ethane (thmeH3). 
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Figure 6-2. Structure of 6-1 (top), stereoview (middle), and partially labeled core (bottom). Color 

scheme: MnIV, purple; MnII, yellow; O, red; N, blue; C, gray. 

 

. 
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Figure 6-3. Structure of 6-2 (top), stereoview (middle), and partially labeled core (bottom). Color 
scheme: MnIV, purple; MnII, yellow; O, red; N, blue; C, gray. 
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Figure 6-4. The Mn5 topology of complex 6-1, emphasizing the trigonal bipyramidal description 

(left) and top down view of the core of 6-1 (right). Color scheme: MnIV, purple; MnII, 
yellow; O, red. 
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Figure 6-5. Weighted root-mean-square deviation between complexes 6-1 and 6-2.  
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Figure 6-6. Structure of 6-3 (top), stereoview (middle), and partially labeled core (bottom). Color 

scheme: MnIII, green; MnII, yellow; O, red; N, blue; C, gray. 
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Figure 6-7. Stereoview of 6-3 from the top-down view. Color scheme: MnIII, green; MnII, yellow; 
O, red; N, blue; C, gray. 
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Figure 6-8. Space-filling stereoview structures of complex 6-3. Hydrogens are omitted for 

clarity. Color scheme: MnIII, green; MnII, yellow; O, red; N, blue; C, gray. 
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Figure 6-9.  Core of 6-3 with Jahn-Teller axes highlighted in cyan. Color scheme: MnIII, green; 
MnII, yellow; O, red; N, blue. 
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Figure 6-10. A single [3X3] layer of the core of complex 6-3. Color scheme: MnIII, green; MnII, 

yellow; O, red; N, blue. 
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Figure 6-11. Plot of χMT vs T for complexes 6-1; see text for fit parameters. 
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Figure 6-12. Direct current magnetic susceptibility studies plotted as χMT vs T for complex 6-2. 
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Figure 6-13. Direct current susceptibility studies plotted at χMT vs T for complex 6-3 
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Figure 6-14. Plot of reduced magnetization (M/NµB) vs. H/T for complex 6-1 at applied fields of 

0.1 - 7.0 T in the 1.8 - 10 K temperature range. The solid lines are the fit of the data; 
see the text for the fit parameters. 
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Figure 6-15. Root-mean-square error surface of D vs. g for complex 6-1. 
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Figure 6-16.  Plot of reduced magnetization (M/NµB) vs. H/T for complex 6-3 at applied fields of 

0.1 - 7.0 T in the 1.8 - 10 K temperature range. The solid lines are the fit of the data; 
see the text for the fit parameters. 
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Figure 6-17. Root-mean-square error surface of D vs. g for complex 6-3. 
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Figure 6-18. Plots of in-phase χM' (as χMʹT) vs. T (top) and out-of-phase χMʺ vs. T (bottom) 
alternating current signals or complex 6-1 at the indicated frequencies. 
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Figure 6-19. Plots of in-phase χM' (as χMʹT) vs. T (top) and out-of-phase χMʺ vs. T (bottom) 

alternating current signals or complex 6-2 at the indicated frequencies. 
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Figure 6-20. Plots of in-phase χM' (as χMʹT) vs. T (top) and out-of-phase χMʺ vs. T (bottom) 
alternating current signals or complex 6-3 at the indicated frequencies. 



 

224 

 

Figure 6-21. Magnetization (M) vs. direct current field hysteresis loops for a single crystal of 6-3 
at the indicated field sweep rate. The magnetization is normalized to its saturation 
value, MS. 
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Figure 6-22. Magnetization (M) vs. dc field hysteresis loops for a single crystal of 6-3 at the 
indicated temperature. The magnetization is normalized to its saturation value, MS. 
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APPENDIX A 

SELECTED INTERATOMIC DISTANCES AND ANGLES 

Table A-1.  Selected Interatomic Distances (Å) and Angles (o) for Complex 4-1.  
Mn(1)···Mn(2)  3.2157(5)  O(8)-Mn(2)-N(39) 168.37(8)  

Mn(2)-O(5)  1.7858(17)  Mn(1)-O(5)  1.7947(16)   

Mn(2)-O(8)  1.9645(17)  Mn(1)-O(12)  1.9640(16)   

Mn(2)-N(28)  2.072(2)  Mn(1)-N(27)  2.069(2)  

Mn(2)-N(39)  2.092(2)  Mn(1)-N(16)  2.074(2)  

Mn(2)-O(13)  2.1388(16)  Mn(1)-O(7)  2.1381(18)   

Mn(2)-O(4)  2.1867(18) 

Mn(1)-O(3)  2.2187(19)  N(28)-Mn(2)-N(39) 77.81(7) 

Mn(2)-O(5)-Mn(1) 127.82(9)  O(5)-Mn(2)-O(13) 93.68(7) 

O(5)-Mn(1)-O(12) 98.99(7)  O(8)-Mn(2)-O(13) 93.68(7) 

O(5)-Mn(1)-N(27) 167.75(8)  N(28)-Mn(2)-O(13) 86.97(7) 

O(12)-Mn(1)-N(27) 92.69(7)  N(39)-Mn(2)-O(13) 93.07(7) 

O(5)-Mn(1)-N(16) 89.80(8)  O(5)-Mn(2)-O(4) 95.69(7) 

O(12)-Mn(1)-N(16) 167.59(8)  O(8)-Mn(2)-O(4) 87.72(8) 

N(27)-Mn(1)-N(16) 78.10(8)  N(28)-Mn(2)-O(4) 83.96(7) 

O(5)-Mn(1)-O(7) 96.83(7)  N(39)-Mn(2)-O(4) 87.44(8) 

O(12)-Mn(1)-O(7) 90.55(7)  O(13)-Mn(2)-O(4) 170.60(7) 

N(27)-Mn(1)-O(7) 86.67(7)   

N(16)-Mn(1)-O(7) 97.12(7)   

O(5)-Mn(1)-O(3) 96.26(7)   

O(12)-Mn(1)-O(3) 87.51(8)   

N(27)-Mn(1)-O(3) 80.50(8)   

N(16)-Mn(1)-O(3) 82.81(8)   

O(7)-Mn(1)-O(3) 166.91(7)   

O(5)-Mn(2)-O(8) 99.99(8)   

O(5)-Mn(2)-N(28) 168.82(8)   

O(8)-Mn(2)-N(28) 91.17(8)   

O(5)-Mn(2)-N(39) 91.01(8)   
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Table A-2.  Selected Interatomic Distances (Å) and Angles (o) for the Cation of Complex 4-2. 
Mn(1)••Mn(2) 3.178(3)  Mn(1)-O(1) 1.780(3) 

Mn(1)-O(3)  2.008(3)  Mn(1)-N(1) 2.045(4) 

Mn(1)-O(2)  2.074(3)  Mn(1)-N(2) 2.141(4) 

Mn(1)-O(4)  2.198(3)  Mn(1)-Mn(2)  3.178(2) 

Mn(2)-O(1)  1.774(3)  Mn(2)-O(6)  1.985(3) 

Mn(2)-N(3)  2.041(4)  Mn(2)-O(5)  2.089(3) 

Mn(2)-N(4)  2.136(4)  Mn(2)-O(7)  2.232(3) 

S(1)-O(8)  1.439(4)  S(1)-O(2)  1.472(3) 

S(1)-O(9)  1.475(3)  S(1)-O(5)  1.475(3) 

 

Mn(1)-O(1)-Mn(2) 126.85(15)  O(1)-Mn(1)-O(3) 94.98(13) 

O(1)-Mn(1)-N(1) 169.81(14)  O(3)-Mn(1)-N(1) 91.14(14) 

O(1)-Mn(1)-O(2) 97.26(12)  O(3)-Mn(1)-O(2) 91.55(13) 

N(1)-Mn(1)-O(2) 90.69(13)  O(1)-Mn(1)-N(2) 94.84(15) 

O(3)-Mn(1)-N(2) 166.72(14)  N(1)-Mn(1)-N(2) 77.92(16) 

O(2)-Mn(1)-N(2) 96.05(15)  O(1)-Mn(1)-O(4) 85.71(12) 

O(3)-Mn(1)-O(4) 86.75(13)  N(1)-Mn(1)-O(4) 86.51(13) 

O(2)-Mn(1)-O(4) 176.70(13)  N(2)-Mn(1)-O(4) 85.09(14) 

O(1)-Mn(2)-O(6) 94.64(13)  O(1)-Mn(2)-N(3) 171.83(15) 

O(6)-Mn(2)-N(3) 90.72(15)  O(1)-Mn(2)-O(5) 97.62(13) 

O(6)-Mn(2)-O(5) 93.63(14)  N(3)-Mn(2)-O(5) 88.18(14) 

O(1)-Mn(2)-N(4) 94.56(15)  O(6)-Mn(2)-N(4) 168.12(16) 

N(3)-Mn(2)-N(4) 79.37(17)  O(5)-Mn(2)-N(4) 92.58(15) 

O(1)-Mn(2)-O(7) 88.24(13)  O(6)-Mn(2)-O(7) 87.71(13) 

N(3)-Mn(2)-O(7) 85.81(14)  O(5)-Mn(2)-O(7) 173.86(12) 

N(4)-Mn(2)-O(7) 85.07(14)   
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Table A-3.   Selected interatomic distances (Å) and angles (○) for 4-3.     
Mn1-O1  1.8466(12)  Mn2-O1  2.0324(12) 
Mn1-O1#1  1.8873(11)  Mn2-O4  2.0798(12) 
Mn1-O5  2.0313(12)  Mn2-O2  2.1146(13) 
Mn1-N1  2.0679(14)  Mn2-N4  2.1782(15) 
Mn1-O3  2.2352(12)  Mn2-N3  2.2643(14) 
Mn1-N2  2.3303(14)  O1-Mn1#1  1.8873(11) 
     
O1-Mn1-O1#1 82.69(5)  O3-Mn1-N2  157.09(5) 
O1-Mn1-O5  102.40(5)  O1-Mn2-O4  107.70(5) 
O1#1-Mn1-O5  174.82(5)  O1-Mn2-O2  94.48(5) 
O1-Mn1-N1  168.72(5)  O4-Mn2-O2  91.35(5) 
O1#1-Mn1-N1  87.43(5)  O1-Mn2-N4  130.52(5) 
O5-Mn1-N1  87.59(5)  O4-Mn2-N4  121.46(5) 
O1-Mn1-O3  94.11(5)  O2-Mn2-N4  89.98(5) 
O1#1-Mn1-O3  98.32(5)  O1-Mn2-N3  96.23(5) 
O5-Mn1-O3  80.51(5)  O4-Mn2-N3  96.17(5) 
N1-Mn1-O3  92.69(5)  O2-Mn2-N3  164.38(5) 
O1-Mn1-N2  100.65(5)  N4-Mn2-N3  74.42(5) 
O1#1-Mn1-N2  100.85(5)  Mn1-O1-Mn1#1 97.31(5) 
O5-Mn1-N2  79.27(5)  Mn1-O1-Mn2  112.65(6) 
N1-Mn1-N2  75.82(5)  Mn1#1-O1-Mn2 135.34(6)

 
 
Table A-4.   Selected interatomic distances (Å) and angles (○) for 5-1.  
Mn1-O1   1.8608(19)  Mn2-O3  2.2279(19) 
Mn1-O2   1.8826(18)  Mn2-O1#1  2.2405(18) 
Mn1-O4   1.9942(19)  Mn3-O3  2.1576(18) 
Mn1-N1   2.073(2)  Mn3-O3#2  2.1577(17) 
Mn1-N2   2.187(2)  Mn3-O3#1  2.1577(17) 
Mn1-O3   2.1925(18)  Mn3-O4#2  2.2060(18) 
Mn2-N4   2.110(2)  Mn3-O4#1  2.2060(18) 
Mn2-O2   2.1804(18)  Mn3-O4  2.2060(18) 
Mn2-O4#1   2.2017(19)  O1-Mn2#2  2.2405(18) 
Mn2-N3   2.226(2)  O4-Mn2#2  2.2018(18) 
     
Mn1-O1-Mn2#2 104.39(8)    
Mn1-O2-Mn2  107.65(8)    
Mn3-O3-Mn1  95.16(7)    
Mn3-O3-Mn2  99.09(8)    
Mn1-O3-Mn2  95.97(8)    
Mn1-O4-Mn2#2 101.37(8)    
Mn1-O4-Mn3  99.62(8)    
Mn2#2-O4-Mn3 98.43(8)__________________________________  
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Table A-5. Selected interatomic distances (Å) and angles (○) for 5-2.  
Mn1-O2#1  2.159(3)  Mn2-O1  2.193(4) 
Mn1-O2#2  2.159(3)  Mn2-N1  2.214(5) 
Mn1-O2  2.159(3)  Mn2-O2  2.266(4) 
Mn1-O1  2.208(3)  Mn2-O3  2.287(4) 
Mn1-O1#2  2.208(3)  Mn3-O3  1.851(4) 
Mn1-O1#1  2.208(3)  Mn3-O4  1.882(4) 
Mn1-Mn3#2  3.1991(7)  Mn3-O1  1.974(4) 
Mn1-Mn3#1  3.1991(7)  Mn3-N2  2.067(4) 
Mn1-Mn3  3.1992(7)  Mn3-O2#1  2.199(4) 
Mn2-N4  2.068(5)  Mn3-N3  2.201(4) 
Mn2-O4#2  2.181(4)  O4-Mn2#1  2.181(4) 
     
Mn1-O2-Mn3#2 94.48(14)    
Mn1-O2-Mn2  99.15(14)    
Mn3#2-O2-Mn2 95.07(14)    
Mn3-O3-Mn2  103.20(15)    
Mn3-O4-Mn2#1 108.08(16)    
____________________________________________________________    
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Table A-6. Selected interatomic distances (Å) and angles (○) for 5-4. 
___________________________________________________      
Mn1-O12   2.1317(11)  Mn4-N4  2.0523(14) 
Mn1-O6   2.1333(11)  Mn4-O9  2.2180(11) 
Mn1-O9   2.1613(11)  Mn4-N5  2.2345(14) 
Mn1-O2   2.2108(12)  Mn5-O8  2.1527(11) 
Mn1-O3   2.2213(12)  Mn5-O3  2.2046(12) 
Mn1-O1   2.2395(12)  Mn5-O10  2.2046(11) 
Mn2-O4   1.8746(11)  Mn5-N6  2.2159(14) 
Mn2-O5   1.8895(11)  Mn5-O9  2.2618(11) 
Mn2-O1   1.9438(12)  Mn5-Br2  2.5667(3) 
Mn2-N1   2.0559(14)  Mn6-O10  1.8705(11) 
Mn2-O6   2.2485(11)  Mn6-O11  1.8921(11) 
Mn2-N2   2.2519(14)  Mn6-O3  1.9513(12) 
Mn3-O5   2.1384(11)  Mn6-N7  2.0587(14) 
Mn3-O7   2.1942(11)  Mn6-O12  2.2274(11) 
Mn3-O2   2.2402(13)  Mn6-N8  2.2430(14) 
Mn3-O6   2.2558(11)  Mn7-O11  2.1640(12) 
Mn3-N3   2.2582(15)  Mn7-O4  2.1853(12) 
Mn3-Br1   2.5600(3)  Mn7-O1  2.2328(12) 
Mn4-O7   1.8831(11)  Mn7-N9  2.2337(14) 
Mn4-O8   1.8939(11)  Mn7-O12  2.2593(11) 
Mn4-O2   1.9409(12)  Mn7-Br3  2.5615(3) 
     
Mn2-O1-Mn7  101.05(5)  Mn1-O6-Mn3  101.09(5) 
Mn2-O1-Mn1  99.66(5)  Mn2-O6-Mn3  93.90(4) 
Mn7-O1-Mn1  98.08(5)  Mn4-O7-Mn3  104.42(5) 
Mn4-O2-Mn1  100.47(5)  Mn4-O8-Mn5  109.94(5) 
Mn4-O2-Mn3  100.82(5)  Mn1-O9-Mn4  93.73(4) 
Mn1-O2-Mn3  99.21(5)  Mn1-O9-Mn5  97.94(4) 
Mn6-O3-Mn5  102.00(5)  Mn4-O9-Mn5  95.53(4) 
Mn6-O3-Mn1  100.57(5)  Mn6-O10-Mn5 104.73(5) 
Mn5-O3-Mn1  97.89(5)  Mn6-O11-Mn7 108.19(5) 
Mn2-O4-Mn7  105.13(5)  Mn1-O12-Mn6 94.99(4) 
Mn2-O5-Mn3  109.46(5)  Mn1-O12-Mn7 100.52(4) 
Mn1-O6-Mn2  93.87(4)  Mn6-O12-Mn7 94.30(4) 
_____________________________________________________________    
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Table A-7. Selected interatomic distances (Å) and angles (○) for 6-1.  
Mn1-O4  1.873(6) Mn4-N6  2.247(7) Mn8-O16  2.103(5) 

Mn1-O1  1.900(6) Mn5-O15  1.897(6) Mn9-O3  1.871(6) 

Mn1-O5  1.927(6) Mn5-O10  1.905(5) Mn9-O17  1.915(5) 

Mn1-N1  2.059(9) Mn5-O2  1.906(5) Mn9-O13' 1.924(6) 

Mn1-N2  2.222(7) Mn5-O7  1.927(6) Mn9-O16  1.931(5) 

Mn1-O6  2.334(5) Mn5-O11  2.152(5) Mn9-N10  2.272(7) 

Mn2-O8  2.035(6) Mn5-O3  2.444(5) Mn9-O15  2.369(5) 

Mn2-O5  2.140(5) Mn6-O13  1.895(6) Mn7-O1-Mn1 150.6(3) 

Mn2-O2  2.154(6) Mn6-O1  1.903(5) Mn7-O1-Mn6 98.3(3) 

Mn2-N3  2.248(9) Mn6-O6  1.918(6) Mn1-O1-Mn6 110.4(3) 

Mn2-O6  2.285(5) Mn6-O11  1.938(5) Mn5-O2-Mn8 96.2(2) 

Mn2-O7  2.320(5) Mn6-O2  2.265(5) Mn5-O2-Mn2 103.6(2) 

Mn3-O8  2.105(5) Mn6-N8  2.273(7) Mn8-O2-Mn2 156.3(3) 

Mn3-O3  2.166(6) Mn7-O1  1.867(6) Mn5-O2-Mn6 98.4(2) 

Mn3-O9  2.201(6) Mn7-O17'  1.883(6) Mn8-O2-Mn6 98.1(2) 

Mn3-O7  2.231(5) Mn7-O13  1.925(5) Mn2-O2-Mn6 91.9(2) 

Mn3-N5  2.256(7) Mn7-N9  2.070(7) Mn9-O3-Mn4 95.9(3) 

Mn3-N4  2.274(9) Mn7-O14  2.199(5) Mn9-O3-Mn3 163.5(3) 

Mn4-O17  1.877(6) Mn7-O12  2.322(6) Mn4-O3-Mn3 99.3(2) 

Mn4-O3  1.913(5) Mn8-O14  1.877(5) Mn9-O3-Mn5 95.0(2) 

Mn4-O9  1.925(7) Mn8-O15  1.900(5) Mn4-O3-Mn5 95.0(2) 

Mn4-N7  2.130(6) Mn8-O2  1.908(6) Mn3-O3-Mn5 90.0(2) 

Mn4-O10  2.168(5) Mn8-O15' 1.947(6)   
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Table A-8. Selected interatomic distances (Å) and angles (○) for 6-2.  
Mn1-O4  1.8770(11) Mn6-O4  1.8791(11) Mn5-O2-Mn6  87.83(4) 

Mn1-O10  1.8884(11) Mn6-O1  1.9381(11) Mn2-O2-Mn6  89.45(4) 

Mn1-O1  1.9258(11) Mn6-O15  1.9602(12) Mn4-O2-Mn6  165.85(5) 

Mn1-O11  1.9604(11) Mn6-O17  1.9750(12) Mn5-O3-Mn4  98.68(5) 

Mn1-O13  2.1827(12) Mn6-O14  2.1831(12) Mn1-O4-Mn6  97.32(5) 

Mn1-O5  2.3712(11) Mn6-O2  2.2170(11) Mn1-O4-Mn2  108.49(5) 

Mn2-O7  1.8817(10) Mn7-O7  1.8880(10) Mn6-O4-Mn2  101.09(5) 

Mn2-O8  1.9095(11) Mn7-O7' 1.9125(10) Mn2-O5-Mn1  82.83(4) 

Mn2-O4  1.9237(11) Mn7-O10'  1.9143(11) C37-O5-Mn5  125.30(9) 

Mn2-O2  1.9466(10) Mn7-O9  1.9314(10) Mn2-O5-Mn5  85.03(4) 

Mn2-O18  2.2442(11) Mn7-O20  2.2054(11) Mn1-O5-Mn5  83.46(4) 

Mn2-O5  2.2904(11) Mn7-O28  2.4674(11) Mn2-O7-Mn7  128.70(5) 

Mn3-O9  1.8941(10) Mn8-O10' 1.8632(11) Mn2-O7-Mn7'  131.50(6) 

Mn3-O8  1.9012(10) Mn8-O9  1.8646(10) Mn7-O7-Mn7'  99.03(5) 

Mn3-O19  1.9074(11) Mn8-O23  1.9597(11) Mn3-O8-Mn2  107.10(5) 

Mn3-O22  1.9586(11) Mn8-O12'  1.9750(11) Mn3-O8-Mn9  117.28(5) 

Mn3-O26  2.1507(12) Mn8-O21  2.2461(12) Mn2-O8-Mn9  121.00(5) 

Mn3-O18  2.4280(11) Mn8-O25  2.3078(13) Mn3-O8-Mn4  99.98(4) 

Mn4-O30  2.1027(12) Mn9-O8  2.1043(11) Mn2-O8-Mn4  96.53(4) 

Mn4-O19  2.1243(11) Mn9-O29  2.1229(12) Mn9-O8-Mn4  111.00(4) 

Mn4-O2  2.1960(11) Mn9-O27  2.1945(12) Mn8-O9-Mn3  126.53(6) 

Mn4-O3  2.2094(11) Mn9-O6  2.2007(12) Mn8-O9-Mn7  95.67(5) 

Mn4-N2  2.2476(14) Mn9-N3  2.2689(15) Mn3-O9-Mn7  136.00(6) 

Mn4-O8  2.2689(10) Mn9-O28  2.3227(11) Mn8'-O10-Mn1 131.13(6) 

Mn5-O2  1.8636(11) Mn5-O1-Mn1   113.48(5) Mn8'-O10-Mn7' 96.30(5) 

Mn5-O3  1.8899(12) Mn5-O1-Mn6     95.07(5) Mn1-O10-Mn7' 132.55(6) 

Mn5-O1  1.9139(11) Mn1-O1-Mn6     93.75(5) Mn2-O18-Mn3 81.90(4) 

Mn5-N1  2.0379(14) Mn5-O2-Mn2   114.61(5) Mn3-O19-Mn4 105.08(5) 

Mn5-O16  2.1711(12) Mn5-O2-Mn4     99.97(5) Mn9-O28-Mn7 109.94(4) 

Mn5-O5  2.4514(11) Mn2-O2-Mn4     97.85(5)   
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Table A-9.   Selected interatomic distances (Å) and angles (°) for  6-3.    
_____________________________________________________     

Mn1-O4  1.873(6) Mn9-O13#1  1.924(6) 

Mn1-O1  1.900(6) Mn9-O16  1.931(5) 

Mn1-O5  1.927(6) Mn9-N10  2.272(7) 

Mn1-N1  2.059(9) Mn9-O15  2.369(5) 

Mn1-N2  2.222(7) O13-Mn9#1  1.924(6) 

Mn1-O6  2.334(5) O15-Mn8#1  1.947(6) 

Mn2-O8  2.035(6) O17-Mn7#1  1.883(6) 

Mn2-O5  2.140(5) O2-Mn6-Mn2  42.65(14) 

Mn2-O2  2.154(6) N8-Mn6-Mn2  138.96(18) 

Mn2-N3  2.248(9) Mn7-O1-Mn1  150.6(3) 

Mn2-O6  2.285(5) Mn7-O1-Mn6  98.3(3) 

Mn2-O7  2.320(5) Mn1-O1-Mn6  110.4(3) 

Mn3-O8  2.105(5) Mn5-O2-Mn8  96.2(2) 

Mn3-O3  2.166(6) Mn5-O2-Mn2  103.6(2) 

Mn3-O9  2.201(6) Mn8-O2-Mn2  156.3(3) 

Mn3-O7  2.231(5) Mn5-O2-Mn6  98.4(2) 

Mn3-N5  2.256(7) Mn8-O2-Mn6  98.1(2) 

Mn3-N4  2.274(9) Mn2-O2-Mn6  91.9(2) 

Mn4-O17  1.877(6) Mn9-O3-Mn4  95.9(3) 

Mn4-O3  1.913(5) Mn9-O3-Mn3  163.5(3) 

Mn4-O9  1.925(7) Mn4-O3-Mn3  99.3(2) 

Mn4-N7  2.130(6) Mn9-O3-Mn5  95.0(2) 

Mn4-O10  2.168(5) Mn4-O3-Mn5  95.0(2) 

Mn4-N6  2.247(7) Mn3-O3-Mn5  90.0(2) 

Mn5-O15  1.897(6) Mn1-O5-Mn2  110.5(2) 

Mn5-O10  1.905(5) Mn6-O6-Mn2  97.8(2) 

Mn5-O2  1.906(5) Mn6-O6-Mn1  94.0(2) 

Mn5-O7  1.927(6) Mn2-O6-Mn1  92.75(19) 

Mn5-O11  2.152(5) Mn5-O7-Mn3  103.4(2) 
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Mn5-O3  2.444(5) Mn5-O7-Mn2  97.1(2) 

Mn6-O13  1.895(6) Mn3-O7-Mn2  93.06(19) 

Mn6-O1  1.903(5) Mn2-O8-Mn3  105.9(2) 

Mn6-O6  1.918(6) Mn4-O9-Mn3  97.7(2) 

Mn6-O11  1.938(5) Mn5-O10-Mn4 104.9(2) 

Mn6-O2  2.265(5) Mn6-O11-Mn5 101.3(2) 

Mn6-N8  2.273(7) Mn6-O13-Mn9#1 165.7(3) 

Mn7-O1  1.867(6) Mn6-O13-Mn7 96.6(3) 

Mn7-O17#1  1.883(6) Mn9#1-O13-Mn7 95.8(3) 

Mn7-O13  1.925(5) Mn8-O14-Mn7 104.5(2) 

Mn7-N9  2.070(7) Mn5-O15-Mn8 96.7(2) 

Mn7-O14  2.199(5) Mn5-O15-Mn8#1 155.6(3) 

Mn7-O12  2.322(6) Mn8-O15-Mn8#1 97.2(2) 

Mn8-O14  1.877(5) Mn5-O15-Mn9 96.8(2) 

Mn8-O15  1.900(5) Mn8-O15-Mn9 95.8(2) 

Mn8-O2  1.908(6) Mn8#1-O15-Mn9 101.7(2) 

Mn8-O15#1  1.947(6) Mn9-O16-Mn8 104.1(2) 

Mn8-O16  2.103(5) Mn4-O17-Mn7#1 154.6(3) 

Mn9-O3  1.871(6) Mn4-O17-Mn9 95.6(3) 

Mn9-O17  1.915(5) Mn7#1-O17-Mn9 97.5(2) 
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Table A-10. Selected interatomic distances and angles for D-1.   
Mn1—O13 1.866 (6) Mn4—O16 1.852 (7) 

Mn1—O1 1.887 (6) Mn4—O2 1.886 (7) 

Mn1—O21 1.918 (7) Mn4—O24 1.907 (6) 

Mn1—N13 1.996 (8) Mn4—N16 2.003 (8) 

Mn1—O17 2.100 (7) Mn4—O18 2.141 (10) 

Mn1…O2 2.787(6) Mn4…O13 2.907(6) 

Mn2—O11 1.867 (7) Mn5—O1 2.455 (6) 

Mn2—O1 1.869 (6) Mn5—O2 1.874 (5) 

Mn2—O22 1.936 (7) Mn5—O14 1.890 (6) 

Mn2—N11 1.992 (9)  Mn5—O25 1.996 (8) 

Mn2—O27 2.171 (7)  Mn5—N14 2.003 (10) 

Mn2—O14 2.429 (7)  Mn5—O2E 2.236 (7) 

Mn3—O12 1.862 (7)  Mn6—O15 1.872 (8) 

Mn3—O1 1.924 (7)  Mn6—O26 1.898 (7) 

Mn3—O23 1.946 (6)  Mn6—O2 1.918 (7) 

Mn3—N12 1.988 (8)  Mn6—N15 2.002 (9) 

Mn3—O1E 2.193 (6)  Mn6—O28 2.163 (7) 

Mn3—O25 2.272 (7)  Mn6…O23 2.550(7) 

Mn1—Mn2 3.1926 (17)  Mn5—Mn6 3.217 (2) 

Mn4—Mn6 3.176 (3)  

  

O13—Mn1—O1 159.6 (3) O16—Mn4—N16 90.0 (3) 

O13—Mn1—O21 90.5 (3) O2—Mn4—N16 89.5 (3) 

O1—Mn1—O21 88.4 (3) O24—Mn4—N16 169.0 (3) 

O13—Mn1—N13 86.2 (3) O16—Mn4—O18 92.5 (4) 

O1—Mn1—N13 91.1 (3) O2—Mn4—O18 94.4 (3) 

O21—Mn1—N13 169.1 (3) O24—Mn4—O18 98.2 (3) 

O13—Mn1—O17 103.9 (3) N16—Mn4—O18 92.8 (3) 

O1—Mn1—O17 96.5 (3) O2—Mn5—O14 160.1 (3) 

O21—Mn1—O17 90.7 (3) O2—Mn5—O25 90.5 (3) 
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N13—Mn1—O17 100.1 (3) O14—Mn5—O25 95.2 (3) 

O11—Mn2—O1 169.9 (3) O2—Mn5—N14 89.2 (3) 

O11—Mn2—O22 88.7 (3) O14—Mn5—N14 88.0 (3) 

O1—Mn2—O22 91.8 (3) O25—Mn5—N14 171.3 (3) 

O11—Mn2—N11 90.3 (3) O2—Mn5—O2E 100.4 (2) 

O1—Mn2—N11 88.6 (3) O14—Mn5—O2E 98.9 (3) 

O22—Mn2—N11 176.3 (3) O25—Mn5—O2E 86.2 (3) 

O11—Mn2—O27 99.6 (3) N14—Mn5—O2E 85.3 (3) 

O1—Mn2—O27 90.4 (2) O2—Mn5—O1 85.4 (2) 

O22—Mn2—O27 94.7 (3) O14—Mn5—O1 77.9 (2) 

N11—Mn2—O27 89.0 (3) O25—Mn5—O1 74.5 (2) 

O11—Mn2—O14 91.0 (3) N14—Mn5—O1 114.2 (3) 

O1—Mn2—O14 78.9 (2) O2E—Mn5—O1 160.0 (3) 

O22—Mn2—O14 90.8 (3) O15—Mn6—O26 89.4 (3) 

N11—Mn2—O14 85.7 (3) O15—Mn6—O2 172.1 (3) 

O27—Mn2—O14 168.2 (2) O26—Mn6—O2 90.7 (3) 

O12—Mn3—O1 168.9 (3) O15—Mn6—N15 86.9 (4) 

O12—Mn3—O23 89.2 (3) O26—Mn6—N15 173.8 (4) 

O1—Mn3—O23 90.1 (3) O2—Mn6—N15 92.2 (3) 

O12—Mn3—N12 89.5 (3) O15—Mn6—O28 96.3 (3) 

O1—Mn3—N12 92.0 (3) O26—Mn6—O28 96.8 (3) 

O23—Mn3—N12 175.9 (3) O2—Mn6—O28 91.6 (3) 

O12—Mn3—O1E 97.6 (3) N15—Mn6—O28 88.6 (3) 

O1—Mn3—O1E 93.5 (2) Mn2—O1—Mn1 116.4 (3) 

O23—Mn3—O1E 92.8 (3) Mn2—O1—Mn3 118.8 (3) 

N12—Mn3—O1E 83.6 (3) Mn1—O1—Mn3 117.9 (3) 

O12—Mn3—O25 88.6 (3) Mn2—O1—Mn5 100.3 (2) 

O1—Mn3—O25 80.3 (2) Mn1—O1—Mn5 96.2 (2) 

O23—Mn3—O25 90.7 (2) Mn3—O1—Mn5 99.8 (2) 
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APPENDIX B 
LIST OF COMPLEXES 

 
[Fe6O2(hmp)10(H2O)2](NO3)4 (3-1) 
 
[Fe6O2Cl4(hmp)8](ClO4)2 (3-2) 
 
[Fe6O2(OH)2(O2CBut)10(hep)2] (3-3) 
 
 [Fe6O2(OH)(O2CBut)9(hep)4] (3-4) 
 
[Mn2O(SO4)2(bpy)2(H2O)2]158 (4-1) 
 
[Mn2O(O2CMe)(SO4)(bbe)(MeOH)2](PF6) (4-2)  
 
[Mn4O2(O2CMe)4(bbe)2] (4-3) 
 
[Mn7(OH)3(SCN)3(hmp)9] (ClO4)2 (5-1) 
 
[Mn7(OH)3(NCO)3(hmp)9] (ClO4)2 (5-2) 
 
[Mn7(OH)3 (hmp)9 (I)2(H2O)] (ClO4)3 (5-3) 
 
[Mn7(OH)3(Br)3(hmp)9] (ClO4)2 (5-4)  
 
[Mn7(OH)3(Cl)3(hmp)9] (ClO4)2 (5-5) 
 
[Mn5(pdmH)6(thme)2] (ClO4)2 (6-1) 
 
[Mn5(pdmH)6(thme)2](I3)2 (6-2) 
 
[Mn18O12(hmp)20(H2O)2](ClO4)6 (6-3) 
 
[Mn6Ca4O4Cl6(pd)6(MeOH)10] (C-1) 
 
[Mn6O2(naphthsao)6(MeCO2)2(EtOH)(H2O)]•xEtOH•yH2O  (D-1) 
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APPENDIX C 
MN6CA4 COMPLEX 

Description of Structure 

[Mn6Ca4O4Cl6(pd)6(MeOH)10] (C-1): Complex C-1 was synthesized by Constantina 

“Ninetta” Papatriantafyllopoulou in Cyprus. Complex C-1  crystalizes in C1 2/c1 and can be 

described as a MnIII
6 octahedron inside a tetrahedron of CaII ions, shown in Figure C-1. Complex 

C-1 is similar to the tetra-face-capped octahedral topology of the [MnIII
6MnII

4O4(N3)4(hmp)12]2+ 

cation and the [Mn6Na4O(N3)(O2CMe)5(thme)4(H2O)4] with the CaII taking the place of the 

MnII and Na+ ions, respectively.210,282 The structure is comprised of a MnIII
6 octahedron within a 

tetrahedron of CaII ions with four µ4-O2- ions bridging three MnIII ions and one CaII ions each to 

form the Mn6Ca4 core. The Mn atoms are all six-coordinate with near-octahedral geometry. The 

oxidation states are obvious from charge considerations, the metric parameters, bond valence 

sum (BVS)263 264 calculations, and the Jahn–Teller (JT) distortions expected for high-spin MnIII 

ions; the Mn6 octahedral unit of C-1 is thus 6MnIII. The protonation levels of the bound pd-O 

atoms and MeOH molecules were confirmed by O BVS calculations to be as indicated. The MnIII 

JT elongation axes are Cl(1)–Mn(1)–Cl(2), Cl(1)–Mn(2)–Cl(2), Cl(1)–Mn(3)–Cl(2), and Cl(1)–

Mn(4)–Cl(2), each involving the µ3-Cl- ions. 

Magnetochemistry 

Variable temperature magnetic susceptibility studies were performed on microcrystalline 

a sample of C-1, restrained in eicosane to prevent torqueing. The magnetic susceptibilities were 

examined at a 0.1 T (1 kG) field in the 5 to 300 K temperature range for C-1.  Diamagnetic 

corrections were applied to the magnetic susceptibilities using Pascal's constants.178 

For complex C-1, χMT gradually increases from 25.55 cm3Kmol-1 at 300K to a near 

plateau value of ~79 cm3Kmol-1 at 40-20 K and then decreases to 67.79 cm3Kmol-1 at 5.0K 



 

239 

(Figure C-2). The 300K value is much larger than the spin-only (g = 2) value of 18 cm3Kmol-1 

for six MnIII non-interacting ions, indicating the presence of dominant ferromagnetic exchange 

interactions. The χMT near-plateau value in the 20-40K range appears to be heading for a final 

value of ~79 cm3Kmol-1, the spin-only (g=2) value of a species with an S = 12 ground state, 

before exhibiting the final decrease at temperatures below 10K. The latter decrease is likely due 

to a combination of zero-field splitting (ZFS), Zeeman effects, and any weak intermolecular 

interactions. The metal ions are thus clearly involved in magnetic exchange interactions, and the 

data were fit to the theoretical χMT vs T expression derived from the spin Hamiltonian 

appropriate for a Mn6 octahedron; given in Equation C-1,  

Ĥ = -2Jcis( Ŝ1·Ŝ2 + Ŝ1·Ŝ3 + Ŝ1·Ŝ4 + Ŝ1·Ŝ6 + Ŝ2·Ŝ3 + Ŝ2·Ŝ5 + Ŝ2·Ŝ6 + Ŝ3·Ŝ4 + Ŝ3·Ŝ5 + Ŝ4·Ŝ5 + 

Ŝ4·Ŝ6 + Ŝ5·Ŝ6) – 2Jtrans(Ŝ1·Ŝ5 + Ŝ2·Ŝ4 + Ŝ3·Ŝ6)      

 (C-1) 

Where Si refers to the spin of metal Mni, and Jcis and Jtrans are the pairwise exchange 

parameters for adjacent and opposite metals of the octahedron, respectively; the Mn labeling 

scheme of Figure C- 3 was employed. This Hamiltonian can be transformed into an equivalent 

form (Equation C-2) by using the Kambe coupling method and the substitutions ŜA = Ŝ1 + Ŝ5, 

ŜB = Ŝ2 + Ŝ4, ŜC = Ŝ3 + Ŝ6, and ŜT = ŜA + ŜB + ŜC where the ST is the resultant spin of the 

complete molecule. 

Ĥ = -2Jcis( Ŝ1·Ŝ2 + Ŝ1·Ŝ3 + Ŝ1·Ŝ4 + Ŝ1·Ŝ6 + Ŝ2·Ŝ3 + Ŝ2·Ŝ5 + Ŝ2·Ŝ6 + Ŝ3·Ŝ4 + Ŝ3·Ŝ5 + Ŝ4·Ŝ5 + 

Ŝ4·Ŝ6 + Ŝ5·Ŝ6) – 2Jtrans(Ŝ1·Ŝ5 + Ŝ2·Ŝ4 + Ŝ3·Ŝ6)      

 (C-2) 
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From Equation C-2 can be obtained the energy expression (Equation C-3) for the 

energies, E(ST), of each ST state; constant terms contributing equally to all states have been 

omitted from Equation C-3.  

E(ST) = -Jcis[ST(ST+1) – SA(SA+1) – SB(SB+1) – SC(SC+1)]  

– Jtrans[SA(SA+1) + SB(SB+1) + SC(SC+1)]     (C-3) 

An expression for the molar paramagnetic susceptibility, χM, was derived using the 

above and the Van Vleck equation, and assuming an isotropic g tensor. The derived equation was 

then used to fit the experimental χMT vs T data in Figure C-2 as a function of the two exchange 

parameters Jcis and Jtrans, and the g factor. Only data for the 20.0 – 300K range were used, since 

the model does not incorporate ZFS and other minor effects and therefore cannot reproduce the 

decrease at lower temperatures. Good fits were obtained with fit parameters of Jcis = 3.8 + 0.2 

cm-1, Jtrans = 1.2 + 0.8 cm-1, and g = 2.02 + 0.002, with temperature independent paramagnetism 

(TIP) held constant at 600 x 10-6 cm3 mol-1. The fit indicates that Mn6Ca4 complex has an ST = 

12 ground state. In the notation |ST, SA, SB, SC> this is the |12, 4, 4, 4> state in which all six 

MnIII spins are aligned parallel. The first excited state is a triply degenerate set of ST = 11 states 

comprising the |11, 3, 4, 4>, |11, 4, 3, 4>, and |11, 4, 4, 3> states at 366 cm-1 above the ground 

state. Thus, the S = 12 ground state is well isolated from the nearest excited state. 

To confirm the S = 12 ground state for complex C-1 and to estimate the magnitude of the 

zero field splitting parameter, D, magnetization vs dc field measurements were made on 

restrained samples at applied magnetic fields and temperatures in the 1 – 70 kG and 1.9-10.0 K 

ranges, respectively. We then attempted to fit the data, using the MAGNET program, by 

diagonalization of the spin Hamiltonian matrix assuming only the ground state is populated, 

incorporating axial anisotropy (DŜz
2), Zeeman terms, and employing a full powder average. The 
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corresponding spin Hamiltonian is given by equation C-4, where Ŝz is the easy-axis spin 

operator, g is the Landѐ g factor, µB is the Bohr magneton, and µ0 is the vacuum permeability.  

H = DŜz
2 + gµBµ0 Ŝ·H        (C-4) 

For complex C-1, we were able to obtain a satisfactory fit using all data up to 7 tesla. 

This suggests that the ground state of complex C-1 is relatively well isolated from the nearest 

excited states, as suggested from the obtained J values (vide supra). The best fit is shown as the 

solid lines in the reduced magnetization (M/NµB vs H/T) plot in Figure C-4 and was obtained  

with S = 12, g = 2.07, and D = -0.051 cm-1. An equally good fit was also obtained with S = 12, g 

= 2.05, and D = 0.058 cm-1. It is common to obtain two acceptable fits of magnetization data for 

a given S value, one with D < 0 and the other with D > 0, since magnetization fits are not very 

sensitive to the sign of D. Alternative fits with S = 11 were rejected because they gave 

unreasonable values of g and D. The root-mean-square D vs g error surface for the fit was 

generated using the program GRID, and is shown as a 2-D contour plot in Figure C-5 for the D = 

-0.6 to 0.6 cm-1 and g = 1.8 - 2.2 ranges. Two minima are observed and are of essentially equal 

quality which makes it impossible based on these magnetization fits to conclude the more likely 

sign of the axial anisotropy parameter D.  

The ZFS of the ground state of polynuclear MnIII complexes is largely a consequence of 

the vectorial addition of the single-ion ZFS tensors. Octahedral MnIII ions typically undergo a 

large Jahn-Teller (JT) distortion to remove orbital degeneracy which can be visualized as a 

unique axis formed by two noticeably longer Mn-L bond distances. This axis often defines the 

unique axis of the magnetic structure of the MnIII ion. When all JT axes are oriented parallel, the 

resultant ZFS of a MnIII
x complex can be very large; for example, the essentially parallel JT axes 

in the 8 MnIII ions contained in   [Mn12O12(O2CR)16(H2O)4] complexes (8 MnIII and 4 MnIV) 
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result in a fairly large ZFS of the molecule (D ~ -0.5 cm-1). Conversely, when the JT axes do not 

align parallel, the resultant ZFS will be small due to the individual contributions cancelling each 

other out. This is common in Mn6 octahedron complexes such as complex C-1 because of the 

high symmetry of the molecule, the vectorial addition of single ion anisotropies sums to zero. 

This clearly explains the experimental observation of D ~ 0 for complex C-1. 

Ac susceptibility studies are a powerful complement to dc studies for determining the 

ground state of a system, because they remove the complications that arise from having a dc field 

present. The obtained in-phase χ’M signal for complex C-1 is plotted as χ’MT in Figure C-6, and 

the data appears to be almost temperature independent, confirming a well-isolated ground state 

before decreasing slightly just before 5 K (to avoid lower temperature effects from the slight 

anisotropy and weak intermolecular interactions) gives a value of ~ 79 cm3 K mol-1, which is 

consistent with an S = 12 ground state and g ~2, in excellent agreement with the reduced 

magnetization fit. We conclude that complex C-1 does have an S = 12 ground state. There is no 

out-of-phase ac susceptibility signal down to 1.8 K, the operating limit of our SQUID 

magnetometer. 
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Figure C-1. Stereoview of complex C-1 (top), stereoview of the core of C-1 (middle) and 
partially labeled core of C-1 (bottom). Hydrogens have been omitted for clarity. 
Color scheme: Ca, pink; MnIII, green; O, red; C, grey. 
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Figure C-2. Plot of χMT vs T for complex C-1. The solid line is the fit of the data; see text for 

the fit parameters. 
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Figure C-3. Labeling scheme employed in Equation C-1. 
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Figure C-4. Plot of reduced magnetization (M/NµB vs H/T) for complex C-1. The solid lines are 

the fit of the data; see text for the fit parameters. 
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Figure C-5. Two-dimensional contour plot of the root-mean-square error surface for the D vs g 

fit for complex C-1.  
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Figure C-6. In-phase susceptibility (χM’ data plotted as χM’T) of complex C-1 in a 3.5 G ac field 

oscillating at the indicated frequencies. 
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APPENDIX D 
 [Mn6O2(naphthsao)6(MeCO2)2(EtOH)(H2O)]•xEtOH•yH2O  

D.1 Introduction  

In the frenzy of single-molecule magnet development, flexible organic bridging ligands 

were employed in a self-assembly processes with manganese ions,283 which led to the 

exploration and development of oxime-bridged [Mn6O2]-core complexes. The family began with 

the employment of salicylaldoxime (saoH2) and resulted in [Mn6O2(sao)6(O2CR)2(EtOH)4] 

family with an S = 4 ground states.247  The development and characterization of the initial 

members of  [Mn6O2] family resulted in the realization the complexes possess very weak 

exchange interactions, normally a disadvantage due to the inevitable low-lying excited states; 

however, it means that slight structural modifications could easily switch the interactions from 

antiferromagnetic to ferromagnetic in nature. The idea of creating a ‘twisted’ torsion angle of the 

bridging sao ligand between manganese(III) ions (i.e. Mn-N-O-Mn) by derivatizing the sao 

ligand was hypothesized and proved to be effective when analogous complexes were synthesized 

with bulky-derivatives of salicylaldoxime (i.e. Me-saoH2, Ph-saoH2) which were more sterically 

“hindered” and had an S =12 ground state.246,284 For example, [Mn6O2(Et-

sao)6(O2CPh(CH3)2)2(EtOH)6] held the record for the largest effective barrier to magnetization 

reversal (Ueff) of 86.4 K for a while.246,284  This family containing the [Mn6O2]-core with various 

saoH2 ligands have provided insight into the physical characteristics and are well-characterized 

in terms of magnetostructural correlations.285-288 The classic examples are the [MnIII
6O2(Et-

sao)6(O2CPh)2(EtOH)4(H2O)2]45 and [MnIII
6O2(Et-sao)6(O2CPh(Me)2)2(EtOH)6]246 clusters 

follow the “magic angle theory”.45,246 Since the discovery of this family of compounds numerous 

modifications, mainly addressing the terminal part of the complexes, have been reported.289-292 

Moreover, Brechin et al. introduced new members with different structural types, through the 
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addition of  bridging ligands and mixed-valent [MnIII
4MnIV

2] cores.285,286 Due to the ease and 

high-yield of the syntheses of this family along with the interesting magnetic properties, there 

has been continued interest in the development of new sao-derivatives and new Mn6 compounds.  

Previously the naphthsaoH2 ligand was introduced and produced a series of its [Mn3] 

complexes.293 Also a [Mn9] defect supertetrahedron species, displaying enhanced energy 

barriers, was constructed.294 A standard procedure developed by Brechin et al.285-288 in 

combination with naphthsoaH2 results in the isolation of a new Mn6 complex with a surprising 

new modification of the classic [Mn6O2] core. The synthesis, structure, and magnetic and high-

frequency electron paramagnetic resonance measurements are reported for a new Mn6 complex, 

[Mn6O2(naphthsao)6(MeCO2)2(EtOH)(H2O)]·xEtOH·yH2O.  

D.2 Experimental Section 

D.2.1 Syntheses 

General. HPLC-grade absolute ethanol and a 25% solution of tetraethylammonium 

hydroxide (TEAOH) in methanol stored under argon atmosphere were used. The organic ligand 

(1-(1-hydroxynaphthalen-2-yl)-ethanone oxime, naphthsaoH2) was synthesized as reported 

elsewhere.293 Other chemicals (manganese(II) acetate tetrahydrate) were used as obtained 

commercially, without further purification.  

 [Mn6O2(naphthsao)6(MeCO2)2(EtOH)(H2O)]•xEtOH•yH2O (D-1). Original 

synthesis of D-1 was carried out by Malgorzata Hołyńska in Marburg, Germany. To a stirred 

solution of  1-(1-hydroxynaphthalen-2-yl)-ethanone oxime (naphthsaoH2, 0.4 g, 2 mmol) ) and 

manganese(II) acetate (0.49 g, 2.0 mmol)  in ethanol (50 mL) was added tetraethylammonium 

hydroxide (2 mL) which resulted a color change to a black mixture. The mixture was stirred for 1 

h, subsequently filtered and left for slow evaporation. Black crystals of D-1 (Figure D-1) were 

obtained after D-14 days at 78% yield. Elemental analysis for sample dried under: Air – 
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Analysis: D-1·6H2O % Calculated (Found): C 50.44(50.99), H 4.88(4.21), N 4.53(3.86); 

Vacuum – analysis: D-1·3H2O % Calculated (Found): C 51.95(51.57), H 4.70(4.27), N 

4.66(4.01). IR bands (cm-1): 382.06 (s), 391.66 (s), 422.07 (s), 443.55 (s), 481.23 (s), 521.89 

(vs), 562.19 (s), 575.10 (s), 601.18 (s), 618.01 (vs), 636.44 (vs), 658.47 (vs), 736.57 (s), 795.32 

(s), 897.31 (s), 991.17 (s), 1022.25 (s), 1034.13 (s), 1087.94 (m), 1136.47 (w), 1151.64 (w), 

1209.79 (w), 1236.67 (w), 1251.50 (w), 1297.75 (w), 1345.92 (m), 1384.17 (s), 1419.64 (m), 

1450.73 (w), 1516.79 (m), 1556.65 (m), 1618.98 (vw). 

D.2.2 X-Ray 

X-ray diffraction data for D-1 were collected at 100(2) K on a Stoe IPDS2295 

diffractometer equipped with an image plate detector and with graphite-monochromatized MoKα 

radiation (Table D-X crystallographic data). The crystal structure was solved by direct methods 

in SHELXS97 and refined in SHELXL97 software.296 C-bonded H atoms were placed in their 

calculated positions with Ueq = 1.2/1.5Ueq (parent C atom) for aromatic/methyl H atoms, 

respectively. SIMU/EADP restraints were used for displacement factors of some disordered 

atoms.  

Extensive disorder of solvent molecules occupying structure voids had to be treated with 

SQUEEZE procedure.261 The affected solvent occupied 32 voids, out of which 8 largest were of 

about 705 Å3 volume. In total, electron density corresponding to ~70 e/asymmetric unit (7 water 

molecules or about 3 ethanol molecules) was thus removed. 

Some difference Fourier maxima still present after further refinement cycles were 

interpreted as disordered water molecules: cooperatively disordered O1W/O2W (refined 

occupancies of 0.54(2)/0.46(2), respectively), O3W/O4W (refined occupancies of 

0.61(2)/0.39(2), respectively), O5W/O6W (refined occupancies of 0.41(2)/0.59(3), respectively) 

and O7W, O8W with occupancies refined as free variables to 0.49(4), 0.33(3), respectively. On 
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the final difference Fourier map the highest peak of 0.78 e/Å3 is located at 1.08 Å from Mn5 

atom. 

D.2.3 High-frequency Electron Paramagnetic Resonance (HFEPR) 

High-frequency electron paramagnetic resonance (HFEPR) data were collected for a 

finely ground dried sample of [Mn6O2] that was incorporated into a KBr pellet in order to avoid 

field-alignment of the micro-crystallites within the powder. Measurements have been performed 

at high frequencies of 50 – 441.6 GHz in the temperature range of 2.5-25 K. HFEPR spectra 

were collected at the U.S. National High Magnetic Field Laboratory Electron Magnetic 

Resonance facility, using a transmission probe in which microwaves are propagated through 

cylindrical lightpipes. High-frequency microwaves were generated by a phase-locked Virginia 

Diodes solid-state source operating at 13 ±1 GHz followed by a chain of multipliers and 

amplifiers. Microwaves detection was provided by a bolometer. High magnetic fields were 

provided by a 17 T superconducting magnet 297. 

D.2.4 Other Physical Methods 

Infrared spectra were recorded in the solid state (KBr pellets) on a Nicolet Nexus 670 

FTIR spectrometer in the 400-4000 cm-1 range. Elemental analyses (C, H, and N) were 

performed by the in-house facilities of the University of Florida, Chemistry Department. 

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 solid eicosane to prevent 

torqueing. Magnetization vs field and temperature data were fit using the program MAGNET.  

Pascal’s constants were used to estimate the diamagnetic correction, which was subtracted from 

the experimental susceptibility to give the molar paramagnetic susceptibility (χM).  
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Powder diffractograms were collected on a Bruker StadiVari device at 5-100° 2θ range 

using CuKα radiation. The simulation of a theoretical pattern was carried out in Mercury 

software.298 Thermogravimetric diagram was recorded for a 9.2 mg sample of D-1 on a 

NETZSCH STA 409 CD device at temperature range of 25-1200°C and scanning rate of 5 

K/min. A 3-step decomposition pattern was observed with first stages apparently corresponding 

to the release of interstitial solvent. 

D.3 Results and Discussion 

D.3.1 Syntheses. 

Some of the most common routes to high-nuclearity Mnx clusters are reactions of simple 

manganese salts in the presence of potentially bridging or chelating ligands. The exact identity 

and nuclearity of the isolated products depend on a variety of factors such as pH, reagent ratios, 

solvent, carboxylate and chelate, among others. Reaction of Mn(MeCO2)2 with equimolar 

amounts of naphthsaoH2, TEAOH in EtOH resulted in black solution from which were 

subsequently isolated  

6Mn3+ + 6 naphthsaoH2 + 2 MeCO2
- + O2 + EtOH + 11 TEAOH   

[Mn6O2(naphthsao)6(MeCO)2(EtOH)(H2O)]+ 11 H2O     (D-1)  

where atmospheric O2 is assumed to be the oxidizing agent to generate MnIII from MnII, 

facilitated by the basic conditions provided by TEAOH; in the absence of TEAOH, longer 

reaction times are required to get a significant dark coloration and the yields of the isolated 

products are much lower. When the reaction is carried out in methanol, the previously reported 

triangular [Mn3O(naphthsao)3(CH3OH)5(CH3COO)] complex is isolated.293 

 



 

253 

D.3.2 Description of structures 

The complex core contains two well-known oxime-bridged [MnIII
3O] units, which are 

bound together in an unusual way. In the classical example of an [Mn6O2] core45,288 the two 

[Mn3O] units are antiparallel and joined through Mn-Ooxime bonds at one edge. In D-1, these 

units are almost parallel and linked through two stronger Mn-Ooxo/oxime bonds, along with two 

weaker Mn-Ooxime/oxo bonds (Table A-7, Figure D-2, D-3). Thus, an unusual cage-like unit can be 

distinguished (Figure D-2, bottom) with stacking of tilted “Mn(Ooxo)(NO)oximeMn” rings. The 

“classical” and “modified” [Mn6O2] cores might be conveniently distinguished by the criterion 

of Mn…Mn distances, involving Mn atoms from different units, where, as expected, higher 

maximum distances are observed for the “classical core” compounds (see Table D-X, 

comparison mn6s). Similar considerations may lead to detection of other structural types within 

the [Mn6O2] family.  The possibility of the related [Mn6O2] isomers formation was already 

proved by Milios et al.299 An interesting compound with a novel modification was introduced, 

being a co-crystal of the classical core complex. No detailed magnetic properties characterization 

was undertaken due to the presence of the two individuums in one crystal structure. 

D.3.3 Magnetochemistry 

D.3.3.1 Direct current magnetic susceptibility studies 

Solid-state, variable temperature dc magnetic susceptibility (χM) measurements were 

performed on vacuum-dried, air-dried (dry) and pristine (wet), microcrystalline samples of D-1, 

restrained in eicosane to prevent torqueing. The data were collected in the 5.0-300 K range in a 

0.1 T (1000 Oe) dc magnetic field and they are shown as χM T vs T plots in Figure D-4. 

Diamagnetic corrections were applied to the magnetic susceptibilities using Pascal's constants.178 
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For the vacuum-dried sample of complex D-1, χMT gradually decreases from 17.25 

cm3Kmol-1 at 300K to a value of ~15 cm3Kmol-1 at 100 K and then increases rapidly to 8.25 

cm3Kmol-1 at 5.0K (Figure D-11). The 300K value is slightly less than the spin-only (g = 2) 

value of 18 cm3Kmol-1 for six MnIII non-interacting ions, indicating the presence of dominant 

antiferromagnetic exchange interactions. The χMT value at low temperature appears to be 

heading for a final value of ~8 cm3Kmol-1, the spin-only (g=2) value of a species with an S = 4 

ground state. Similar results were obtained regardless of sample preparation (Figure D-4). 

To confirm the indicated  S = 4 ground state for complex D-1, and to estimate the 

magnitude of the zero field splitting parameter, D, magnetization vs dc field measurements were 

made on restrained samples at applied magnetic fields and temperatures in the 1 – 70 kG and 1.8 

- 10.0 K ranges, respectively. Attempts to fit the data were made using the MAGNET program, 

by diagonalization of the spin Hamiltonian matrix assuming only the ground state is populated, 

incorporating axial anisotropy (DŜz
2), Zeeman terms, and employing a full powder average. The 

corresponding spin Hamiltonian is given by Equation D-2, where Ŝz is the easy-axis spin 

operator, g is the Landѐ factor, µB is the Bohr magneton, and µ0 is the vacuum permeability.  

H = DŜz
2 + gµBµ0 Ŝ·H        

 (D-2) 

However, a satisfactory fit was not obtained regardless of the parameters and data used for the fit 

attempts. 

D.3.2.2 Alternating current magnetic susceptibility studies 

Solid-state, variable temperature dc magnetic susceptibility (χM) measurements were 

performed on vacuum-dried, air-dried (dry) and pristine (wet), microcrystalline samples of D-1, 

restrained in eicosane to prevent torqueing. The data were collected in the 1.8-15 K range in a 
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3.5 G ac magnetic field and data for vacuum-dried, dry, and wet are shown in plots in Figure D-

5, D-7, and D-8, respectively. Diamagnetic corrections were applied to the magnetic 

susceptibilities using Pascal's constants.178 

Ac susceptibility studies are a powerful complement to dc studies for determining the 

ground state of a system, because they remove the complications that arise from having a dc field 

present. The obtained in-phase χ’M signal for the vacuum-dried preparation of complex D-1 is 

plotted as χʹMT in Figure D-5 (top), and the data decreases from 9.34 to 7.34 cm3 K mol-1 at 15K 

to 4K, respectively, which is indicative of low-lying excited states. Extrapolation to 0 K to avoid 

lower temperature effects from the slight anisotropy and week intermolecular interactions gives a 

value of ~ 7 cm3 K mol-1, which is consistent with the spin-only value for an S = 4 ground state. 

There is a decrease in the in-phase ac susceptibility concomitant with an increase in the out-of-

phase ac susceptibility beginning at 4 K (Figure D-5). The out-of-phase signal is frequency 

dependent which is consistent with SMM behavior. These data suggest that D-1 is an SMM with 

significant relaxation barriers, and thus their magnetization vector cannot relax fast enough to 

stay in phase with the oscillating ac field. 

The ac χMʺ vs T plots can be used as a source of relaxation data for determining the true or 

effective energy barrier (Ueff) to magnetization relaxation, because at the χMʺ peak maximum 

the relaxation rate (1/τ, where τ is the relaxation time) is equal to the angular frequency (2πν) of 

the field. The obtained data for D-1 are shown as Arrhenius plots in Figure D-6, based on the 

Arrhenius Law of Equation D-3, where k is the Boltzmann constant and τ0 is the pre-exponential 

factor. The fit of the data for D-1 gave Ueff ~ 35.8 K and t0 ~ 2 x 10-7 s-1.  

τ = τ0 exp(Ueff/kT)         (D-3) 

SMMs tend to have τ0 in the range of 10-7-10-9 s-1. 
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AC susceptibility studies confirm that D-1 is an SMM. The most striking observation 

concerns the out-of-phase χʺM vs. T plot for the pristine sample (Figure D-7), where two peaks at 

2 and 6 K are observed. These peaks could correspond to different relaxation processes with the 

energy barriers of 19 and 69 K, respectively, calculated based on the relevant Arrhenius plots. 

The high temperature Arrhenius plot is shown in Figure D-8 has fit parameters of Ueff and τ0 

values of 69 K and 4.5x10-9s-1, respectively. The τ0 for the high temperature data is more 

consistent with single-molecule magnet relaxation rates.The two peaks are observed independent 

of the sample preparation method. The intensity of the higher-temperature component is higher 

for a sample filtered fresh from the mother solution. It seems that two out-of-phase peaks are still 

observed when a dry sample is examined (see Figure D-9). However, an unambiguous proof 

cannot be achieved due to the presence of considerable experimental error.  However, it appears 

that the double relaxation results from different solvation environments with in the crystal lattice 

due to the elimination of the high temperature peak after the sample is placed under vacuum for 

6 hours. A previous investigation by Redler et al. showed that the anisotropy of the system does 

not change but desolvation influences the quantum tunnelling interactions and reduction of the 

Ueff.300 Thus, the experiment showing a double relaxation in the pristine sample because 

regardless of the care taken there will be some solvent loss in sample preparation. The solvent-

loss over time was evaluated by thermogravametric methods with the results shown in Figure D-

10. X-ray powder diffraction data was collected and simulated to ensure only one type of product 

was isolated in the sample (Figure D-11). A double relaxation observed in the [Mn12] complexes 

was explained in terms of the so-called Jahn-Teller isomerism. However, there is no indication in 

the crystal structure to support such an explanation in the case of D-1.  
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D.4 High-frequency electron paramagnetic resonance studies 

The analysis of EPR spectra for high-spin complexes can provide precise information 

such as the exact value of the ground-state spin the magnitude and sign of D 60,61 the location in 

energy of excited spin states relative to the ground state 62,63 and most importantly, information 

concerning transverse spin Hamiltonian parameters e.g., the rhombic E-term 64. However, the 

(2S+1)-fold energy level structure associated with a large molecular spin S necessitates EPR 

spectroscopy spanning a wide frequency range. Furthermore, large ZFS due to the significant 

anisotropy and large ST values demand the use of frequencies and magnetic fields considerably 

higher (50 GHz to several hundreds of GHz, up to 10 T) than those typically used by the 

majority of EPR spectroscopists. 

Temperature dependence of spectra recorded at two different frequencies, 416 GHz and 

208 GHz are shown in Figure D-11(a) and (b), respectively. Spectra recorded at 416 GHz show a 

series of peaks that are at lower field than the g = 2 (14.86 T) position, i.e. they have higher g-

values. The first peak, at ~ 0.5 T, grows with decreasing temperature which is indicative of a 

transition from the ground state. The other peaks emerge at elevated temperature indicating that 

they are transitions from excited states. On the other hand, spectra that were recorded at 208 GHz 

show a series of peak throughout the entire field range. The dips (labeled as ○) at 3 T and 5.2 T 

are attributed to paramagnetic oxygen impurities trapped in the KBr pellet. The sharp large 

features (labeled by ∆) observed at g = 2 (7.4 T) are attributed to isotropic paramagnetic 

impurities (MnII) on sample holder. This was observed at the lowest temperature (2.5 K); the 

largest feature is at a high field (12.2 T). This feature becomes smaller as the temperature 

increasing which is indicative of a transition from the ground state. All other features grow larger 

with increasing temperature indicating that they are excited state transitions. For an axial system, 

the parallel (B//z) component of the powder spectrum typically extends about twice as far from 
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the g = 2 position compared to the perpendicular (B┴z) component, with the extent of the spread 

being directly proportional to the magnitude of the D axial parameter. On this basis, the low field 

features in 416 GHz spectra can be attributed to parallel excitations. The spectrum recorded at 

416 GHz and 20 K revealed at least three resolved peaks that correspond to the following fine-

structure transitions within the ground state S = 4 spin multiplet: ms = −4 → −3 (Z-4->-3), ms = −3 

→ −2 (Z-3->-2) and ms = −2 → −1 (Z-2->-1), in order of increasing field (the −1 → 0  transition is 

buried in the noise and the remaining transitions are beyond the field range). The fact that the 

spectral weight associated with the parallel spectrum shifts to the low field ms = −4 → −3 

transition upon cooling provides confirmation of the negative sign of D, i.e., the ms = −4 state is 

lowest in energy when B//z. Some features are labelled in the spectra recorded at 218 GHz to 

show the corresponding energy transitions (Figure D-11 (b)). The feature at the very low field is 

caused by z-component transition from ms = −2 to ms = −1 (Z-2->-1), meanwhile the very high 

field feature is a y-component transition of ground state to first excited state (Y-4->-3) within S = 4 

spin multiplet. 

Both temperature dependence spectra have simulated by employing the following 

Hamiltonian: 

 
2 2 2 0 0

4 4
ˆ ˆ ˆ ˆ ˆˆ ( - )B z x yH B g S DS E S S B Oµ= ⋅ ⋅ + + +

 
      (D-4) 

where Ŝ , 
ˆ

zS , 
ˆ

xS  , and 
ˆ

yS  are spin operators, B


 is the applied magnetic field vector, g  is the 

Landé g tensor, Bµ  is the Bohr magneton, D and E are the second-order axial and rhombic zero-

field splitting parameter respectively, and the final term represents axial fourth-order zero-field 

splitting 301. The parameters used for the simulation were S = 4, D = -2.12 cm-1, |E| = 0.52 cm-1, 

0
4B  = 4.67 × 10-4 cm-1, and gx = gy = gz = 2.00. The relevant parallel and perpendicular portions 
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of the simulations agree with the experiments in every respect. Gaussian distributions of the D 

and E parameters (fwhm of ~ 0.02 cm-1) were employed in these simulations. 

In order to obtain tighter constraints on the spin Hamiltonian parameter for complex D-1, 

frequency-dependent powder EPR experiments were carried out with frequencies in the range 50 

– 441.6 GHz. The positions of the parallel and parallel component peaks were plotted versus 

frequency, as seen in Figure D-13.Th data were simulated with the Hamiltonian shown in 

Equation D-4. The solid lines represent the best simulation of the frequency-dependent data 

using the same parameters used to simulate Figure D-12.  In addition, the kinetic barrier to 

magnetization relaxation (Ueff) of 33.92 cm-1 or 48.80 K was estimated from these parameters. 

This value is consistent value of 35K acquired by AC susceptibility studies prepared similarly to 

the HFEPR sample. 

D.5 Conclusions and Future Work 

In conclusion, a new isomer of the classical oxime-bridged [Mn6O2]-core complexes is 

introduced. The complex shows SMM behavior and signs of a double relaxation of 

magnetization process with mild solvent loss. All results of other studies are in favor of this 

postulate, although unambiguous proof is still unavailable. A possible explanation would be 

based on desolvation of the crystal. Future studies will aim at getting further insight into this 

phenomenon in solid state and in solution. 

It could be expected that even more isomeric forms of the classical [Mn6O2] core may be 

synthesized, leading to unexplored magnetic properties and new insight into the 

magnetostructural correlations in this family of compounds. A careful design of the bridging 

oxime ligand should be the path to their successful isolation. Moreover, characterization of more 

complexes with a core related to D-1 should enable a magnetostructural correlation to be 

developed in this class of compounds. 
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Table D-1. Selected X-ray data for D-1. 
 D-1 
Formula C78H68Mn6N6O20·3.82(H2O) 
Formula weight 1807.85 
Temperature [K] 100(2) 
λ [Å] 0.71073 
Crystal system Orthorhombic 
Space group Fdd2 
a [Å] 69.882 (6) 
b [Å] 26.962 (5) 
c [Å] 17.639 (4) 
V [Å3] 33235 (10) 
Z, ρcalc [g cm-3]  16, 1.445 
μ [mm-1] 0.96 
F(000) 14819 
Crystal size [mm] 0.07 × 0.06 × 0.04 
θ range [º] 1.41-25.00 
rflns: total/unique 35403/ 14328 
R(int) 0.130 
Abs. corr. numerical 
Min., max.  
transmission factors 

0.684, 0.960 

Data/restraints/params 14328/627/1023 
GOF on F2 1.00 
R1 [I > 2σ(I)] 0.075 
wR2 (all data) 0.181 
Max., min. Δρelect [e Å-3] 0.78, -0.56 
 
 
 
Table D-2. Results of the BVS calculations for D-1. 
 Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 
MnII 3.62 3.32 3.03 3.26 3.08 3.11 
MnIII 3.22 3.26 3.20 3.20 3.02 3.17 
MnIV 3.46 3.17 3.11 3.11 2.94 2.97 
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Table D-3. Mn…Mn distances in D-1 and in the reported example of “classical” [Mn6O2]-core 
compounds in ascending order. Ref codes from the CCDC database302 are cited. The 
corresponding distances are quoted as retrieved from the CCDC database. EKELAI – 
related compound (1st molecule) reported by Milios et 
al._ENREF_16299299299299299299– see the main Article. 

Labels from 
D-1 

D-1 EKELAI AGABOA AGACAN CEYMAV FUSQOA VIVFIQ 
1 molec. 2 molec. 

Mn1-Mn5 3.254(2) 3.323 3.259 3.323 3.23 3.254 3.29 3.154 
Mn2-Mn5 3.341(2) 3.343 3.771 3.693 3.798 3.784 3.762 3.647 
Mn3-Mn5 3.366(3) 3.601 3.771 3.693 3.798 3.784 3.762 3.647 
Mn1-Mn4 3.551(2) 3.694 4.938 4.998 4.96 5.009 4.941 5.018 
Mn3-Mn6 3.691(2) 4.258 4.938 4.998 4.96 5.009 4.941 5.018 
Mn1-Mn6 4.080(3) 4.889 6.22 6.141 6.29 6.292 6.208 6.148 
Mn3-Mn4 5.385(3) 5.217 6.22 6.186 6.29 6.301 6.208 6.242 
Mn2-Mn4 5.727(2) 5.527 6.242 6.186 6.31 6.301 6.24 6.242 
Mn2-Mn6 5.748(2) 6.083 7.716 7.739 7.749 7.804 7.69 7.837 
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Figure D-1. Coordination modes of the ligand in complex D-1.  

 

 
 

Figure D-2. Structure of D-1 (top); Stereoview of complex D-1 (middle); the complex core 
(bottom). 
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Figure D-3. Complex D-1 core with cage-motif highlighted with black bonds (left) and an 
overlap diagram (right) of D-1 and a “classical core” (dashed lines) example.2a Fitted 
atoms are labeled. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure D-4. Plot of χMT vs T for complex D-1. The solid line is the fit of the data; see text for 
the fit parameters. 
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Figure D-5. Alternating current magnetic susceptibility studies for D-1 in-phase plotted as χM΄T 

(top) and out-of-phase plotted as χMʺ (bottom). 
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Figure D-6. Arrhenius plot for the vacuum dried sample of D-1.See text for fit parameters. 
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Figure D-7. Alternating current magnetic susceptibility studies for D-1 (pristine sample) in-phase 

plotted as χM΄T (top) and out-of-phase plotted as χMʺ (bottom). 
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Figure D-8. Arrhenius plot for the high-temperature pristine sample of D-1.See text for fit 

parameters. 
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Figure D-9. Alternating current magnetic susceptibility studies for D-1 (dry) in-phase plotted as 

χM΄T (top) and out-of-phase plotted as χMʺ (bottom). 
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Figure D-10. Thermogravimetric diagram obtained for a sample of D-1. 

 

 
Figure D-11. Simulated and experimental powder diagram recorded for a powdered sample of D-

1. 
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Figure D-12. Temperature dependent of HFEPR spectra of complex [Mn6O2] (experimental (a) 
and (b) and simulated (c) and (d)), recorded in field derivative mode at 416 GHz [(a) 
and (c)] and 208 GHz [(b) and (d)] in the temperature range 2.5-25 K collected on a 
powder sample restrained in KBr. The features in (a) and (b) are labeled according to 
the scheme described in the main text.  
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Figure D-13. (a) Easy-axis (z-axis) and (b) hard-plane (xy-plane) frequency-dependent EPR data 
for complex [Mn6O2]. The solid lines are a simulation of the data employing the 
parameters: S = 4, D = -2.12 cm-1, |E| = 0.52 cm-1, 0

4B  = 4.67 × 10-4 cm-1, and gx = gy 

= gz = 2.00. 
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APPENDIX E 
VAN VLECK EQUATIONS 

4-1 and 4-2: Mn2 Van Vleck Equation:  

num=  + 180.0000 *exp( 20.0000 *l) 

 + 84.0000 *exp( 12.0000 *l) 

 + 30.0000 *exp( 6.0000 *l) 

 + 6.0000 *exp( 2.0000 *l)  

den= + 9.0000 *exp(20.0000 *l) 

 + 7.0000 *exp( 12.0000 *l) 

 + 5.0000 *exp( 6.0000 *l) 

 + 3.0000 *exp( 2.0000 *l) 

 + 1.0000 

l=J/0.695052552/x 
C=0.1250415518 
TIP=2.0e-4 
f=(C*g^2/x)*num/den+TIP 
k=f*x 
fit k to XmT 
 
6-1: Mn5(pdmH)6(thme)2 
 
k=0.695052552 
C=0.1250415518 
TIP=5.0e-4 
l=Jap/k/T 
m=Jeq/k/T 
n=0 
 
Num=2656.5*exp(-45*l+63.75*m+12*n) 

 +1995.0*exp(-24*l+63.75*m+12*n) 

 +1995.0*exp(-30*l+63.75*m+6*n) 

 +1995.0*exp(-39.0*l+48.75*m+12*n) 

 +1453.5*exp(-5*l+63.75*m+12*n) 

 +1453.5*exp(-11*l+63.75*m+6*n) 

 +1453.5*exp(-14*l+63.75*m+2*n) 

 +1453.5*exp(-20*l+48.75*m+12*n) 



 
 

273 
 

 +1453.5*exp(-26*l+48.75*m+6*n) 

 +1453.5*exp(-33*l+35.75*m+12*n) 

 +1020.0*exp(+12*l+63.75*m+12*n) 

 +1020.0*exp(+6*l+63.75*m+6*n) 

 +1020.0*exp(+2*l+63.75*m+2*n) 

 +1020.0*exp(-0*l+63.75*m+0*n) 

 +1020.0*exp(-3*l+48.75*m+12*n) 

 +1020.0*exp(-9*l+48.75*m+6*n) 

 +1020.0*exp(-13*l+48.75*m+2*n) 

 +1020.0*exp(-16*l+35.75*m+12*n) 

 +1020.0*exp(-22*l+35.75*m+6*n) 

 +1020.0*exp(-27*l+24.75*m+12*n) 

 +682.5*exp(+27*l+63.75*m+12*n) 

 +682.5*exp(+21*l+63.75*m+6*n) 

 +682.5*exp(+17*l+63.75*m+2*n) 

 +682.5*exp(+12*l+48.75*m+12*n) 

 +682.5*exp(-1*l+35.75*m+12*n) 

 +682.5*exp(-7*l+35.75*m+6*n) 

 +682.5*exp(+6*l+48.75*m+6*n) 

 +682.5*exp(+2*l+48.75*m+2*n) 

 +682.5*exp(-0*l+48.75*m+0*n) 

 +682.5*exp(-11*l+35.75*m+2*n) 

 +682.5*exp(-12*l+24.75*m+12*n) 

 +682.5*exp(-18*l+24.75*m+6*n) 

 +682.5*exp(-21*l+15.75*m+12*n) 

 +429.0*exp(+40.*l+63.75*m+12*n) 

 +429.0*exp(+34*l+63.75*m+6*n) 

 +429.0*exp(+19*l+48.75*m+12*n) 

 +429.0*exp(+13*l+48.75*m+6*n) 

 +429.0*exp(+9*l+48.75*m+2*n) 

 +429.0*exp(+12*l+35.75*m+12*n) 
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 +429.0*exp(+6*l+35.75*m+6*n) 

 +429.0*exp(+2*l+35.75*m+2*n) 

 +429.0*exp(-0*l+35.75*m+0*n) 

 +429.0*exp(+1*l+24.75*m+12*n) 

 +429.0*exp(-5*l+24.75*m+2*n) 

 +429.0*exp(-9*l+24.75*m+2*n) 

 +429.0*exp(-8*l+15.75*m+12*n) 

 +429.0*exp(-14*l+15.75*m+6*n) 

 +429.0*exp(-15*l+8.75*m+12*n) 

 +247.5*exp(+51*l+63.75*m+12*n) 

 +247.5*exp(+36*l+48.75*m+12*n) 

 +247.5*exp(+30*l+48.75*m+6*n) 

 +247.5*exp(+23*l+35.75*m+12*n) 

 +247.5*exp(+17*l+35.75*m+6*n) 

 +247.5*exp(+13*l+35.75*m+2*n) 

 +247.5*exp(+12*l+24.75*m+12*n) 

 +247.5*exp(+6*l+24.75*m+6*n) 

 +247.5*exp(+2*l+24.75*m+2*n) 

 +247.5*exp(-0*l+24.75*m+0*n) 

 +247.5*exp(+3*l+15.75*m+12*n) 

 +247.5*exp(-3*l+15.75*m+6*n) 

 +247.5*exp(-7*l+15.75*m+2*n) 

 +247.5*exp(-4.0*l+8.75*m+12*n) 

 +247.5*exp(-10*l+8.75*m+6*n) 

 +247.5*exp(-9*l+3.75*m+12*n) 

 +126.0*exp(+32*l+35.75*m+12*n) 

 +126.0*exp(+26*l+35.75*m+6*n) 

 +126.0*exp(+21*l+24.75*m+12*n) 

 +126.0*exp(+15*l+24.75*m+6*n) 

 +126.0*exp(+11*l+24.75*m+2*n) 

 +126.0*exp(+12*l+15.75*m+12*n) 
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 +126.0*exp(+6*l+15.75*m+6*n) 

 +126.0*exp(+2*l+15.75*m+2*n) 

 +126.0*exp(-0*l+15.75*m+0*n) 

 +126.0*exp(+5*l+8.75*m+12*n) 

 +126.0*exp(-1*l+8.75*m+6*n) 

 +126.0*exp(-5*l+8.75*m+2*n) 

 +126.0*exp(-0*l+3.75*m+12*n) 

 +126.0*exp(-6*l+3.75*m+6*n) 

 +126.0*exp(-3*l+15.75*m+12*n) 

 +52.5*exp(+39*l+35.75*m+12*n) 

 +52.5*exp(+28*l+24.75*m+12*n) 

 +52.5*exp(+22*l+24.75*m+6*n) 

 +52.5*exp(+19*l+15.75*m+12*n) 

 +52.5*exp(+13*l+15.75*m+6*n) 

 +52.5*exp(+9*l+15.75*m+2*n) 

 +52.5*exp(+12*l+8.75*m+12*n) 

 +52.5*exp(+6*l+8.75*m+6*n) 

 +52.5*exp(+2*l+8.75*m+2*n) 

 +52.5*exp(0*l+8.75*m+0*n) 

 +52.5*exp(+7*l+3.75*m+12*n) 

 +52.5*exp(+1*l+3.75*m+6*n) 

 +52.5*exp(-3*l+3.75*m+2*n) 

 +52.5*exp(+4*l+0.75*m+12*n) 

 +52.5*exp(-2*l+0.75*m+6*n) 

 +15.0*exp(+33*l+24.75*m+12*n) 

 +15.0*exp(+24*l+15.75*m+12*n) 

 +15.0*exp(-18*l+15.75*m+6*n) 

 +15.0*exp(+17*l+8.75*m+12*n) 

 +15.0*exp(+11*l+8.75*m+6*n) 

 +15.0*exp(+7*l+8.75*m+2*n) 

 +15.0*exp(+12*l+3.75*m+12*n) 
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 +15.0*exp(+6*l+3.75*m+6*n) 

 +15.0*exp(+2*l+3.75*m+2*n) 

 +15.0*exp(0*l+3.75*m+0*n) 

 +15.0*exp(+3*l+0.75*m+6*n) 

 +15.0*exp(-1*l+0.75*m+2*n) 

 +1.50*exp(+27*l+15.75*m+12*n) 

 +1.50*exp(+20*l+8.75*m+12*n) 

 +1.50*exp(+14*l+8.75*m+6*n) 

 +1.50*exp(+9*l+3.75*m+6*n) 

 +1.50*exp(+5*l+3.75*m+2*n) 

 +1.50*exp(+2*l+0.75*m+2*n) 

 +1.50*exp(0*l+0.75*m+0*n) 

Den=22*exp(-45.0*l+63.75*m+12*n) 

 +20*exp(-24*l+63.75*m+12*n) 

 +20*exp(-30*l+63.75*m+6*n) 

 +20*exp(39*l+48.75*m+12*n) 

 +18*exp(-5*l+63.75*m+12*n) 

 +18*exp(-11*l+63.75*m+6*n) 

 +18*exp(-14*l+63.75*m+2*n) 

 +18*exp(-20*l+48.75*m+12*n) 

 +18*exp(-26*l+48.75*m+6*n) 

 +18*exp(-33*l+35.75*m+12*n) 

 +16*exp(+12*l+63.75*m+12*m) 

 +16*exp(+6*l+63.75*m+6*n) 

 +16*exp(+2*l+63.75*m+2*n) 

 +16*exp(-0*l+63.75*m+0*n) 

 +16*exp(-3*l+48.75*m+12*n) 

 +16*exp(-9*l+48.75*m+6*n) 

 +16*exp(-13*l+48.75*m+2*n) 

 +16*exp(-16*l+35.75*m+12*n) 

 +16*exp(-22*l+35.75*m+6*l) 



 
 

277 
 

 +16*exp(-27*l+24.75*m+12*n) 

 +14*exp(+27*l+63.75*m+12*n) 

 +14*exp(+21*l+63.75*m+6*n) 

 +14*exp(+17*l+63.75*m+2*n) 

 +14*exp(+12*l+48.75*m+12*n) 

 +14*exp(-1*l+35.75*m+12*n) 

 +14*exp(-7*l+35.75*m+6*n) 

 +14*exp(+6*l+48.75*m+6*n) 

 +14*exp(+2*l+48.75*m+2*n) 

 +14*exp(0*l+48.75*m+0*n) 

 +14*exp(-11*l+35.75*m+2*n) 

 +14*exp(-12*l+24.75*m+12*n) 

 +14*exp(-18*l+24.75*m+6*n) 

 +14*exp(-21*l+15.75*m+12*n) 

 +12*exp(+40*l+63.75*m+12*n) 

 +12*exp(+34*l+63.75*m+6*n) 

 +12*exp(+19*l+48.75*m+12*n) 

 +12*exp(+13*l+48.75*m+6*n) 

 +12*exp(+9*l+48.75*m+2*n) 

 +12*exp(+12*l+35.75*m+12*n) 

 +12*exp(+6*l+35.75*m+6*n) 

 +12*exp(+2*l+35.75*m+2*n) 

 +12*exp(-0*l+35.75*m+0*n) 

 +12*exp(+1*l+24.75*m+12*n) 

 +12*exp(-5*l+24.75*m+6*n) 

 +12*exp(-9*l+24.75*m+2*n) 

 +12*exp(-8*l+15.75*m+12*n) 

 +12*exp(-14*l+15.75*m+6*n) 

 +12*exp(-15*l+8.75*m+12*n) 

 +10*exp(+51*l+63.75*m+12*n) 

 +10*exp(+36*l+48.75*m+12*n) 
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 +10*exp(+30*l+48.75*m+6*n) 

 +10*exp(+23*l+35.75*m+12*n) 

 +10*exp(+17*l+35.75*m+6*n) 

 +10*exp(+13*l+35.75*m+2*n) 

 +10*exp(+12*l+24.75*m+12*n) 

 +10*exp(+6*l+24.75*m+6*n) 

 +10*exp(+2*l+24.75*m+2*n) 

 +10*exp(-0*l+24.75*m+0*n) 

 +10*exp(+3*l+15.75*m+12*n) 

 +10*exp(-3*l+15.75*m+6*n) 

 +10*exp(-7*l+15.75*m+2*n) 

 +10*exp(-4*l+8.75*m+12*n) 

 +10*exp(-10*l+8.75*m+6*n) 

 +10*exp(-9*l+3.75*m+12*n) 

 +8*exp(+32*l+35.75*m+12*n) 

 +8*exp(+26*l+35.75*m+6*n) 

 +8*exp(+21*l+24.75*m+12*n) 

 +8*exp(+15*l+24.75*m+6*n) 

 +8*exp(+11*l+24.75*m+2*n) 

 +8*exp(+12*l+15.75*m+12*n) 

 +8*exp(+6*l+15.75*m+6*n) 

 +8*exp(+2*l+15.75*m+2*n) 

 +8*exp(0*l+15.75*m+0*n) 

 +8*exp(+5*l+8.75*m+12*n) 

 +8*exp(-1*l+8.75*m+6*n) 

 +8*exp(-5*l+8.75*m+2*n) 

 +8*exp(0*l+3.75*m+12*n) 

 +8*exp(-6*l+3.75*m+6*n) 

 +8*exp(-3*l+15.75*m+12*n) 

 +6*exp(+39*l+35.75*m+12*n) 

 +6*exp(+28*l+24.75*m+12*n) 
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 +6*exp(+22*l+24.75*m+6*n) 

 +6*exp(+19*l+15.75*m+12*n) 

 +6*exp(+13*l+15.75*m+6*n) 

 +6*exp(+9*l+15.75*m+2*n) 

 +6*exp(+12*l+8.75*m+12*n) 

 +6*exp(+6*l+8.75*m+6*n) 

 +6*exp(+2*l+8.75*m+2*n) 

 +6*exp(0*l+8.75*m+0*n) 

 +6*exp(+7*l+3.75*m+12*n) 

 +6*exp(+1*l+3.75*m+6*n) 

 +6*exp(-3*l+3.75*m+2*n) 

 +6*exp(+4*l+0.75*m+12*n) 

 +6*exp(-2*l+0.75*m+6*n) 

 +4*exp(+33*l+24.75*m+12*n) 

 +4*exp(+24*l+15.75*m+12*n) 

 +4*exp(-18*l+15.75*m+6*n) 

 +4*exp(+17*l+8.75*m+12*n) 

 +4*exp(+11*l+8.75*m+6*n) 

 +4*exp(+7*l+8.75*m+2*n) 

 +4*exp(+12*l+3.75*m+12*n) 

 +4*exp(+6*l+3.75*m+6*n) 

 +4*exp(+6*l+3.75*m+6*n) 

 +4*exp(+2*l+3.75*m+2*n) 

 +4*exp(0*l+3.75*m+0*n) 

 +4*exp(+3*l+0.75*m+6*n) 

 +4*exp(-1*l+0.75*m+2*n) 

 +4*exp(+27*l+15.75*m+12*n) 

 +2*exp(+20*l+8.75*m+12*n) 

 +2*exp(+14*l+8.75*m+6*n) 

 +2*exp(+9*l+3.75*m+6*n) 

 +2*exp(+5*l+3.75*m+2*n) 
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 +2*exp(+2*l+0.75*m+2*n) 

 +2*exp(-0*l+0.75*m+0*n) 

 
 
C-1: Mn6Ca4O4Cl6(pd)6(MeOH)10 
 
Num=+0.0000*exp(0.0000*m+0.0000*n) 

 +18.0000*exp(0.0000*m+2.0000*n) 

 +150.0000*exp(0.0000*m+6.0000*n) 

 +504.0000*exp(0.0000*m +12.0000*n) 

 +3780.0000*exp(0.0000*m+20.0000*n) 

 +0.0000*exp(-4.0000*m+4.0000*n) 

 +18.0000*exp(-2.0000*m+4.0000*n)  

 +90.0000*exp(2.0000*m+4.0000*n) 

 +36.0000*exp(-6.0000*m+8.0000*n) 

 +180.0000*exp(-2.0000*m+8.0000*n) 

 +504.0000*exp(4.0000*m+8.0000*n) 

 +450.0000*exp(-8.0000*m+14.0000*n) 

 +1260.0000*exp(-2.0000*m+14.0000*n) 

 +2160.0000*exp(6.0000*m+14.0000*n) 

 +504.0000*exp(-10.0000*m+22.0000*n) 

 +1080.0000*exp(-2.0000*m+22.0000*n) 

 +1980.0000*exp(8.0000*m+22.0000*n) 

 +0.0000*exp(-12.0000*m+12.0000*n) 

 +18.0000*exp(-10.0000*m+12.0000*n) 

 +90.0000*exp(-6.0000*m+12.0000*n) 

 +540.0000*exp(8.0000*m+12.0000*n) 

 +54.0000*exp(-16.0000*m+18.0000*n) 

 +330.0000*exp(-12.0000*m+18.0000*n) 

 +840.0000*exp(-6.0000*m+18.0000*n) 

 +1620.0000*exp(2.0000*m+18.0000*n) 

 +2640.0000*exp(12.0000*m+18.0000*n) 
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 +450.0000*exp(-20.0000*m+26.0000*n) 

 +1260.0000*exp(-14.0000*m+26.0000*n) 

 +2700.0000*exp(-6.0000*m+26.0000*n) 

 +4950.0000*exp(4.0000*m+26.0000*n) 

 +6552.0000*exp(16.0000*m+26.0000*n) 

 +0.0000*exp(-24.0000*m +24.0000*n) 

 +72.0000*exp(-22.0000*m+24.0000*n) 

 +540.0000*exp(-18.0000*m+24.0000*n) 

 +2016.0000*exp(-12.0000*m+24.0000*n) 

 +4320.0000*exp(-4.0000*m+24.0000*n) 

 +5940.0000*exp(6.0000*m+24.0000*n) 

 +6552.0000*exp(18.0000*m+24.0000*n) 

 +72.0000*exp(-30.0000*m+32.0000*n) 

 +450.0000*exp(-26.0000*m+32.0000*n) 

 +1512.0000*exp(-20.0000*m+32.0000*n) 

 +3780.0000*exp(-12.0000*m+32.0000*n) 

 +5940.0000*exp(-2.0000*m+32.0000*n) 

 +8190.0000*exp(10.0000*m+32.0000*n) 

 +10080.0000*exp(24.0000*m+32.0000*n) 

 +0.0000*exp(-40.0000*m+40.0000*n) 

 +18.0000*exp(-38.0000*m+40.0000*n) 

 +90.0000*exp(-34.0000*m+40.0000*n) 

 +252.0000*exp(-28.0000*m+40.0000*n) 

 +540.0000*exp(-20.0000*m+40.0000*n) 

 +990.0000*exp(-10.0000*m+40.0000*n) 

 +1638.0000*exp(2.0000*m+40.0000*n) 

 +2520.0000*exp(16.0000*m+40.0000*n) 

 +3672.0000*exp(32.0000*m+40.0000*n) 

 +18.0000*exp(-4.0000*m+6.0000*n) 

 +270.0000*exp(-4.0000*m+10.0000*n) 

 +756.0000*exp(-4.0000*m+16.0000*n) 
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 +0.0000*exp(-6.0000*m+6.0000*n) 

 +36.0000*exp(-8.0000*m+10.0000*n) 

 +504.0000*exp(2.0000*m+10.0000*n) 

 +180.0000*exp(-10.0000*m+16.0000*n) 

 +1080.0000*exp(4.0000*m+16.0000*n) 

 +84.0000*exp(6.0000*m+6.0000*n) 

 +0.0000*exp(-10.0000*m+10.0000*n) 

 +540.0000*exp(10.0000*m+10.0000*n) 

 +18.0000*exp(-14.0000*m+16.0000*n) 

 +990.0000*exp(14.0000*m+16.0000*n) 

 +54.0000*exp(-12.0000*m+14.0000*n) 

 +540.0000*exp(-14.0000*m+20.0000*n) 

 +1512.0000*exp(-8.0000*m+20.0000*n) 

 +1512.0000*exp(-16.0000*m+28.0000*n) 

 +3240.0000*exp(-8.0000*m+28.0000*n) 

 +5940.0000*exp(2.0000*m+28.0000*n) 

 +0.0000*exp(-14.0000*m+14.0000*n) 

 +72.0000*exp(-18.0000*m+20.0000*n) 

 +3960.0000*exp(10.0000*m+20.0000*n) 

 +360.0000* exp(-22.0000*m+28.0000*n) 

 +6552.0000*exp(14.0000*m+28.0000*n) 

 +990.0000*exp(16.0000*m+14.0000*n) 

 +0.0000*exp(-20.0000*m+20.0000*n) 

 +3276.0000*exp(22.0000*m+20.0000*n) 

 +36.0000*exp(-26.0000*m+28.0000*n) 

 +5040.0000*exp(28.0000*m+28.0000*n) 

 +54.0000*exp(-24.0000*m+26.0000*n) 

 +540.0000*exp(-28.0000*m+34.0000*n) 

 +1512.0000*exp(-22.0000*m+34.0000*n) 

 +3240.0000*exp(-14.0000*m+34.0000*n)  

 +5940.0000*exp(-4.0000*m+34.0000*n) 
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 +9828.0000*exp(8.0000*m+34.0000*n) 

 +0.0000*exp(-26.0000*m+26.0000*n) 

 +72.0000* exp(-32.0000*m+34.0000*n) 

 +10080.0000*exp(22.0000*m+34.0000*n) 

 +2520.0000*exp(30.0000*m+26.0000*n) 

 +0.0000*exp(-34.0000*m+34.0000*n) 

 +7344.0000*exp(38.00000*m+34.0000*n) 

 +54.0000*exp(-40.0000*m+42.0000*n) 

 +270.0000*exp(-36.0000*m+42.0000*n) 

 +756.0000*exp(-30.0000*m+42.0000*n) 

 +1620.0000*exp(-22.0000*m+42.0000*n) 

 +2970.0000*exp(-12.0000*m+42.0000*n) 

 +4914.0000*exp(0.0000*m+42.0000*n) 

 +7560.0000*exp(14.0000*m+42.0000*n) 

 +0.0000*exp(-42.0000*m+42.0000*n) 

 +7344.0000*exp(30.0000*m+42.0000*n) 

 +5130.0000*exp(48.0000*m+42.0000*n) 

 +0.0000*exp(-18.0000*m+18.0000*n) 

 +546.0000*exp(24.0000*m+18.0000*n) 

 +2520.0000*exp(32.0000*m+24.0000*n) 

 +0.0000*exp(-32.0000*m+32.0000*n) 

 +3672.0000*exp(40.0000*m+32.0000*n) 

 +450.0000*exp(-24.0000*m+30.0000*n) 

 +1260.0000*exp(-18.0000*m+30.0000*n) 

 +2700.0000*exp(-10.0000*m+30.0000*n) 

 +2520.0000*exp(-26.0000*m+38.0000*n) 

 +5400.0000*exp(-18.0000*m+38.0000*n) 

 +9900.0000*exp(-8.0000*m+38.0000*n) 

 +54.0000*exp(-28.0000*m+30.0000*n) 

 +3960.0000*exp(0.0000*m+30.0000*n) 

 +720.0000*exp(-32.0000*m+38.0000*n) 
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 +13104.0000*exp(4.0000*m+38.0000*n) 

 +0.0000*exp(-30.0000*m+30.0000*n) 

 +4914.0000*exp(12.0000*m+30.0000*n) 

 +108.0000*exp(-36.0000*m+38.0000*n) 

 +15120.0000*exp(18.0000*m+38.0000*n) 

 +5040.0000*exp(26.0000*m+30.0000*n) 

 +0.0000*exp(-38.0000*m+38.0000*n) 

 +14688.0000*exp(34.0000*m+38.0000*n) 

 +3672.0000*exp(42.0000*m+30.0000*n) 

 +10260.0000*exp(52.0000*m+38.0000*n) 

 +450.0000*exp(-40.0000*m+46.0000*n) 

 +1260.0000*exp(-34.0000*m+46.0000*n) 

 +2700.0000*exp(-26.0000*m+46.0000*n) 

 +4950.0000*exp(-16.0000*m+46.0000*n) 

 +8190.0000*exp(-4.0000*m+46.0000*n) 

 +54.0000*exp(-44.0000*m+46.0000*n) 

 +10080.0000*exp(10.0000*m+46.0000*n) 

 +0.0000*exp(-46.0000*m+46.0000*n) 

 +11016.0000*exp(26.0000*m+46.0000*n) 

 +10260.0000*exp(44.0000*m+46.0000*n) 

 +6930.0000*exp(64.0000*m+46.0000*n) 

 +588.0000*exp(-24.0000*m+36.0000*n) 

 +3780.0000*exp(-24.0000*m+44.0000*n) 

 +150.0000*exp(-30.0000*m+36.0000*n) 

 +1080.0000*exp(-16.0000*m+36.0000*n) 

 +1512.0000*exp(-32.0000*m+44.0000*n) 

 +5940.0000*exp(-14.0000*m+44.0000*n) 

 +18.0000*exp(-34.0000*m+36.0000*n) 

 +1650.0000*exp(-6.0000*m+36.0000*n) 

 +450.0000*exp(-38.0000*m+44.0000*n) 

 +8190.0000*exp(-2.0000*m+44.0000*n) 
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 +0.0000*exp(-36.0000*m+36.0000*n) 

 +2184.0000*exp(6.0000*m+36.0000*n) 

 +54.0000*exp(-42.0000*m+44.0000*n) 

 +10080.0000*exp(12.0000*m+44.0000*n) 

 +2520.0000*exp(20.0000*m+36.0000*n) 

 +0.0000*exp(-44.0000*m+44.0000*n) 

 +11016.0000*exp(28.0000*m+44.0000*n) 

 +2448.0000*exp(36.0000*m+36.0000*n) 

 +10260.0000*exp(46.0000*m+44.0000*n) 

 +1710.0000*exp(54.0000*m+36.0000*n) 

 +6930.0000*exp(66.0000*m+44.0000*n) 

 +1764.0000*exp(-40.0000*m+52.0000*n) 

 +3780.0000*exp(-32.0000*m+52.0000*n) 

 +6930.0000*exp(-22.0000*m+52.0000*n) 

 +450.0000*exp(-46.0000*m+52.0000*n) 

 +9828.0000*exp(-10.0000*m+52.0000*n) 

 +54.0000*exp(-50.0000*m+52.0000*n) 

 +12600.0000*exp(4.0000*m+52.0000*n) 

 +0.0000*exp(-52.0000*m+52.0000*n) 

 +14688.0000*exp(20.0000*m+52.0000*n) 

 +15390.0000*exp(38.0000*m+52.0000*n) 

 +13860.0000*exp(58.0000*m+52.0000*n) 

 +9108.0000*exp(80.0000*m+52.0000*n) 

 +1620.0000*exp(-40.0000*m+60.0000*n) 

 +588.0000*exp(-48.0000*m+60.0000*n) 

 +2640.0000*exp(-30.0000*m+60.0000*n) 

 +150.0000*exp(-54.0000*m+60.0000*n) 

 +3822.0000*exp(-18.0000*m+60.0000*n) 

 +18.0000*exp(-58.0000*m+60.0000*n) 

 +5040.0000*exp(-4.0000*m+60.0000*n) 

 +0.0000*exp(-60.0000*m+60.0000*n) 
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 +6120.0000*exp(12.0000*m+60.0000*n) 

 +6840.0000*exp(30.0000*m+60.0000*n) 

 +6930.0000*exp(50.0000*m+60.0000*n) 

 +6072.0000*exp(72.0000*m+60.0000*n) 

 +3900.0000* exp(96.0000*m+60.0000*n) 

 

Den=+1.0000*exp(0.0000*m+0.0000*n) 

 +9.0000*exp(0.0000*m+2.0000*n) 

 +25.0000*exp(0.0000*m+6.0000*n) 

 +42.0000*exp(0.0000*m+12.0000*n) 

 +189.0000*exp(0.0000*m+20.0000*n) 

 +3.0000*exp(-4.0000*m+4.0000*n) 

 +9.0000*exp(-2.0000*m+4.0000*n) 

 +15.0000*exp(2.0000*m+4.0000*n) 

 +18.0000*exp(-6.0000*m+8.0000*n) 

 +30.0000*exp(-2.0000*m+8.0000*n) 

 +42.0000*exp(4.0000*m+8.0000*n) 

 +75.0000*exp(-8.0000*m+14.0000*n) 

 +105.0000*exp(-2.0000*m+14.0000*n) 

 +108.0000*exp(6.0000*m+14.0000*n) 

 +42.0000*exp(-10.0000*m+22.0000*n) 

 +54.0000*exp(-2.0000*m+22.0000*n) 

 +66.0000*exp(8.0000*m+22.0000*n) 

 +3.0000*exp(-12.0000*m+12.0000*n) 

 +9.0000*exp(-10.0000*m+12.0000*n) 

 +15.0000*exp(-6.0000*m+12.0000*n) 

 +27.0000*exp(8.0000*m+12.0000*n) 

 +27.0000*exp(-16.0000*m+18.0000*n) 

 +55.0000*exp(-12.0000*m+18.0000*n) 

 +70.0000*exp(-6.0000*m+18.0000*n) 

 +81.0000*exp(2.0000*m+18.0000*n) 
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 +88.0000*exp(12.0000*m+18.0000*n) 

 +75.0000*exp(-20.0000*m+26.0000*n) 

 +105.0000*exp(-14.0000*m+26.0000*n) 

 +135.0000*exp(-6.0000*m+26.0000*n) 

 +165.0000*exp(4.0000*m+26.0000*n) 

 +156.0000*exp(16.0000*m+26.0000*n) 

 +6.0000*exp(-24.0000*m+24.0000*n) 

 +36.0000*exp(-22.0000*m+24.0000*n) 

 +90.0000*exp(-18.0000*m+24.0000*n) 

 +168.0000*exp(-12.0000*m+24.0000*n) 

 +216.0000*exp(-4.0000*m+24.0000*n) 

 +198.0000*exp(6.0000*m+24.0000*n) 

 +156.0000*exp(18.0000*m+24.0000*n) 

 +36.0000*exp(-30.0000*m+32.0000*n) 

 +75.0000*exp(-26.0000*m+32.0000*n) 

 +126.0000*exp(-20.0000*m+32.0000*n) 

 +189.0000*exp(-12.0000*m+32.0000*n) 

 +198.0000*exp(-2.0000*m+32.0000*n) 

 +195.0000*exp(10.0000*m+32.0000*n) 

 +180.0000*exp(24.0000*m+32.0000*n) 

 +3.0000*exp(-40.0000*m+40.0000*n) 

 +9.0000*exp(-38.0000*m+40.0000*n) 

 +15.0000*exp(-34.0000*m+40.0000*n) 

 +21.0000*exp(-28.0000*m+40.0000*n) 

 +27.0000*exp(-20.0000*m+40.0000*n) 

 +33.0000*exp(-10.0000*m+40.0000*n) 

 +39.0000*exp(2.0000*m+40.0000*n) 

 +45.0000*exp(16.0000*m+40.0000*n) 

 +51.0000*exp(32.0000*m+40.0000*n) 

 +9.0000*exp(-4.0000*m+6.0000*n) 

 +45.0000*exp(-4.0000*m+10.0000*n) 
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 +63.0000*exp(-4.0000*m+16.0000*n) 

 +1.0000*exp(-6.0000*m+6.0000*n) 

 +18.0000*exp(-8.0000*m+10.0000*n) 

 +42.0000*exp(2.0000*m+10.0000*n) 

 +30.0000*exp(-10.0000*m+16.0000*n) 

 +54.0000*exp(4.0000*m+16.0000*n) 

 +7.0000*exp(6.0000*m+6.0000*n) 

 +3.0000*exp(-10.0000*m+10.0000*n) 

 +27.0000*exp(10.0000*m+10.0000*n) 

 +9.0000*exp(-14.0000*m+16.0000*n) 

 +33.0000*exp(14.0000*m+16.0000*n) 

 +27.0000*exp(-12.0000*m+14.0000*n) 

 +90.0000*exp(-14.0000*m+20.0000*n) 

 +126.0000*exp(-8.0000*m+20.0000*n) 

 +126.0000*exp(-16.0000*m+28.0000*n) 

 +162.0000*exp(-8.0000*m+28.0000*n) 

 +198.0000*exp(2.0000*m+28.0000*n) 

 +3.0000*exp(-14.0000*m+14.0000*n) 

 +36.0000*exp(-18.0000*m+20.0000*n) 

 +132.0000*exp(10.0000*m+20.0000*n) 

 +60.0000*exp(-22.0000*m+28.0000*n) 

 +156.0000*exp(14.0000*m+28.0000*n) 

 +33.0000*exp(16.0000*m+14.0000*n) 

 +6.0000*exp(-20.0000*m+20.0000*n) 

 +78.0000*exp(22.0000*m+20.0000*n) 

 +18.0000*exp(-26.0000*m+28.0000*n) 

 +90.0000*exp(28.0000*m+28.0000*n) 

 +27.0000*exp(-24.0000*m+26.0000*n) 

 +90.0000*exp(-28.0000*m+34.0000*n) 

 +126.0000*exp(-22.0000*m+34.0000*n) 

 +162.0000*exp(-14.0000*m+34.0000*n) 
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 +198.0000*exp(-4.0000*m+34.0000*n) 

 +234.0000*exp(8.0000*m+34.0000*n) 

 +3.0000*exp(-26.0000*m+26.0000*n) 

 +36.0000*exp(-32.0000*m+34.0000*n) 

 +180.0000*exp(22.0000*m+34.0000*n) 

 +45.0000*exp(30.0000*m+26.0000*n) 

 +6.0000*exp(-34.0000*m+34.0000*n) 

 +102.0000*exp(38.0000*m+34.0000*n) 

 +27.0000*exp(-40.0000*m+42.0000*n) 

 +45.0000*exp(-36.0000*m+42.0000*n) 

 +63.0000*exp(-30.0000*m+42.0000*n) 

 +81.0000*exp(-22.0000*m+42.0000*n) 

 +99.0000*exp(-12.0000*m+42.0000*n) 

 +117.0000*exp(0.0000*m+42.0000*n) 

 +135.0000*exp(14.0000*m+42.0000*n) 

 +3.0000*exp(-42.0000*m+42.0000*n) 

 +102.0000*exp(30.0000*m+42.0000*n) 

 +57.0000*exp(48.0000*m+42.0000*n) 

 +1.0000*exp(-18.0000*m+18.0000*n) 

 +13.0000*exp(24.0000*m+18.0000*n) 

 +45.0000*exp(32.0000*m+24.0000*n) 

 +3.0000*exp(-32.0000*m+32.0000*n) 

 +51.0000*exp(40.0000*m+32.0000*n) 

 +75.0000*exp(-24.0000*m+30.0000*n) 

 +105.0000*exp(-18.0000*m+30.0000*n) 

 +135.0000*exp(-10.0000*m+30.0000*n) 

 +210.0000*exp(-26.0000*m+38.0000*n) 

 +270.0000*exp(-18.0000*m+38.0000*n) 

 +330.0000*exp(-8.0000*m+38.0000*n) 

 +27.0000*exp(-28.0000*m+30.0000*n) 

 +132.0000*exp(0.0000*m+30.0000*n) 
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 +120.0000*exp(-32.0000*m+38.0000*n) 

 +312.0000*exp(4.0000*m+38.0000*n) 

 +3.0000*exp(-30.0000*m+30.0000*n) 

 +117.0000*exp(12.0000*m+30.0000*n) 

 +54.0000*exp(-36.0000*m+38.0000*n) 

 +270.0000*exp(18.0000*m+38.0000*n) 

 +90.0000*exp(26.0000*m+30.0000*n) 

 +6.0000*exp(-38.0000*m+38.0000*n) 

 +204.0000*exp(34.0000*m+38.0000*n) 

 +51.0000*exp(42.0000*m+30.0000*n) 

 +114.0000*exp(52.0000*m+38.0000*n) 

 +75.0000*exp(-40.0000*m+46.0000*n) 

 +105.0000*exp(-34.0000*m+46.0000*n) 

 +135.0000*exp(-26.0000*m+46.0000*n) 

 +165.0000*exp(-16.0000*m+46.0000*n) 

 +195.0000*exp(-4.0000*m+46.0000*n) 

 +27.0000*exp(-44.0000*m+46.0000*n) 

 +180.0000*exp(10.0000*m+46.0000*n) 

 +3.0000*exp(-46.0000*m+46.0000*n) 

 +153.0000*exp(26.0000*m+46.0000*n) 

 +114.0000*exp(44.0000*m+46.0000*n) 

 +63.0000*exp(64.0000*m+46.0000*n) 

 +49.0000*exp(-24.0000*m+36.0000*n) 

 +189.0000*exp(-24.0000*m+44.0000*n) 

 +25.0000*exp(-30.0000*m+36.0000*n) 

 +54.0000*exp(-16.0000*m+36.0000*n) 

 +126.0000*exp(-32.0000*m+44.0000*n) 

 +198.0000*exp(-14.0000*m+44.0000*n) 

 +9.0000*exp(-34.0000*m+36.0000*n) 

 +55.0000*exp(-6.0000*m+36.0000*n) 

 +75.0000*exp(-38.0000*m+44.0000*n) 
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 +195.0000*exp(-2.0000*m+44.0000*n) 

 +1.0000*exp(-36.0000*m+36.0000*n) 

 +52.0000*exp(6.0000*m+36.0000*n) 

 +27.0000*exp(-42.0000*m+44.0000*n) 

 +180.0000*exp(12.0000*m+44.0000*n) 

 +45.0000*exp(20.0000*m+36.0000*n) 

 +3.0000*exp(-44.0000*m+44.0000*n) 

 +153.0000*exp(28.0000*m+44.0000*n) 

 +34.0000*exp(36.0000*m+36.0000*n) 

 +114.0000*exp(46.0000*m+44.0000*n) 

 +19.0000*exp(54.0000*m+36.0000*n) 

 +63.0000*exp(66.0000*m+44.0000*n) 

 +147.0000*exp(-40.0000*m+52.0000*n) 

 +189.0000*exp(-32.0000*m+52.0000*n) 

 +231.0000*exp(-22.0000*m+52.0000*n) 

 +75.0000*exp(-46.0000*m+52.0000*n) 

 +234.0000*exp(-10.0000*m+52.0000*n) 

 +27.0000*exp(-50.0000*m+52.0000*n) 

 +225.0000*exp(4.0000*m+52.0000*n) 

 +3.0000*exp(-52.0000*m+52.0000*n) 

 +204.0000*exp(20.0000*m+52.0000*n) 

 +171.0000*exp(38.0000*m+52.0000*n) 

 +126.0000*exp(58.0000*m+52.0000*n) 

 +69.0000*exp(80.0000*m+52.0000*n) 

 +81.0000*exp(-40.0000*m+60.0000*n) 

 +49.0000*exp(-48.0000*m+60.0000*n) 

 +88.0000*exp(-30.0000*m+60.0000*n) 

 +25.0000*exp(-54.0000*m+60.0000*n) 

 +91.0000*exp(-18.0000*m+60.0000*n) 

 +9.0000*exp(-58.0000*m+60.0000*n) 

 +90.0000*exp(-4.0000*m+60.0000*n) 
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 +1.0000*exp(-60.0000*m+60.0000*n) 

 +85.0000*exp(12.0000*m+60.0000*n) 

 +76.0000*exp(30.0000*m+60.0000*n) 

 +63.0000*exp(50.0000*m+60.0000*n) 

 +46.0000*exp(72.0000*m+60.0000*n) 

 +25.0000*exp(96.0000*m+60.0000*n)  

 



 
 

293 
 

APPENDIX F 
HIGH-FREQUENCY ELECTRON PARAMAGNETIC RESONANCE 
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Complex 5-1:  
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Complex 5-2:  
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