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The current burgeoning research in high nuclearity manganese-containing 

carboxylate clusters is primarily due to their relevance in areas as diverse as magnetic 

materials and bioinorganic chemistry. In the former, the ability of single molecules to 

retain, below a critical temperature (TB), their magnetization vector, resulting in the 

observation of bulk magnetization in the absence of a field and without long-range 

ordering of the spins, has termed such molecules as Single-Molecule Magnets (SMMs), 

or molecular nanomagnets. These molecules display superparamagnet like slow 

magnetization relaxation arising from the combination of a large molecular spin, S, and a 

large and negative magnetoanisotropy, D. Traditionally, these nanomagnets have been 

Mn containing species. An out of the box approach towards synthesizing SMMs is 

engineering mixed-metal Mn-containing compounds. An attractive choice towards this 

end is the use of Lanthanides (Ln), which possess both a high spin, S, and a large D. A 

family of related MnIII
8CeIV SMMs has been synthesized. However, the Ce ion of these 



 

xvi 

complexes is diamagnetic (CeIV). Thus, further investigation has led to the isolation of a 

family of MnIII
11LnIII

4 complexes in which all but the Ln = Eu complex function as 

single-molecule nanomagnets. The mixed-metal synthetic effort has been extended to 

include actinides with the successful isolation of a MnIV
10ThIV

6 complex, albeit this 

homovalent complex is not a SMM. 

In the bioinorganic research, the Water Oxidizing Complex (WOC) in Photosystem 

II (PS II) catalyzes the oxidation of H2O to O2 in green plants, algae and cyanobacteria. 

Recent crystal structures of the WOC confirm it to be a Mn4CaOx cluster with primarily 

carboxylate ligation. To date, various multinuclear Mn complexes have been synthesized 

as putative models of the WOC. On the contrary, there have been no synthetic MnCa(Sr) 

mixed-metal complexes. Thus, in this bioinorganic modeling research of the WOC, 

various synthetic methods have been developed to prepare a variety of heterometallic 

MnCa(Sr) complexes, namely, Mn13Ca2, Mn11Ca4, Mn8Ca and Mn14Sr; these are the first 

of their kind. X-ray absorption spectroscopy has been performed on all of these 

complexes and the results compared with analogous data on the WOC of PS II. In 

particular, Ca, Sr, and Mn, EXAFS and XANES reveal a distinct similarity between the 

sub-units within these complexes and the Mn4CaOx site of the WOC. The data strongly 

suggest that a single-atom O bridge exists between the Mn atoms and the Ca atom of the 

WOC.
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CHAPTER 1 
GENERAL INTRODUCTION 

Magnetism is a topic which is highly underrated since although it has a profound 

impact on our day to day life it is much less researched on in academia. It all started with 

the ancient Greeks, originally those near the city of Magnesia, and also the early Chinese 

who knew about strange and rare stones, possibly chunks of iron ore struck by lightning, 

with the power to attract iron in a magical way. A steel needle stroked with such a 

"lodestone" became "magnetic" as well, and the Chinese found that such a needle, when 

freely suspended, pointed north-south. This led to the discovery and subsequent 

exploitation of magnets and magnetism, and human civilization has tremendously 

benefited from it ever since. Magnets are so essential and ubiquitous to a plethora of 

devices in our daily life that sometimes they are taken for granted. Be it the simple 

speakers or headphones, or the complicated motors or telecommunication devices, 

magnets find an application almost everywhere. Modern day magnetic materials include 

magnetic alloys and oxides, particularly ferrites such as MgFe2O4, which can function in 

transformer cores, magnetic recording or information storage devices. The global market 

for magnetic materials is valued at $50 billion and has a projected growth rate of 10% 

annually. Additionally, with the advent of GNR (genetics, nanotechnology and robotics) 

this burgeoning field of magnetism and magnetic materials will undoubtedly expand as 

the 21st century progresses, since magnets will be crucial to the development of the so-

called “smart materials” and “smart systems.” 



2 

 

The behavior of any magnetic material is essentially dependent on the presence of 

unpaired electrons, or more precisely the spin associated with the unpaired electrons. The 

magnetic field associated with a magnetic substance is the result of an electrical charge in 

motion, specifically the spin and orbital angular momenta of electrons within atoms of a 

material. Hence, the number of unpaired electrons and the net interactions of these 

electron spins govern the response or susceptibility χ of the material to an applied field. 

The presence of unpaired electrons on a material classifies it as paramagnetic and the 

absence makes a material diamagnetic. The electron pairs of a diamagnet interact with an 

applied field, generating a repulsive field that weakly repels the diamagnet from the 

applied field; the sign of χ is negative. In contrast, a paramagnet is attracted to an applied 

magnetic field; the sign of χ is positive.  In the presence of an applied magnetic field the 

electron spins in paramagnetic materials try to align parallel to the applied field and this 

effort is opposed by the entropically favored randomizing effect of thermal energy. Thus, 

removal of the field results in the randomization of the spins. As a result, a paramagnet 

has a net zero magnetization and may not act as a magnet. However, as the number of 

metal centers increase, spin-coupling allows cooperative or non-cooperative interactions 

that result in parallel or anti-parallel alignment of spins, respectively. Therefore on 

removal of the applied field if the spins remain aligned parallel, thereby possessing a net 

magnetic moment, the material is ferromagnetic. Based on the alignment of the magnetic 

dipole moment of the spins, materials can be classified as paramagnetic, ferromagnetic, 

antiferromagnetic and ferrimagnetic as shown in Figure 1-1.  Besides these prototypes, 

magnetic materials can also show spin glass, metamagnetic and canted ferromagnetic / 

antiferromagnetic behavior.  
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To remain ferromagnetic after the field is removed (i.e., remnant magnetization), 

the system must be below a critical temperature, TC. Above TC (curie temperature), the 

thermal energy (kT) is large enough to cause the electron spins to orient randomly and 

the material behaves as a simple paramagnet. Assuming the material is still below TC and 

the spins are aligned parallel, applying a field in the reverse direction induces the spins to 

align in the opposite direction. At zero magnetization, a positive field strength  

Paramagnetic Ferromagnetic Antiferromagnetic Ferrimagnetic  
Figure 1-1. Representations of magnetic dipole arrangements in (i) paramagnetic, (ii) 

ferromagnetic, (iii) antiferromagnetic, and (iv) ferrimagnetic materials. 

can be seen, known as the coercive field or the hardness of the magnet. This phenomenon 

can be seen as a hysteresis loop in a plot of the magnetization M versus the applied field, 

B (Figure 1-2).1 Antiferromagnetism and ferrimagnetism are the opposite situations to 

ferromagnetism. An antiferromagnet has its spins aligned antiparallel (opposing) 

producing a net zero magnetization below a critical temperature, known as the Neel 

temperature, TN. If the spins align antiparallel but a non-zero magnetization results, the 

material is described as ferrimagnetic. This is due to spin centers with different magnetic 

moment magnitudes and hence the net magnetization does not cancel out even though the 

spin vectors are ordered in an antiparallel fashion. An example is the naturally occurring 

magnet, magnetite (Fe3O4). CrO2 and LaFeO3 represent common examples of 

ferromagnetic and antiferromagnetic materials, respectively. 

 At all temperatures, ferro-, antiferro- and ferri-magnets are composed of domains, 

or tiny regions in which all the spins are aligned parallel or antiparallel. The transition 
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from independent to cooperative behavior in these materials is associated with a curie 

temperature, Tc. Above Tc, there is enough thermal energy to cause a random alignment 

of each domain with respect to its neighbor, maximizing the entropy while minimizing 

the magnetization of the system. The application of a strong magnetic field induces the 

alignment of all of the domains with the field and hence with each other, imparting a net 

magnetization to the ferro- or ferri-magnetic material. As alignment occurs, the 

interaction of spins becomes strong enough to overcome entropy considerations that 

maintain the random alignment of the domains.1, 2 When a magnetic field is applied and 

then removed at a temperature below Tc, the magnetization induced by the field does not 

entirely disappear, and in some cases can remain equal to the field-induced 

magnetization. This is in contrast to the behavior observed for paramagnetic systems in 

which the spins immediately (>10-9 s) randomly reorient following removal of the field. 

For suppression of the remnant magnetization, a coercive field in the opposite direction is 

applied, inducing the realignment of the spins in the opposite direction and resulting in a 

hysteresis loop (Figure 1-2). 

Richard Feynman, the Nobel Prize-winning physicist, once gave a lecture called, 

"There's Plenty Of Room At The Bottom." This seminal lecture laid the foundation of 

nanotechnology and ever since, in accordance with Moore’s Law, electronic devices have 

become progressively smaller. In this scenario it becomes increasingly important to 

understand the magnetic properties of smaller bistable particles for the storage of 

information. For information storage a small coercive field (high permeability) with a 

relatively rectangular shaped hysteresis loop is required so that the two magnetic 

orientations of the spin can represent zero (spin-up) and one (spin-down) in the binary 
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digit (bit) system used by current technology. The requirement for information storage is 

that the system remains at a temperature at which the material exhibits hysteresis while 

the removal of the stored information involves heating to a temperature above Tc.1 Thus a 

considerable amount of research is being concentrated on making smaller and smaller 

materials that behave similar to permanent magnets. 

 
Figure 1-2. Typical hysteresis loop of a magnet, where M is magnetization, H is the 

applied magnetic field and Mr is the saturation value of the magnetization. 

 One idea is to fragment a ferromagnet or ferrimagnet to a size smaller than a 

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

parallel.  These particles, known as superparamagnets, are composed of randomly 

oriented spins unless induced by an applied magnetic field.  Superparamagnets retain 

their magnetization when their magnetic relaxation is slowed below a blocking 

temperature, TB.  Problems with this approach include a wide distribution of shapes and 

sizes.2 Additionally, there is a distribution of barrier heights for the interconversion of the 

spins and these materials are insoluble in organic solvents and thus unsuitable for some 

Hc

Mr
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applications and studies. Yet another approach to obtaining small magnetic materials in 

the superparamagnet range is to build molecule-based magnets. Rather than using solids 

of extended lattices such as oxides, this approach uses 3-D lattices of molecular building 

blocks, which are synthesized from single molecules and selected bridging groups. 

Considerable research focusing on purely organic magnets,3 hybrid organic/inorganic 

magnets (Awaga et al.),4 and inorganic cyanide-based network-structured magnets 

(Miller and Epstein et al.)5 has been done in this area. Advantages of this approach 

include low density, solubility, biocompatibility, transparency and high magnetizations. 

The first example of molecule-based magnets was discovered in 19666  but it took twenty-

seven more years of research for scientists to realize that a molecule can behave as a 

magnet by itself, rather than through long-range ordering. Finally, in 1993, the first 

example of a molecule, [Mn12O12(O2CMe)16(H2O)4], in short Mn12ac,  able to behave as a 

magnet by itself was discovered.7 This discovery led to a totally new approach to 

nanoscale magnets in which the magnetism was intrinsic to the molecule and not due to 

interactions between molecules. Magnetic studies in a polyethylene matrix of Mn12ac 

proved the latter hypothesis true and showed the absence of any long-range three-

dimensional interactions.8 Ever since, polynuclear metal complexes with magnetic 

behavior similar to Mn12ac and exhibiting superparamagnetic-like properties have been 

called single-molecule magnets (SMMs).9 The name itself is somewhat misleading 

because in traditional magnetism, to have a magnet it is necessary to have an infinite 

number of coupled spin centers, but is evocative, and can be used provided the above 

caveat is taken into consideration.10 
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Since the discovery of SMMs, there has been a great interest in the chemistry and 

physics communities in understanding this new magnetic phenomenon of single-

molecule magnetism and synthesizing new SMMs. This interest has paid rich dividends 

with the discovery of many more manganese clusters, as well as vanadium, iron, cobalt 

and nickel clusters which behave as SMMs. However of the SMMs known to date, the 

[Mn12O12(O2CR)16(H2O)x]  (R= -Me ,-Ph, ,-C6H4-2-Cl, ,-CHCl2 ,-C6F5,-C6H4-2-Br,-

CH2But ,-CH2Ph with x = 4 and R= -Et , -CH2Cl with x = 3) family, also known as Mn12 

complexes,7, 10 still possess the best structural and electronic properties for this 

phenomenon, inasmuch as they display single-molecule magnetism behavior at the 

highest temperatures and behave as a magnet below 4 Kelvin.9, 11 

Single-molecule magnets are molecules that can function as nanoscale magnets 

below a certain blocking temperature. These molecules exhibit slow magnetization 

relaxation (reorientation) rates, which result in magnetization hysteresis loops. Since 

SMMs display hysteresis, like any classical magnet, they have potential applications in 

future magnetic storage devices where one bit of information can be stored on a single 

molecule, thereby greatly increasing the data density of information storage devices. 

Progress towards this end involves the use of smaller materials of nano- and subnano-

scale dimensions (like SMMs) that behave as “permanent” magnets, albeit with 

functional temperatures in the practical range for technological use. Also, due to sub-

nanoscale sizes and monodisperse behavior, these molecules show quantum tunneling of 

the magnetization (QTM) at the macroscopic level,12 and thus act as a bridge between the 

quantum and classical understanding of magnetism. Since QTM is an inherent property 

of these molecules and they show quantum coherence,13 SMMs are possible candidates as 
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qubits (quantum bits) in future quantum computers.14 In order to display SMM behavior a 

molecule should possess a large spin ground state (S) and a large negative magnetic 

anisotropy, gauged by the zero-field splitting (ZFS) parameter D (i.e., Ising or easy-axis-

type anisotropy). The presence of both a high spin ground state and a large, negative ZFS 

parameter in a single molecule is rather rare and thus interesting magnetic properties are 

generated. For  

ms = +10

+9

+8

+7

+6

+5
+4

+3
+2

+1
ms = 0

-1
-2

-3
-4

-5

-6

-7

-8

-9

ms = -10

ms

En
er

gy

(b)

10 -10 = ms

9 -9

8 -8

7 -7

6 -6
5 -54 -43 -32 -2

1 -1
0

En
er

gy

Magnetization Direction

10 -10 = ms

9 -9

8 -8

7 -7

6 -6
5 -54 -43 -32 -2

1 -1
0

En
er

gy

Magnetization Direction

(a)

ms = +10

+9

+8

+7

+6

+5
+4

+3
+2

+1
ms = 0

-1
-2

-3
-4

-5

-6

-7

-8

-9

ms = -10

ms

En
er

gy

(b)

10 -10 = ms

9 -9

8 -8

7 -7

6 -6
5 -54 -43 -32 -2

1 -1
0

En
er

gy

Magnetization Direction

10 -10 = ms

9 -9

8 -8

7 -7

6 -6
5 -54 -43 -32 -2

1 -1
0

En
er

gy

Magnetization Direction

(a)

 
Figure 1-3. Representative plots of the potential energy versus (a) the magnetization 

direction and (b) the ms sublevels, for a Mn12 complex with an S = 10 ground 
state, experiencing zero-field splitting. 

example, for the aforementioned family of Mn12 complexes the S = 10 always, and the D 

varies from -0.3 cm-1 to -0.5 cm-1. The combination of these S and D values lead to a 

barrier to magnetization reversal (reorientation) given by U = S2|D| for integer spin 

systems and U = (S2-¼)|D| for half-integer spin systems. A better appreciation of the 

system is obtained by the realization that the ground state S = 10 spin is split into 21 

sublevels (depicted in Figure 1-3) to give a double well potential in zero applied magnetic 

field. This splitting is a consequence of the first term ( 2ŜD z , axial ZFS term), in the 

Hamiltonian (eq 1-1) based on the “giant spin model” for molecular systems.15 

'Byxz ĤÔŜgH)ŜŜE(ŜD  Ĥ 4
222 ++⋅⋅+++=

tr
μ  (1-1) 
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Because the value of the axial ZFS parameter D for a SMM is negative (-0.50 cm-1 

for Mn12ac), the ms =   ±10 sublevels lie lowest in energy while the ms = 0 sublevel lies 

highest (Figure 1-3). Consequently, there is a potential energy barrier between the “spin-

up” (ms = -10) and “spin-down” (ms = +10) orientations of the magnetic moment. The 

energy of each sublevel is given as E (ms) = ms
2D, giving rise to a barrier whose 

magnitude is given by the difference in the energy between the ms = 10 and ms = 0 

energy levels. Thus, to reverse the spin of the molecule from along the - z (spin up) to the 

+ z (spin down) axis of the molecule, a potential energy barrier, U = S2|D| ≈ 50 cm-1 (as S 

= 10, D = -0.5 cm-1) for Mn12ac, must be overcome. For this reason, SMMs exhibit slow 

magnetization relaxation at low temperatures. Experimental evidence for this behavior is 

supported by the appearance of concomitant frequency-dependent in-phase (χM') and out-

of-phase (χM'') signals in AC magnetic susceptibility measurements, as shown in Figure 

1-4 (left). Frequency-dependent ac signals are necessary but not sufficient proof that an 

SMM has been obtained. The observance of hysteresis loops in magnetization versus DC 

field scans, with coercivities increasing with decreasing temperature and increasing scan-

rates, is an unambiguous confirmation that an SMM has been obtained.9 Sometimes the 

hysteresis loops have steps (Figure 1-4 right (bottom)), which are due to quantum 

tunneling, and each step corresponds to a sudden increase in the magnetization relaxation 

rate. The QTM can be of different kinds (Figure 1-4 right (top)) and these will be 

discussed later.  

From a magnetic point of view, SMMs are preferred over classical nanoscale 

magnetic particles because they have a single, well defined ground state spin S which is a 

true quantum spin system, and highly ordered assemblies of SMMs can be obtained in 
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crystalline form. At the same time, from a synthetic chemist’s point of view, these SMMs 

can be easily synthesized at room temperature by solution methods and we can obtain a  

 

Figure 1-4. (Left) In-phase χM´T (top), and out-of-phase χM˝ (bottom), AC susceptibility 
signals for a Mn12 complex. (Right) Possible tunneling mechanisms (top) for 
SMMs and (bottom) typical hysteresis loops with steps, for a Mn12 SMM.  

collection of truly monodisperse particles of nanoscale dimensions which have true 

solubility (rather than colloid formation) in organic solvents. Additionally, the central 

core containing the metals is engulfed in a protective shell of organic groups which can 

be easily varied by ligand substitution, thus providing advantages for certain applications. 

Due to the strong need for SMMs with even larger S values and more negative D values, 

numerous synthetic strategies aimed at the improvement of these materials have been 

considered. Several new strategies and SMMs will be discussed in the ensuing chapters. 
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 Manganese carboxylate cluster chemistry finds importance in bioinorganic 

chemistry as well, mainly because of the ability of Mn to exist in a range of oxidation 

states (-3 to +7), with the most common ones being II, III and IV. Mixed-valency in Mn 

ions is found both in coordination compounds as well as Nature. Thus, oxidation state 

variability in Mn makes it well suited as the active site for redox reactions in a number of 

metalloproteins and enzymes.16 Redox enzymes containing Mn can be classified into 

different groups depending on their nuclearity. For example, mononuclear sites 

containing one manganese ion are found in manganese superoxide dismutases and 

dinuclear sites are found in manganese catalases.17 A tetranuclear manganese cluster, 

called the water oxidizing complex (WOC), comprising primarily oxide and carboxylate 

peripheral ligation, resides at the active site of photosystem II (PS II).18 It is a complex 

aggregate of electron transfer proteins embedded in the thylakoid membrane of 

chloroplasts in green plants, algae and cyanobacteria. As the name suggests, it catalyses 

the light-driven oxidation of water to dioxygen. This reaction is responsible for 

generation of almost all the oxygen on this planet (eq. 1-2). In addition to the synthesis of 

dioxygen, WOC also releases protons, which are used to create a proton concentration 

gradient across the membrane that drives the synthesis of ATP by ATP-synthase. The 

electrons produced in the reaction are transferred through a series of e- carriers to 

photosystem I (PS I), where they are eventually used for the fixation of CO2.            

  2 H2O - 4 e- O2 + 4 H+
                                             (1-2) 

 It is believed that four Mn per PS II are essential for water oxidizing activity and 

they appear to be in close proximity to each other. The Mn complex is capable of cycling 

between four distinct oxidation levels, labeled S0 through S4 in the pioneering work of 
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Kok;19 the Sn states contain Mn in various combinations of higher metal oxidation states 

(III-IV). The catalytic cycle thus involves the four electron oxidation of the Mn 

aggregate, and the latter can be thought of as a biological capacitor, storing not only 

charge but oxidizing equivalents, with discharge of capacitor occurring during S4 to S0 

transition on oxidation of substrate to dioxygen (Figure 1-5 (left)). 

 

Figure 1-5. (Left) The S state scheme as proposed by Kok for the oxidation of water.27a 
(Right) Arrangement of 4 Mn and 1 Ca atoms (shown as balls) in the two 
latest crystal structures (see later) of the WOC of PS II.26 

 The S1 state (MnIII
2MnIV

2) is thermally most stable in the dark and is thus referred 

to as the dark-adapted state. However, an understanding of the mechanistic details 

regarding this catalytic process is greatly hindered due to the absence of precise structural 

information of the enzyme and the inability to detect any key reaction intermediates. This 

said, recently, the enigmatic S4 state has been identified.20 The first crystal structure21a of 

dark adaptive active PS II membrane of the cyanobacterium Thermosynechococcus 

elongatus was reported at 3.8 Å in 2001 followed by another21b in 2003 at 3.7 Å. These 

first generation crystal structures confirmed the location of the tetranuclear Mn cluster 
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but the exact orientation and structure of the Mn complex and its intermediate ligand 

environment was not clear. Very recently another crystal structure22 appeared at 3.5 Å  

 

 
Figure 1-6. (Left) Crystal structure of the WOC at 3.0 Å (top)26 with the 4 Mn labeled 1-4 

in pink, and the 3.5 Å Mn4Ca cubane-containing crystal structure (bottom).22 
(Right) Possible Mn4CaOx topologies suggested by biophysical studies.27a 

which assigns most of the amino acids in the protein, identifies 4Mn and 1Ca ions and  

proposes the metal coordination number and geometry. In particular, the authors 

conclude that the WOC is a [Mn3CaO4] cubane with the fourth Mn (extrinsic Mn) 

attached to one of the cubane oxygen atom (Figure 1-6 (left (bottom)). This crystal 

structure by the Barber group, postulating a Mn3CaO4 cubane-like core for the WOC, is 

not accepted unanimously because it is believed that radiation damage to the crystals took 
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place during X-ray data collection.23 However a very interesting development in this 

particular report, when compared to the earlier structural elucidations of the WOC, was 

the detection of a Ca atom intimately associated with the tetranuclear Mn cluster. It had 

long been known that the WOC requires Ca2+ for activity (it acts as a cofactor),24 and 

calcium EXAFS (extended X-ray absorption fine structure) studies of the WOC had 

revealed a Mn···Ca separation of ~3.4 Å.25  The most recent and “complete” crystal 

structure of the WOC by the Zouni group26 at 3.0 Å concurs with the fact that the WOC 

is a pentanuclear heterometallic site and suggests that the Mn ions are arranged in a “3 + 

1” fashion (Figure 1-6 (left (top)), as proposed by the first two studies. The Mn4Ca 

structure (Figure 1-6 (left (top)) has Mn1 and Mn3 (one is III and another IV oxidation 

state), along with Mn2 (III oxidation state; ligated by the carboxy-terminal carboxylate of 

Ala 344) and Ca form a trigonal pyramid, to which is attached the extrinsic fourth Mn4 

(IV oxidation state; ligated by Asp 170). Various biophysical studies have also suggested 

similar Mn4Ca cluster topologies (Figure 1-6 (right)).27 At the current resolution, smaller 

ligands such as C, H, O, H2O, N and Cl cannot be confidently located. However, both the 

studies at 3.0 Å and 3.5 Å have identified Ca as being part of the Mn complex using 

anomalous diffraction data. Thus, although there is still an ambiguity about the Mn4Ca 

structure obtained from crystallography due to radiation damage during X-ray data 

collection,23 there is little doubt that the WOC is a heterometallic [Mn4CaOx] cluster.22, 26 

The availability of inorganic Ca/Mn complexes to act as synthetic models of the 

WOC would represent an important step forward in understanding the magnetic and 

spectroscopic properties of the native site and the mechanism of its function. Many 

groups have in the past applied the Synthetic Analogue Approach28 to the WOC and a 
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plethora of Mn4 complexes have been synthesized. However, new bioinorganic modelling 

approaches to the WOC involve synthesizing heterometallic Mn/Ca complexes as 

opposed to homometallic Mn complexes. Therefore, as part of our ongoing interest in 

obtaining synthetic models of the WOC and its various modified forms, we wanted to 

investigate mixed Ca/Mn chemistry extensively. Additionally, Mn clusters have been the 

primary source of SMMs, and it has become ever-increasingly important to devise new 

synthetic routes towards clusters with interesting magnetic properties and higher blocking 

temperatures. A totally new approach towards SMMs is synthesizing mixed-metal 

complexes. This approach has the benefits of the spin as well as the anisotropy not 

canceling, thereby increasing the probability of the resulting polynuclear complex 

displaying SMM behavior.  

 Thus, the primary goal of the research featured in this dissertation is the 

development of new synthetic routes aimed at the preparation of novel heterometallic 

complexes incorporating Mn, whose relevance span the magnetic materials as well as the 

bioinorganic research areas. Chapters II-IV report the syntheses of Mn containing 

heterometallic complexes of lanthanides and actinides. The magnetic properties of these 

are described in detail. The subsequent chapters, V and VI are relevant to the 

bioinorganic modeling of the WOC of PS II, and they detail the relvance of mixed Sr/Mn 

and Ca/Mn complexes. The X-Ray Absorption Spectroscopy of these complexes and the 

comparisons thereof with the WOC are also reported in these chapters.

 

 



16 

CHAPTER 2 
SINGLE-MOLECULE MAGNETS: A NOVEL FAMILY OF MnIII / CeIV 

COMPLEXES WITH A [Mn8Ce8O8]12+ CORE 

2.1 Introduction 

One of the motivating themes in polynuclear cluster chemistry research is the 

design of high-nuclearity manganese carboxylate clusters which can function as 

nanoscale magnetic materials. Since these species are molecular in nature, they fall in the 

nanoscale regime and since some of them display superparamagnet-like slow 

magnetization relaxation these are termed as single-molecule magnets (SMMs). Thus, an 

SMM represents a molecular approach to nanomagnets.9 Such molecules thus behave as 

magnets below their blocking temperature (TB), exhibiting hysteresis in magnetization 

versus dc field scans. This behavior results from the combination of a large ground spin 

state (S) with a large and negative Ising (or easy-axis) type of magnetoanisotropy, as 

measured by the axial zero-field splitting parameter D. This leads to a significant barrier 

(U) to magnetization reversal, its maximum value given by S2|D| or (S2 – ¼)|D| for integer 

and half-integer spin, respectively. 9, 29 However, in practice, quantum tunneling of the 

magnetization (QTM) through the barrier via higher lying MS levels of the spin S 

manifold results in the actual or effective barrier (Ueff) being less than U. The interest in 

SMMs for scientists in various disciplines is stimulated by not only their aesthetically 

pleasing structures but their ability to display classical magnetic bistability as well as 

quantum properties.9, 29 The first SMM discovered was [Mn12O12(O2CMe)16(H2O)4],29, 9 

(hereafter referred to as “Mn12-acetate”) which possesses an S = 10 ground state; together 
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with the continually growing family of [Mn12O12(O2CR)16(H2O)4] (Mn12; R = various) 

molecules, these clusters are still the best and most thoroughly studied SMMs to date.30 

Ever since, several types of SMMs have been discovered, most of them containing 

primarily MnIII ions.31 However, there have been only a few isostructural families of 

SMMs studied to date, most notably the Mn4 defect-dicubane,32  Mn4 cubanes,33  and 

Mn12 wheel complexes.34  

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

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

cluster chemistry. Recently, there has been a spurt of research activity in the scientific 

community towards heterometallic systems which can behave as SMMs.35 We and our 

coworkers had contributed to this relatively nascent field with the successful 

characterization of the Mn8Ce,36 Mn11Dy4,37 Mn2Dy2,38 and Fe2Dy2
39 SMMs. Indeed, we 

had earlier reported the template synthesis of the Mn8Ce SMM which possessed an S = 

16 ground state spin. Although the Ce ion (CeIV) in the complex was diamagnetic, it 

acted as a template around which 8 ferromagnetically coupled MnIII ions wrapped. Since 

the ground-state spin was then the largest for any Mn species, we carried out a detailed 

investigation towards obtaining similar structural types with interesting magnetic 

properties. We herein report the successful synthesis, structure, magnetic characterization 

and reactivity of four Mn8Ce complexes and demonstrate that they are new SMMs with 

spin-variability within the family.    

2.2 Results and Discussion 

2.2.1 Syntheses 

[Mn8CeO8(O2CMe)12(H2O)4]·4H2O (4) was originally obtained serendipitously 

from a solution of [Mn6CeO9(O2CMe)9(NO3)(H2O)2]40 in MeCN/Et2O that had been left 
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undisturbed for some time. However, once the identity of 4 was know it became crucial 

to develop a rational synthetic procedure towards obtaining 4 in high yield. One very 

attractive reaction strategy was to use the linear polymer 

{[Mn(OH)(O2CMe)2]·(MeCO2H)·(H2O)}n,41 which might wrap around the oxophilic Ce4+ 

ion as Ce4+–OH– contacts develop. Thus, with a Ce:Mn ratio of 1:8 and OH– 

deprotonation, this encirclement could in principle give 4, since complex 1, whose 

structure is shown below, provides all the required components needed to obtain 4. Thus, 
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the feasibility of the above-stated hypothesis was tested by reacting 1 with 

(NH4)2Ce(NO3)6 in MeCN as depicted in eq 2-1 below. 

(8/n)[Mn(OH)(O2CMe)2]n + Ce4+ + 4 H2O → [Mn8CeO8(O2CMe)12(H2O)4]  

        + 4 MeCO2H + 4 H+ (2-1) 

Indeed, the reaction resulted in the formation of 4 in 55% isolated yield. The 

magnetism studies of 4 revealed that it had an S = 16 ground state spin. However, the 

complex had considerable intermolecular interactions and a small D value. Thus, we 

decided to synthesize derivates of 4 with the objectives being two-fold: i) Block the 

intermolecular interactions primarily occurring via the bound H2O molecules by 

replacing the terminal ligation with other chelates. ii) Obtain derivatives of 4 with bulky 

carboxylates that would, besides blocking the intermolecular interactions, help in 

flattening the Mn8O8 loop to a more planar configuration thereby increasing the 

magnitude of the small D value which complex 4 possessed (primarily because the JT    
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axes were perpendicular (vide infra)). 

Among the various MnIII sources which could be explored to obtain the 8MnIII 

compound, [Mn3O(O2CMe)6(py)3] (2MnIII, 1MnII) and(NBun
4)[Mn4O2(O2CPh)9(H2O)] 

(4MnIII) seemed particularly attractive, as they have been known to give higher nuclearity 

complexes.42, 43 Hence, the reaction of [Mn3O(O2CMe)6(py)3] with Ce4+ in MeCN in an 

approximately 3:1 ratio gave [Mn8CeO8(O2CMe)12(py)4]·3C4H2O2 (5) as depicted in eq 

2-2 below. However, it should be noted that varying the Mn3:Ce ratio from 2:1 to 5:1 

gave the same product, although the yield was optimized when the ratio of 8:3 was used 

as stated in eq 2-2.  

8 [Mn3O(O2CMe)6(py)3] + 3 Ce4+ + 16 H2O → 3 [Mn8CeO8(O2CMe)12(py)4] + 12 py +  

       12 MeCO2H + 32 H+ + 20 e-    (2-2) 

The synthetic strategy shown above proved successful in isolating a Mn8Ce 

complex in which the 4 terminal water molecules had been replaced by pyridine (py) 

molecules, thereby reducing intermolecular interactions. In order to flatten the Mn8O8 

loop, synthesis of the benzoate version of the Mn8Ce complex was sought. This task was 

achieved by reacting 3 (a tetranuclear MnIII complex) with (NH4)2Ce(NO3)6 in a 1:1 ratio. 

Varying the Mn4:Ce ratio to 1:2 also led to the isolation of the Mn8Ce benzoate complex 

{[Mn8CeO8(O2CPh)12(MeCN)4] [Mn8CeO8(O2CPh)12(dioxane)4]} (6). Complex 6 is 

isostructural with complexes 4 and 5, the difference being that the unit cell has 2 Mn8Ce 

complexes; one having 4 MeCN as terminal ligands and the other with 4 1,4–dioxane 

ligands providing terminal ligation. The manifestation of two complexes co-crystallizing 

indicates the complexity of this reaction with several species likely to be in equilibrium in 

the reaction solution. Thus, factors such as relative solubility, lattice energies, 
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thermodynamics, crystallization kinetics and others undoubtedly determine the identity of 

the isolated product.  

The successful isolation of complex 6 encouraged us to seek the syntheses of 

Mn8Ce complexes with even bulkier carboxylate groups. For this purpose, we decided to 

employ diphenylacetic acid (Ph2CHCO2H). Such a bulky carboxylate would not only 

separate the molecules thereby reducing intermolecular interactions, but would also cause 

strain in the central Mn8O8 core thus flattening the loop.  The synthetic technique used to 

obtain [Mn8CeO8(O2CCHPh2)12(H2O)4] (7) was our standard ligand substitution 

reaction,11a which has been successful in Mn12 chemistry. The ligand substitution reaction 

(eq 2-3) is an equilibrium that must be driven to completion by (i) using a carboxylic acid 

with a much lower pKa than that of acetic acid (4.75); and/or (ii) using an excess of 

RCO2H; and/or (iii) removing the acetic acid as its toluene azeotrope. Hence, 20 equiv. of 

diphenylacetic acid were reacted with complex 4 and the free acetic acid removed under 

vacuum as its toluene azeotrope. Although, the reaction proceeded with 12 equiv. of the 

acid too, as summed up in eq 2-3; the extra acid is generally needed to ensure complete 

[Mn8CeO8(O2CMe)12(H2O)4] + 12 Ph2CHCO2H → [Mn8CeO8(O2CCHPh2)12(H2O)4] +  

       12 MeCO2H      (2-3) 

carboxylate substitution.11 The presence of the extra incoming acid group ensures (by Le 

Chatelier’s principle) that the equilibrium of the reaction in eq 2-3 is broken and pushed 

forward and a pure product with complete ligand substitution is obtained. Also, the pKa 

of diphenylacetic acid (3.94) is lower than that of acetic acid (4.75) thereby facilitating 

the carboxylate substitution reaction and isolation of complex 7. 
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2.2.2 Description of Structures 

2.2.2.1 X-ray crystal structures of complexes 4 - 7 

PovRay representations of the labeled crystal structures of 4 (Figure 2-1), 5 (Figure 

2-2, left), 6 (Figure2-2, right), and 7 (Figure 2-3) are depicted in the indicated figures. 

The common [Mn8CeO8] core present in complexes 4-7 is shown in Figure 2-4 (left). The 

crystallographic data and structure refinement details for complexes 4 – 7 are collected in 

Table 2-1. Selected bond distances and angles for complexes 4 and 5 are listed in Table 

A-1. The bond distances and angles for complex 7 are listed in Table A-2. 

Complex 4·4H2O crystallizes in the tetragonal space group I4 with crystallographic 

S4 symmetry. The cluster contains one CeIV and eight MnIII ions bridged by eight μ3-O2- 

and twelve CH3CO2⎯ groups. The structure of 4 can be described as a non-planar saddle-

like [MnIII
8(μ3-O)8]8+ loop attached to a central CeIV ion via the triply bridging oxides of 

the loop. Peripheral ligation around this central [Mn8CeO8]12+ loop is provided by 8 syn, 

syn, doubly- and 4 triply-bridging acetate groups. Four H2O molecules (O6 and its 

symmetry counterparts in Figure 2-1) terminally ligate on four of the MnIII (Mn2 in Fig. 

2-1) ions. The central Ce ion is octa-coordinated, with the Ce–O bond lengths (2.29-2.37 

Å) being typical for eight-coordinate CeIV.44c All the Mn ions are hexa-coordinate with 

near-octahedral geometry and display Jahn-Teller (JT) elongation axes (vide infra), with 

the JT bonds being at least 0.1 – 0.2 Å longer than the other MnIII-O bonds, as expected 

for high-spin MnIII ions. Nevertheless, the metal oxidation states were also verified by 

bond-valence sum calculations (BVS; see chapter III for theory on BVS), and charge 

considerations.44 The complex contains four unbound water molecules as solvent of 

crystallization. There are strong inter- and intra-molecular hydrogen-bonding interactions 

involving the lattice and bound water molecules as well as O atoms from  
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oxide and carboxylate ligands. 

Complex 5·3C4H8O2 crystallizes in the tetragonal space group P42/n with a 

crystallographic S4 axis. The cluster is isostructural with complex 4, with the difference 

being that terminal ligation on four of the MnIII ions is provided by pyridine (py) 

molecules rather than H2O, as is the case in complex 4. Additionally, there are three 1,4-

dioxane (C4H8O2) molecules as solvents of crystallization. Thus inter/intra-molecular 

interactions which were present in 4 because of bound/unbound water have been nullified 

in complex 5. This occurs as a consequence of the absence of any H atoms attached to an 

electronegative atom; the py as well as the dioxane do not have any hydrogen connected 

to N / O atoms. Thus, H-bonding does not occur in complex 5.  

   

 
Figure 2-1. PovRay representation at the 50% probability level of the X-ray crystal 

structure of 4. Color scheme: Mn green, Ce cyan, O red, C grey. Hydrogen 
atoms have been omitted for clarity. The complex has a four-fold inversion 
center. 
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Complex 6·12C4H8O2·4MeOH crystallizes in the tetragonal space group P4n2 and 

the unit cell contains two Mn8Ce clusters; one with four MeCN molecules providing 

terminal ligation and the other with four 1,4-dioxane (C4H8O2) molecules providing 

terminal ligation. Hence, complex 6 is formulated as {[Mn8CeO8(O2CPh)12(MeCN)4] 

[Mn8CeO8(O2CPh)12(C4H8O2)4]}. Figure 2-2 (right) depicts the Mn8Ce benzoate sub-

cluster with MeCN providing the terminal ligation. For each of the co-crystallizing 

Mn8Ce clusters of 6, peripheral ligation is provided by eight doubly- and four triply-

bridging benzoate groups. The central [Mn8CeO8]12+ core found in 4 and 5, is also 

retained in complex 6.  

 

Figure 2-2. PovRay representation at the 50% probability level of the X-ray crystal 
structure of 5 (left) and 6 (right). Color scheme: Mn green, Ce cyan, N dark 
blue, O red, C grey. H atoms have been omitted for clarity. The complexes 
have a four-fold symmetry axis with an inversion center. 

 Complex 7·4H2O·2CH2Cl2·3MeCN crystallizes in the lower symmetry monoclinic 

space group P21/n, and the asymmetric unit contains the entire Mn8Ce cluster. Complex 7 

is formulated as [Mn8CeO8(O2CCHPh2)12(H2O)4] and thus is isostructural with complex 

4, i.e., contains a central CeIV ion which is bound by 8 μ3-O2- to 8 MnIII  ions which 
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together manifest themselves as a non-planar saddle-like loop. Terminal ligation is 

provided by 4 water molecules, as is the case with complex 4. However, peripheral 

ligation in 7 is provided by eight doubly- and four triply-bridging diphenylacetate groups 

(Ph2CHCO2⎯) (see Fig. 2-3).  

 

Figure 2-3. PovRay representation at the 50% probability level of the X-ray crystal 
structure of 7. Color scheme: Mn green, Ce cyan, O red, C grey. H atoms  
have been omitted for clarity. 

The presence of the big, fat phenyl groups of the bulky carboxylate group in 7 

causes a greater degree of separation between individual clusters. In fact, the Mn8Ce 

clusters of 7 are very far apart from each other as was evidenced from the packing 

diagram of 7. The fact that individual clusters are aloof and separated from neighbors 

might help in improving the magnetic properties of this complex (see later). However,  
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Figure 2-4. (Top) Comparison of the [Mn8CeO8]12+ core (left), with the [Mn12O12]16+ core 
(right). (Bottom) The common core of complexes 4, 5, 6 and 7 depicting the 
near perpendicular alignment of the Jahn-Teller (JT) pairs. Thick black bonds 
denote JT elongation axes. Color scheme: MnIII green, MnIV purple, Ce cyan, 
O red, C gray. 

there are some hydrogen bonding interactions amongst the water molecules. 

2.2.2.2 Structural Comparison of complexes 4 - 7 

The structures of complexes 4-7 are overall very similar, differing only in the 

nature of one or two peripheral bridging ligands (vide supra). Hence, complex 4 is 

formulated as [Mn8CeO8(O2CMe)12(H2O)4] and a variation in the terminal ligation from 

H2O to py gives complex 5. The benzoate version of complex 4 (complex 6) has 

MeCN/dioxane providing terminal ligation. Finally, complex 7 is the diphenylacetate 

version of complex 4. One-common structural motif which is conserved through 4-7 is 

the [Mn8CeO8]12+ core. This core depicted in Figure 2-4 (left) consists of eight [MnO2Ce] 

rhombs which inter-connect with each other via the eight shared triply bridging oxides. 

Thus, within this description the central core looks like a space-shuttle with eight “flaps” 

and the non-planar arrangement of these “wings” give the saddle-like loop structure 

arrangement to the core. The eight CeIV–O bonds are undoubtedly crucial in the 

formation of the [Mn8O8] loop which engulfs the central Ce ion. Thus, the Ce ion acts as 

a template around which forms the non-planar metal-oxo loop. The four Mn2 atoms 

(Figure 2-1) occupy the corners of an almost perfect tetrahedron (Mn2–Ce–Mn2' = 
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109.43°), whereas the four Mn1 ions form a severely distorted (flattened) tetrahedron 

(Mn1–Ce–Mn1' = 92.02°). Within this description, the CeIV ion occupies the centre of 

both the tetrahedra.  

Interestingly, the [Mn8O8] loop found in these complexes is very similar to that in 

[Mn12O12(O2CMe)16(H2O)4] (Mn12-ac)11 which has a central [Mn4O4] cubane instead of a 

smaller Ce atom (Figure 2-4 (center)). Therefore, both of them have a non-planar ring of 

8 MnIII ions which are linked by eight μ3-O2- to the central unit. Besides the difference in 

the central unit, Mn12-ac has four more carboxylates providing peripheral ligation than 

the Mn8Ce complexes. A much clearer view of the cores of both of these complexes is 

seen in Figure 2-4 whereby the greater folding in the Mn8Ce complex is accentuated. The 

eight Ce–O bonds which connect the Ce to the Mn atoms are indisputably crucial to the 

formation of these complexes and cause a greater folding of the [Mn8O8] ring in the 

Mn8Ce complexes, than in Mn12. Thus, a loop is created in the Mn8Ce complexes rather 

than the non-planar ring found in Mn12 complexes. 

 The relative alignment of the Jahn-Teller (JT) axes is very important with respect 

to the magnetic properties displayed by the complex; it determines the anisotropy in the 

molecule, or in other words the magnitude of the ZFS term D. As already stated earlier, 

some of the JT axes are nearly perpendicular. Figure 2-4 (right) depicts the orientation of 

the JT axes which are shown as thick black bonds. For example the Mn2–O4–Mn1 angle 

in Figure 2-4 (right) is 83.9°. Indeed, all the eight JTs occur in sets of two with the Mn–

O–Mn angle in the range of 80°-84° for all the Mn8Ce complexes. Within the four sets of 

perpendicular JTs, each set shares the doubly bridging oxygen of the four triply bridging 

carboxylates as a common vertex. Thus, all the eight JT axes originate from the doubly  
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Table 2-1. Crystallographic data for 4·4H2O, 5·3C4H8O2, 6·12C4H8O2·4MeOH, and 7·4H2O·2CH2Cl2·3MeCN. 
  4 5 6    7 

         Formula C24H52O40Mn8Ce C56H80N4O38Mn8Ce C236H264O100Mn16Ce2    C176H161Cl4N3O40Mn8Ce 

fw, g/mol  1560.30 1996.87 5859.88     3679.52 

Space group  I4   P42/n  P4n2      P21/n   

a, Å 23.947(6) 12.7367(6)  22.5647(6)  19.4171(12) 

b, Å 23.947(6)  12.7367(6)  22.5647(6)  31.3568(19) 

c, Å 9.953(5)  23.485(2)  26.3631(13)  27.5856(17) 

α, ° 90   90  90  90 

β, ° 90    90  90  95.884(2) 

γ, ° 90   90   90  90 

V, Å
3
 5708(4)  3809.8(4)   13423.2(8)    16707.2(18) 

Z 4    2   2  4 

T, K  100(2)   173(2)  173(2)      173(2) 

Radiation, Å a  0.71073  0.71073  0.71073     0.71073 

ρcalc, g/cm3 1.816   1.697   1.784  1.463 

μ, mm-1 2.584   1.953   1.168  0.993 

R1 b,c 0.0899  0.0497   0.0367  0.0891 

wR2 
d 0.2163  0.1165   0.1083  0.2136 

a Graphite monochromator. b I > 2σ(I). c R1 = 100Σ(||Fo| – |Fc||)/Σ|Fo|. d wR2 = 100[Σ[w(Fo
2 - Fc

2)2]/ Σ[w(Fo
2)2]]1/2, w = 1/[σ2(Fo

2) + 

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

2]/3.  
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bridging oxygens of the four triply bridging carboxylates and terminate in four cases on 

the singly bridging oxygen of another triply bridging carboxylate group. In the remaining 

four cases, the JTs terminate on the atoms (O/N) which provide terminal ligation.  

Therefore, considerable magnetoanisotropy is expected to get cancelled for these 

complexes, consequently resulting in a small D value, as was initially reported for 

complex 4.36  

2.2.3 Magnetochemistry of Complexes 4, 5 and 7 

2.2.3.1 DC studies 

Solid-state variable temperature magnetic susceptibility measurements were 

performed on vacuum-dried microcrystalline samples of complexes 4, 5 and 7, which 

were suspended in eicosane to prevent torquing. The dc magnetic susceptibility (χM) data 

were collected in the 5.0-300 K range in a 0.1 T magnetic field and are plotted as χMT vs 

T in Figure 2-5. For 4, the χMT value of 39.36 cm3mol-1K at 300 K remains more or less 

constant until 70 K. Then, it steadily increases with decreasing temperature to reach 

69.28 cm3mol-1K at 5.0 K indicating a large ground-state spin for 4.  For 5, the χMT value 

of 28.31 cm3mol-1K at 300 K remains steady till 70 K. Then, it starts decreasing with 

decreasing temperature to finally reach a value of 17.08 cm3mol-1K at 5.0 K indicating a 

small ground-state spin for 5. For 7, χMT fractionally increases from 28.00 cm3mol-1K at 

300 K to 32.47 cm3mol-1K at 70 K, and then decreases to a minimum value of 19.85 

cm3mol-1K at 5.0 K indicating a relatively small ground state for 7. The spin-only value 

of eight non-interacting MnIII ions is 24.00 cm3mol-1K assuming g = 2 (CeIV is 

diamagnetic, f 0). For 4 the χMT value of 39.36 cm3mol-1K at 300 K is much higher than 

the spin-only value and χMT increases with decreasing temperature suggesting 

ferromagnetic interactions within the molecule and a large ground-state spin value. 
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Conversely, for both 5 and 7, the χMT value decreases with decreasing temperature, 

suggesting the presence of overall strong, predominantly antiferromagnetic exchange 

interactions within these molecules and consequently a small ground-state spin for them. 
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Figure 2-5. Plots of χMT vs T for complexes 4, 5 and 7. χM is the dc molar magnetic 
susceptibility measured in a 1.0 kG field. 

 With eight MnIII centers in 4, 5 and 7, total spin values range from 0 to 16. 

However, due to the size and low symmetry of the molecules, a matrix diagonalization 

method to evaluate the various Mn pairwise exchange parameters (Jij) within the Mn8Ce 

molecules is not easy. Similarly, application of the equivalent operator approach based on 

the Kambe vector coupling method45 is not possible. Therefore, we focused only on 

identifying the ground state S as well as the ZFS term D values, as in any case these 

would dominate the low temperature studies we performed (vide infra). Hence, 

magnetization (M) data were collected in the magnetic field and temperature ranges 0.1-7 

T and 1.8-10 K in order to determine the spin ground states of complexes 4, 5 and 7. In 
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the nomenclature, N is Avogadro’s number, μB is the Bohr magneton, T is temperature 

and H is the applied magnetic field. The obtained data are plotted as M/NμB (reduced 

magnetization) vs H/T in Figure 2-6 for complexes 4 (left) and 7 (right). For a system 

occupying only the ground state and experiencing no ZFS, the various isofield lines 

would be superimposed and M/NμB would saturate at a value of gS. The non-

superposition of the isofield lines in Figure 2-6 is indicative of the presence of strong 

ZFS. 
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Figure 2-6. Magnetization (M) vs field (H) and temperature (T) data, plotted as reduced 
magnetization (M/NμB) vs H/T, for (left) complex 4 at applied fields of 3, 4, 5, 
6 and 7 T and in the 1.8 - 10 K temperature range, and (right) for complex 7 at 
applied fields of 0.1- 0.8 T range and in the 1.8 - 10 K temperature range. The 
solid lines are the fit of the data; see the text for the fit parameters. 

 The data were fit, using the program MAGNET,46 by diagonalization of the spin 

Hamiltonian matrix assuming only the ground state is populated, incorporating axial 

anisotropy (DŜz
2) and Zeeman terms, and employing a full powder average. Thus, the 

complexes are modeled for the magnetization fit as a “giant-spin” with Ising-like    

anisotropy. The corresponding Hamiltonian is given by eq 2-4, where D is the anisotropy 

   Ĥ = DŜz
2 + gμBμ0ŜH      (2-4)  
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constant, μB is the axial Bohr magneton, Ŝz is the easy-axis spin operator, g is the 

electronic g factor, μ0 is the vacuum permeability, and H is the applied longitudinal field. 

The last term in eq 2-4 is the Zeeman energy associated with an applied magnetic field. 

The “giant-spin” model and the same MAGNET program is used in the magnetization 

fits for complexes reported in the ensuing chapters, and for the sake of brevity, the whole 

process will not be repeated again. Instead, just the spin, D value and the isotropic g 

values will be mentioned. For 4, the fit (solid lines in Fig. 2-6 (left)) gave S = 16, D = -

0.10 cm-1 and g = 1.98. Thus, ferromagnetic couplings within complex 4 aligns the 8 

MnIII spins parallel (as has been observed in Mn12ac, vide supra), leading to the second 

highest spin ground state for a Mnx species yet reported. The largest spin yet observed for 

a Mn complex is the S = 51/2 reported for a Mn25 complex.47 The D value of -0.1 cm-1 is 

consistent with the complex having the JT axes perpendicular as stated earlier, and g is < 

2, as expected for Mn. When data collected at fields < 3.0 T were included, a satisfactory 

fit could not be obtained, which is understandable as the complex has weak 

intermolecular interactions, thus higher fields are needed to overcome those interactions.   

 For complex 5, attempts were made to fit the magnetization data collected in the 

0.1 – 7 T and 1.8-10 K temperature ranges. A satisfactory fit could be obtained only 

when data collected in the 0.1-2 T applied field range were used. The fit of the data gave 

a ground state of S = 5, D = -0.30 cm-1 and g = 1.83. For complex 7, attempts were made 

to fit the magnetization data collected in the 0.1 – 0.8 T range and 1.8-10 K temperature 

ranges. A best fit of the data (Figure 2-6 (right)) yielded a ground state of S = 6, D = -

0.34 cm-1 and g = 1.89. The ground states obtained for complexes 5 and 7 are in 

agreement with the dc magnetic susceptibility data. However, there are low-lying 
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excited-states (relative to kT) which complicate the fitting; this was also confirmed from 

the sloping nature of the in-phase ac susceptibility data (vide infra). We have found that 

poor quality fits of the magnetization versus H and T plots are a common problem in 

manganese chemistry when the Mnx species is of high nuclearity and there is thus a high 

density of spin states resulting from the exchange interactions amongst the many 

constituent Mn ions. Thus, low-lying excited states are populated, even at these relatively 

low temperatures, and/or the MS levels from nearby excited states with S greater than that 

of the ground state are being sufficiently stabilized by the applied dc field that they thus 

approach or even cross the ground state levels; note that the fitting model assumes 

population of only ground state levels. Population of the excited states will thus be 

difficult to avoid even at the lowest temperatures normally employed. However, the spin 

ground states obtained from the fittings were confirmed by the more reliable ac 

susceptibility studies48 described later. 

The large ground state spin value obtained for complex 4 suggested that it may 

have a barrier to magnetization reversal. Also, the combination of the S and D values 

obtained for complexes 5 and 7 may enable them to display slow magnetization 

relaxation characteristic of SMMs. The S and D values obtained for complexes 4, 5, and 7 

suggest an upper limit to the energy barrier (U) to magnetization reversal of  U = S2|D| = 

25.6 cm-1 for 4, 7.5 cm-1 for 5 and 12.2 cm-1 for 7 respectively. However, the effective 

barrier Ueff, might be a little bit smaller because of quantum tunneling through the barrier. 

Hence, ac susceptibility measurements were performed to investigate whether these 

Mn8Ce complexes functioned as single-molecule magnets. 
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2.2.3.2 AC studies 

In an ac susceptibility experiment, a weak field (typically 1 - 5 G) oscillating at a 

particular frequency (υ) is applied to a sample to probe the dynamics of the magnetization 

(magnetic moment) relaxation. An out-of-phase ac susceptibility signal (χM˝) is observed 

when the rate at which the magnetization of a molecule relaxes is close to the operating 

frequency of the ac field, and there is a corresponding decrease in the in-phase (χM´T) 

signal. At low enough temperature, where the thermal energy is lower than the barrier for 

relaxation, the magnetization of the molecule cannot relax fast enough to keep in-phase 

with the oscillating field. Therefore, the molecule will exhibit a frequency-dependent χM˝ 

signal indicative of slow magnetization relaxation. The increase in the frequency-

dependent, imaginary χM˝ signal is accompanied by a concomitant decrease in the real 

χM´T signal. Frequency-dependent χM˝ signals are an important indicator of SMMs. 

Alternating current magnetic susceptibility studies were performed on vacuum-

dried microcrystalline samples of 4, 5 and 7 in the temperature range 1.8-10 K with a 

zero dc field and a 3.5 G ac field oscillating at frequencies between 5-1000 Hz. The in-

phase (χM΄) component of the ac susceptibility was plotted as χM΄T vs T. Similarly, the 

out-of-phase χM΄΄ component was plotted as χM΄΄ vs T. Indeed, frequency-dependent 

signals were seen in the in-phase as well as the out-of-phase ac susceptibility plots for all 

of the three above-mentioned complexes. The strength of the signals varied and the 

intensity in decreasing order was 4 >7 >5. Although a rise in the out-of-phase signal was 

accompanied by a concomitant decrease in the in-phase signal, only tails, of peaks which 

lie below the operating minimum (1.8 K) of our SQUID magnetometer were seen. 

Nevertheless, the in-phase χM΄T data proved useful for confirming the spin ground state 
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obtained from magnetization fits. For example, the χM΄T value of complex 4 is 63.17 

cm3mol-1K at 10 K and increases steadily to 94.05 cm3mol-1K at 1.8 K and seems to keep 

on rising steeply to higher values below 1.8 K. Extrapolation of the data to 0 K indicates 

a χM΄T of ~ 125 which is in agreement with the ~133 cm3mol-1K value obtained by 

applying the formula χM΄T = (g2/8)S(S+1) and using the g and S values obtained from the 

magnetization fits (vide supra). For complexes 5 and 7 the presence of low-lying excited 

spin states within close separation of the ground state was confirmed by the sloping 

nature of the χM΄T vs T plots. The in-phase χM΄T value drops sharply and reaches 15.39 

cm3mol-1K for 5 and 18.15 cm3mol-1K for 7 at 1.8 K. These values indicate an S of ca. 5 

or 6 for these two complexes which is satisfyingly consistent with the dc magnetization 

fit values.  

Since all three complexes display frequency dependent ac signals which are an 

indication of the superparamagnet-like slow magnetization relaxation of a SMM we 

decided to investigate them further. Note however that these signals are necessary but not 

sufficient proof that an SMM has been obtained because intermolecular interactions and 

phonon bottlenecks can also lead to such signals.49 Thus, lower temperature (<1.8 K) 

studies were carried out to explore this possibility further. 

2.2.3.3 Hysteresis studies below 1.8 K 

If complexes 4, 5 and 7 were indeed SMMs, they should exhibit hysteresis below 

their blocking temperatures, TB, in a magnetization versus dc field plot. To investigate 

this, magnetization vs. applied dc field data down to 0.04 K were collected on single 

crystals of 4·4H2O, 5·3C4H2O2 and 7·4H2O·3MeCN·2CH2Cl2 using a micro-SQUID 

apparatus.50 The observation of hysteresis loops in such studies represents the diagnostic 
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property of a magnet, including SMMs and superparamagnets below their blocking 

temperature (TB). The observed magnetization responses for complex 4 are shown in 

Figure 2-7 (left) at a fixed sweep rate of 0.004 T/s and at different temperatures. The 

hysteresis loops of complex 5 at field sweep rates of 0.280 T/s and 0.017 T/s and a 

constant temperature of 0.3 K are shown in Figures 2-7 (right). Finally, the magnetization 

responses for 7, at different temperatures and a fixed field sweep rate (0.14 T/s) are 

shown in Figure 2-8 (left) and at a fixed temperature (0.04 K) and varying dc field sweep 

rates in Figure 2-8 (right), respectively. In all cases, hysteresis loops are seen, whose  
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Figure 2-7. Magnetization (M) vs applied magnetic field (H) hysteresis loops: (left) for 4 

in the temperature range 0.04–0.6 K and at a 0.004 T/s sweep rate; (right) for 
5 at 0.280 and 0.017 T/s sweep rates and at a fixed temperature of 0.3 K. M is 
normalized to its saturation value, Ms, for both plots.  

coercivities increase with increasing sweep rate and with decreasing temperature, as 

expected for the superparamagnet-like properties of a SMM. The data thus confirm 

complexes 4, 5 and 7 as new additions to the family of SMMs. 

 For 4·4H2O in Figure 2-7 (left) hysteresis loops are evident below 0.6 K, with the 

dominating feature in the loops being the two-step profile and its variation with 

temperature. This two-step profile and its broadening with decreasing temperatures are 

characteristic of a weak intermolecular interaction between molecules, undoubtedly 



36 

 

mediated by the hydrogen bonds and dipolar interactions. Similar behavior has been seen 

in the Fe19 SMMs51 which also display intermolecular interactions. However, the above-

mentioned interaction in the Mn8Ce complex only perturbs the SMM behavior; it is too 

weak to give a classical antiferromagnetically ordered network. An intermolecular 

exchange parameter (J) of only 0.0025 K and an interaction energy of 0.65 K can be 

calculated from the loops shown in Figure 2-7 (left). Thus, complex 4 behaves as an 

SMM and the low temperature at which it shows magnetization hysteresis is clearly due 

to the small D value, which is consistent with some of the MnIII JT axes, the primary 

source of the molecular anisotropy, being nearly perpendicular. For 5·3C4H2O2 hysteresis 

loops at 0.3 K are shown in Figure 2-7 (right). Clearly the coercivity increases with 

increasing scan rate, as expected for an SMM; the loops at 0.280 T/s are thicker than the 

loops at 0.017 T/s. However, there is very little coercivity at H = 0 and this occurs 

because of a fast tunnel transition which changes the magnetization direction very 

rapidly. Thus, the effective barrier to magnetization relaxation reduces and hence the 

hysteresis behavior is seen at lower temperatures (below 0.3 K). Nevertheless, the 

hysteresis data are in agreement with the ac signals which were the weakest for complex 

5 and the upper limit to magnetization reversal for 5 was also only 7.5 cm-1.  

 For 7·4H2O·3MeCN·2CH2Cl2 in Figure 8, the dominating feature in the 

temperature-dependent (top) as well as the sweep-rate-dependent (bottom) hysteresis 

loops is the large step (corresponding to a large increase in magnetization relaxation rate) 

at zero field due to quantum tunneling of the magnetization (QTM). Steps at other field 

positions are only poorly resolved, probably due to broadening effects from low-lying 

excited states and a distribution of molecular environments (and thus a distribution of  
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Figure 2-8. Magnetization (M) vs applied magnetic field (H) hysteresis loops for 7: (left) 
in the temperature range 0.04–0.5 K at a 0.14 T/s sweep rate; (right) in the 
0.008–0.140 T/s sweep rate range at 0.04 K. M is normalized to its saturation 
value, Ms, for both plots. 

relaxation barriers) caused by disordered lattice solvent molecules and ligand disorder. In 

addition, intermolecular interactions (both dipolar and exchange) and population of 

excited states can result in step broadening.52 Complex 7 displays hysteresis below 0.5 K 

and the plots in Figure 2-8 show increasing coercivities with decreasing temperature and 

increasing sweep rates, as expected for SMMs. There is very little coercivity at H = 0. 

However, one should remember that that the y-axis for the hysteresis loops of complexes 

5 and 7 scan a range of -1.4 till +1.4 T and that of 4 depicts the range of -0.5 to +0.5 T 

μ0H values. Unfortunately, the fast relaxation rate in zero field that results in the large 

step at this position also prevents us from collecting magnetization vs time decay data 

with which to construct an arrhenius plot and determine the effective barrier to relaxation 

(Ueff). It must be stated though, that at a qualitative as well as to some extent a 

quantitative level, the various dc, ac and hysteresis data are all consistent. Thus, for 

complexes 4, 7 and 5 the upper limit to magnetization reversal was found out to be 25.6 

cm-1 >12.2 cm-1 >7.5 cm-1. The strength of the frequency-dependent ac signals also 

followed that same descending order and finally the temperature below which they 
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displayed hysteresis loops (0.6 K >0.5 K >0.3 K) was also consistent with the earlier 

mentioned data. All these magnetic parameters are tabulated in Table 2-2 for comparison. 

Table 2-2. Comparison of the magnetic parameters of complexes 4, 5, and 7.  
 

Complex S D 

(cm-1) 

g U 

(cm-1) 

TB (blocking T)a 

(K) 

4 16 -0.10 1.98 25.6 0.6 

5 

7 

5 

6 

-0.30 

-0.34 

1.83 

1.89 

7.5 

12.2 

0.3 

0.5 
 

a TB is the blocking temperature: Temperature below which hysteresis loops were 
observed.  

2.3 Conclusions 

Convenient, high-yield synthetic routes towards obtaining a family of isostructural 

Mn8Ce complexes with a common [Mn8CeO8]12+ core, have been developed. Peripheral 

ligation has been varied within this family and new surrogates obtained with the end 

objective of improving the magnetic properties; by blocking intermolecular interactions 

and/or flattening the [Mn8O8] loop to a more planar configuration. Complex 4 with an S = 

16 ground state spin possess the third largest S value reported for a Mnx species; the 

highest and second highest being the S = 51/2 for a Mn25 SMM,47 and the S = 22 for a 

high-symmetry Mn10 complex.97c Complexes 5 and 7 possess an S = 5 and an S = 6 

ground state, respectively. Although spin variability is present in this family of 

complexes, each of them possess a sufficient combination of spin and anisotropy to 

display superparamagnet-like slow magnetization relaxation and thereby function as 

single-molecule magnets (SMMs). Hysteresis measurements confirm the addition of 

complexes 4, 5 and 7 to the growing family of SMMs. Thus, in this chapter it has been 



39 

 

aptly demonstrated that a subtle change in the ligand environment has a huge impact on 

the resulting magnetic properties within this family of complexes.  

This work lucidly reasserts that synthetic manipulation around the metallic core by 

organic groups can help in systematically studying the magnetic properties of SMMs, as 

has been seen for Mn12 complexes.11 It reiterates the advantages of the molecular 

approach to nanomagnetism whereby standard chemistry methods give a greater deal of 

control, when compared to the classical “top-down” nanoparticle approach. 

2.4 Experimental 

2.4.1 Syntheses 

All manipulations were performed under aerobic conditions using chemicals as 

received, unless otherwise stated. {[Mn(OH)(O2CMe)2]·(MeCO2H)·(H2O)}n (1)53, 

[Mn3O(O2CPh)6(py)2(H2O)] (2),54 [Mn3O(O2CMe)6(py)3],54 and 

(NBun
4)[Mn4O2(O2CPh)9(H2O)] (3),55 were prepared as previously reported. 

[Mn8CeO8(O2CMe)12(H2O)4]·4H2O (4). Method A. To a slurry of 1 (2.00g, 

7.46mmol) in MeCN (35ml) was added solid (NH4)2Ce(NO3)6 (0.51g, 0.93mmol) and left 

under magnetic stirrer for 8 h resulting in the formation of a brownish precipitate and a 

reddish-brown solution, which were separated by filtration. To the filtrate was added 

diethylether (40ml) and left under magnetic stirring for 5 more min. This solution was 

filtered and the filtrate concentrated by evaporation to yield reddish brown crystalline 

material which was washed with acetone and diethylether. The crystalline material was 

identified as 4·4H2O and was obtained in 55% isolated yield.  Anal. Calc (Found) for 

4·4H2O: C24H52O40Mn8Ce: C, 18.47 (18.49); H, 3.36 (3.32) %. Selected IR data (KBr, 

cm-1): 3392(s, br), 1576(s), 1539(s), 1444(s), 1029(w), 680(s), 657(m), 619(m), 589(s, 

br), 551(m), 496(w), 432(w). 
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Method B. In MeCN (20ml) was dissolved [Mn6CeO9(O2CMe)9(NO3)(H2O)2]40 

(0.50g, 0.38mmol) and left under magnetic stirring for 20 min., filtered off and the filtrate 

layered with diethylether (40ml). After two weeks the resulting solution was filtered and 

the filtrate slowly concentrated by evaporation to yield reddish brown crystals of 4 which 

were filtered and washed with acetone and diethylether and dried in vacuo. The product 

was identified as 4 by IR. The yield was 5%.  

[Mn8CeO8(O2CMe)12(py)4]·3C4H2O2 (5). To a slurry of [Mn3O(O2CMe)6(py)3] 

(1.00g, 1.29mmol) in MeCN (50ml) was added solid (NH4)2Ce(NO3)6 (0.24g, 0.43mmol) 

and left under magnetic stirring for 30 min. The solution was filtered and the filtrate 

layered with 50 ml of 1,4-dioxane (C4H2O2). After a week, nice square crystals of 5 were 

obtained. These were washed with 1,4-dioxane, dried in vacuo and isolated in 60% yield. 

Anal. Calc (Found) for 5·3C4H2O2: C56H80N4O38Mn8Ce: C, 33.68 (33.75); H, 4.04 (4.15); 

N, 2.81 (2.54) %. Selected IR data (KBr, cm-1): 3429(s, br), 1576(s), 1540(s), 1444(s), 

1119(w), 871(w), 679(m), 656(m), 619(m), 589(s, br), 551(m), 496(w), 430(m). 

[Mn8CeO8(O2CPh)12(MeCN)4][Mn8CeO8(O2CPh)12(dioxane)4]·12C4H2O2·4MeO

H (6). To a slurry of 3 (1.00g, 0.62mmol) in MeCN/MeOH (25ml/1ml) was added solid 

(NH4)2Ce(NO3)6 (0.34g, 0.62mmol) and left under magnetic stirring for 20 min. The 

solution was filtered and the filtrate layered with 25 ml of 1,4-dioxane (C4H2O2). After a 

week, large dark red crystals of 6 were obtained. These were washed with 1,4-dioxane, 

dried in vacuo and isolated in 45% yield. Anal. Calc (Found) for 6·12C4H2O2·4MeOH: 

C236H264O100Mn16Ce2: C, 48.37 (48.20); H, 4.54 (4.35) %. Selected IR data (KBr, cm-1): 

3430(s, br), 1600(m), 1560(s), 1528(s), 1412(s), 1120(w), 872(w), 718(s), 683(m), 

615(m), 573(s, br), 510(w), 422(w). 
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[Mn8CeO8(O2CCHPh2)12(H2O)4]·4H2O·3MeCN·2CH2Cl2 (7). The carboxylate 

substitution reactions which have been very successful for Mn12 systems30 were 

employed to synthesize 7. Therefore, diphenylacetic acid (0.54g, 2.5 mmol) was added to 

a slurry of 4 (0.20g, 0.12mmol) in MeCN (50ml) and stirred overnight. The resulting 

solution was concentrated by using a toluene azeotrope to remove the free acetic acid. 

The process of removing the free acid under vacuum was repeated thrice and the resulting 

powder was re-dissolved in MeCN. Concentration of this solution by evaporation gave 

nice black crystals which unfortunately were not suitable for X-ray diffraction. Hence, 

recrystallization was achieved by dissolving the crystals in CH2Cl2 and layering with 

heptanes. After a week, nice black crystals of 7·4H2O·3MeCN·2CH2Cl2 were obtained in 

60% yield. These were maintained in the mother liquor for X-ray crystallography and 

other single-crystal studies, or collected by filtration, washed with heptanes and dried in 

vacuo. The synthesis could also be performed by using 5 instead of 4, as the starting 

material. The dried solid analyzed as 7·4H2O. Anal. Calc (Found) for 7·4H2O: 

C168H148O40Mn8Ce: C, 59.58 (59.45); H, 4.40 (4.25) %. Selected IR data (KBr, cm-1): 

3429(s, br), 1590(m), 1550(s), 1527(m), 1494(w), 1404(s), 1032(w), 745(m), 697(s), 

650(m), 580(s, br), 433(w). 

2.4.2 X-ray Crystallography 

Data were collected on a Siemens SMART PLATFORM equipped with a CCD 

area detector and a graphite monochromator utilizing Mo-Kα radiation (λ = 0.71073 Å). 

Suitable crystals of the complexes were attached to glass fibers using silicone grease and 

transferred to a goniostat where they were cooled to 100K for complex 4 and 173 K for 

complexes 5, 6, and 7 for data collection. An initial search of reciprocal space revealed a 

tetragonal cell for 4, 5 and 6, and a monoclinic cell for 7; the choice of space groups I4, 
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P42/n, P4n2 and P21/n, respectively, were confirmed by the subsequent solution and 

refinement of the structures. Cell parameters were refined using up to 8192 reflections. A 

full sphere of data (1850 frames) was collected using the ω-scan method (0.3° frame 

width). The first 50 frames were re-measured at the end of data collection to monitor 

instrument and crystal stability (maximum correction on I was < 1 %). Absorption 

corrections by integration were applied based on measured indexed crystal faces. The 

structures were solved by direct methods in SHELXTL6,56a and refined on F2 using full-

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

hydrogen atoms were placed in calculated, ideal positions and refined as riding on their 

respective carbon atoms.  

The asymmetric unit of 4·4H2O consists of one-fourth of the Mn8Ce cluster lying 

on an inversion centre and one H2O molecule of crystallization. Both of these are located 

on a C4 rotation axis. A total of 342 parameters were included in the structure refinement 

using 2958 reflections with I > 2σ(I) to yield R1 and wR2 of 8.99 % and 21.63 %, 

respectively.  

For 5·3C4H2O2, the asymmetric unit consists of one-fourth of the Mn8Ce cluster (on 

a 4-fold rotation axis) and a half dioxane molecule (located on a 2-fold rotation axis), and 

a ¼ dioxane molecule (located on a 4-fold center).  A total of 258 parameters were 

included in the structure refinement on F2 using 23703 reflections with I > 2σ(I) to yield 

R1 and wR2 of 4.97 % and 11.65 %, respectively.  

The asymmetric unit of 6·12C4H2O2·4MeOH consists of a ¼ dioxane Mn8Ce 

cluster, a ¼ acetonitrile Mn8Ce cluster, three disordered dioxane molecules and one 

methanol molecule of crystallization. All of these are on a four-fold rotation axis. The 
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solvent molecules were disordered and could not be modeled properly, thus program 

SQUEEZE,56b a part of the PLATON56c package of crystallographic software, was used 

to calculate the solvent disorder area and remove its contribution to the overall intensity 

data. A total of 646 parameters were included in the structure refinement on F2 using 

6920 reflections with I > 2σ(I) to yield R1 and wR2 of 3.67% and 10.83%, respectively. 

The asymmetric unit of 7·4H2O·3MeCN·2CH2Cl2 consists of a Mn8Ce cluster, four 

water molecules, three acetonitrile molecules and two dichloromethane molecules. Most 

of the phenyl rings display considerable displacement motions but not large enough of a 

disorder to allow to successfully resolve them. Consequently, large thermal parameters 

are observed for their carbon atoms. Thus, they were refined with isotropic thermal 

parameters only. The cluster has four coordinated water molecules; two on each side of 

its plane. The two water molecules on each side along with two solvent water molecules 

form a diamond shape as a result of Hydrogen bonding. The solvent water molecules 

were located inside cavities created by the phenyl rings. The rest of the solvent molecules 

were disordered and could not be modeled properly, thus program SQUEEZE,56b a part of 

the PLATON package of crystallographic software, was used to calculate the solvent 

disorder area and remove its contribution to the overall intensity data. A total of 1010 

parameters were included in the structure refinement on F2 using 74183 reflections with I 

> 2σ(I) to yield R1 and wR2 of 8.91% and 21.36%, respectively. 

 Unit cell data and details of the structure refinements for 4·4H2O, 5·3C4H8O2, 

6·12C4H8O2·4MeOH and 7·4H2O·2CH2Cl2·3MeCN are listed in Table 2-1.
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CHAPTER 3 
SINGLE-MOLECULE MAGNETS: SYNTHESES AND MAGNETIC 

CHARACTERIZATION OF A NOVEL FAMILY OF HETEROMETALLIC 
MANGANESE-LANTHANIDE COMPLEXES 

3.1 Introduction 

The current burgeoning research in nanosciences and nanotechnology is primarily 

governed by the ideology of taking materials to the extreme limit of miniaturization. 

Once we venture beyond the macro-, meso- and the micro-scale dimensions and reach the 

nanoscale (and even subnano), interesting phenomenon are observed which cannot be 

described by the classical properties of matter. Therefore, there has been great interest in 

the scientific community in the study of nanoscale materials. One such interesting class 

of nanoscale magnetic material is single-molecule magnets (SMMs). SMMs represent a 

molecular approach to nanoscale magnetic particles. Since these molecules are magnets, 

they show hysteresis like any classical magnet. However, their behavior is unlike 

macroscale magnets because they display quantum tunneling of the magnetization 

(QTM), a property seen mostly in the micro-, nano-scale and beyond.  The magnetic 

behavior in SMMs is due to the intrinsic, intramolecular properties of these species, and 

is the result of the combination of a large ground state spin (S) value and a significant 

magnetic anisotropy of the easy-axis (or Ising) type, as reflected in a negative value of 

the axial zero-field splitting (ZFS) parameter, D. As a result, SMMs possess a significant 

barrier to reversal (relaxation) of their magnetization vector, and the upper limit to this 

barrier (U) is given by S2|D| and (S2-¼)|D| for integer and half-integer S values, 

respectively. However, because of QTM the effective barrier Ueff is generally lower than 
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U. The slow relaxation results in imaginary (out-of-phase) magnetic susceptibility (χM″) 

signals in ac studies, and in hysteresis loops in magnetization versus applied dc field 

sweeps.57 SMMs thus represent a molecular (or bottom-up) approach to nanoscale 

magnets, and thus differ significantly from classical (or top-down) nanoscale magnets of 

metals, metal alloys, metal oxides, etc. These differences include monodispersity, 

crystallinity, true solubility (rather than colloid formation), and a shell of organic groups 

that prevents close contact of the magnetic cores with those of neighboring molecules, 

and which can be varied using standard chemical methods.  Since the initial discovery of 

the revered [Mn12O12(O2CR)16(H2O)4] family of SMMs,7 a number of other structural 

types have been discovered, almost all of them being homometallic transition metal 

clusters and the majority of them being Mn clusters containing at least some MnIII ions.91, 

102b, 78 However, recently we and others have been exploring heterometallic clusters as 

routes to novel SMMs. One, big advantage of heterometallic clusters is that the spins as 

well as the anisotropy will probably not cancel in the resulting polynuclear complex. 

Hence, some heterometal SMMs have been reported.58 Again, within this subclass a very 

attractive route to SMMs with higher blocking temperatures is the synthesis of mixed 

transition metal-lanthanide SMMs. In general, the presence of a lanthanide ion’s (i) large 

spin such as the S = 7/2 of Gd3+ and/or (ii) large anisotropy as reflected in a large D value 

could serve to generate SMMs with properties significantly different from their 

homometallic predecessors. The field of transition metal / lanthanide SMMs has 

flourished in the last year or so, with reports of Cu2Tb2, Mn11Dy4, Mn6Dy6, Mn2Dy2, 

CuTb, Dy2Cu, and Fe2Dy2 SMMs amongst others.59 Additionally, single-molecule 

magnetism has also been reported in homonuclear Ho, Dy, and Tb phthalocyanates.60 
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With the field of single-molecule magnetism now firmly established, new synthetic 

methodologies and approaches need to be taken to obtain clusters with higher blocking 

temperatures, TB (the temperature below which the molecule functions as a magnet). The 

present work describes one such approach. 

We had earlier reported our initial breakthrough in mixed Mn/Ln chemistry with 

the synthesis of the [Mn11Dy4O8(OH)6(OMe)2(O2CPh)16(NO3)5(H2O)3] SMM which 

displayed magnetization hysteresis and quantum tunneling.37 Additonally, in Chapter II 

we also discussed a family of Mn8Ce SMMs, albeit we do not consider them as mixed 

Mn/Ln SMMs as the Ln ion involved (CeIV) is diamagnetic. We herein describe the 

extension of the earlier work with the successful syntheses, structures and detailed 

magnetic characterization of the complete family of this Mn11Ln4 complexes (Ln = Nd, 

Gd, Dy, Tb, Ho, and Eu). Within this family, all but the Eu complex behave as SMMs; 

this was confirmed by the observation of frequency dependent ac susceptibility signals, 

magnetization hysteresis and QTM for the aforementioned complexes. 

3.2 Results and Discussion 

3.2.1 Syntheses 

The synthesis of high-nuclearity Mn clusters incorporating MnIII and/or MnIV ions 

can be achieved either by oxidizing simple MnII salts61 or by a reductive aggregation of 

MnVII salts such as MnO4
⎯.62 A yet different approach is the use of preformed metal 

clusters such as the oxo-centered trinuclear [Mn3O(O2CR)L3]0/+1 (R = Me, Ph, Et etc.; L 

= py, MeCN, H2O) complexes.54 However, various groups have generally been using 

flexible alkoxo chelates (tripodal ligands, diols, monols) in reactions employing the 

above-mentioned triangular unit. This strategy helps in imposing some geometric 

constraints on the resulting cluster; the carboxylates impose little or no geometry 



47 

 

restrictions and bridge multiple metals as oxide bonds are formed. Thus, clusters of 

various nuclearities have been obtained in which the alkoxide arms act as bridging 

ligands.61 In our research, we have recently been investigating reactions employing a 

preformed Mn cluster and a heterometal atom with the end goal of obtaining 

heterometallic clusters which might be important to diverse research areas such as 

magnetic materials and bioinorganic modeling. 37, 43 Hence, for the magnetic materials 

research we have been utilizing the tri- and tetra-nuclear [Mn3O(O2CPh)6(py)2(H2O)] 

(2)54 and (NBun
4)[Mn4O2(O2CPh)9(H2O)] (3)55  complexes as starting materials. The 

reaction typically is carried out in a mixed solvent system of MeOH/MeCN (1:20 v/v) in 

the presence of a Ln(NO3)3. The solvent mixture is necessary to ensure adequate 

solubility of the reagents, especially the Ln(NO3)3 salts. Indeed, reactions employing 2 or 

3 and a Ln(NO3)3 in ratios varying from 1:1 to 1:2 gave the family of [Mn11Ln4]45+ 

compounds (Ln = Nd, Eu, Gd, Dy, and Ho; complexes = 8, 9, 10, 11, and 12, 

respectively). For complexes 8-12, the yield was optimized for ratios as stated in the 

Experimental Section (see later). The reaction proceeds in the stoichiometric ratio as 

depicted, for example, in eq 3-1 for the Mn/Gd reaction and eq 3-2 for the Mn/Dy 

reaction. In all reactions except the one involving Mn and Dy, the MeOH acts as an inert 

solvent, inasmuch, it does not end up in the resulting isolated complex either as MeOH or 

11 [Mn3O(O2CPh)6(py)2(H2O)] + 12 Gd(NO3)3 + 35 H2O + 3 H+ + 24 e- →  

3 [Mn11Gd4O8(OH)8(O2CPh)16(NO3)5(H2O)3] + 18 PhCO2H + 22 py + 21 NO3
-  (3-1) 

as methoxides. However, the M11Dy4 complex has two bridging methoxides. Also, if 

more methanol was used in the reaction mixture, [Mn2Ln2O2(O2CPh)6(OMe)4(MeOH)4] 

complexes were obtained by methanolysis; they will be described later.59g These 
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observations clearly indicate that the reactions are very complicated with an intricate mix 

of several species likely to be in equilibrium in the reaction solutions; this is perhaps 

11 [Mn3O(O2CPh)6(py)2(H2O)] + 12 Dy(NO3)3 + 6 MeOH + 41 H2O + 3 H+ + 24 e- →  

3 [Mn11Dy4O8(OH)6(OMe)2(O2CPh)16(NO3)5(H2O)3] + 18 PhCO2H  

+ 22 py + 21 NO3
-         (3-2) 

expected given the amount of H2O molecules, their deprotonation and further H removal 

to form hydroxide/oxide brides etc. Although the reactions are simple, one-pot and 

straightforward, factors such as relative solubility, lattice energies, crystallization kinetics 

and others undoubtedly determine the identity of the isolated product. This said, the 

products isolated were obtained in high yields in the 55-60% range and were definitely 

thermodynamically most stable. 

 We wanted to further investigate the reaction system and wondered what would 

happen if we used other alcohols instead of methanol. Additionally, the Tb complex had 

not been synthesized with the above reaction system and the magnetic properties of the 

Dy (which is magnetically similar to Tb) complex, were most interesting, as stated in our 

earlier communication.59b Thus, the reaction of 2 with Tb(NO3)3 in a MeCN/PhCH2OH 

(20ml/5ml) solution was carried out from which complex 13 was successfully isolated. 

The reaction is depicted in eq 3-3 and the product contains three deprotonated benzyl 

alcohol (PhCH2OH) molecules, or in other words phenyl methoxides.  

11 [Mn3O(O2CPh)6(py)2(H2O)] + 12 Tb(NO3)3 + 15 PhCH2OH + 23 H2O →  

3 [Mn11Tb4O8(OH)6(OCH2Ph)3(O2CPh)20(PhCH2OH)2(H2O)]  

   + 6 PhCO2H + 22 py + 36 NO3
-  + 47 H+ +  11 e-   (3-3) 
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The small volume of methanol / benzyl alcohol in these reactions is very crucial for 

the attainment of these clusters. In the absence of methanol either (i) brown precipitates 

of manganese oxides/hydroxides were obtained, or (ii) it did not prove possible to isolate 

clean products from the reaction solutions. Also, the relative acidity of methanol (pKa = 

15.2) and that of benzyl alcohol (pKa = 15.0) are comparable and hence they provide very 

similar reaction conditions from which analogous end products were obtained. When 

ethanol (pKa = 16.0) was used as the alcohol, no clean products could be isolated. 

 A different strategy was used for the Mn2Ln2 reactions. In this case, an excess of 

MeOH (10ml) was added to the filtrate, after the reaction of the MnIII
4 complex 3 with 

with Yb(NO3)3·5H2O (or Y(NO3)3·6H2O) had been performed in a 1:2 molar ratio in 

MeCN/MeOH (20/5 ml). Thus, the methanolysis of a MnIII species in the presence of a 

Yb3+ or Y3+ source resulted in the isolation of two isostructural complexes in 10-25 % 

yields; [Mn2Yb2O2(O2CPh)6(OMe)4(MeOH)4] (14) or 

[Mn2Y2O2(O2CPh)6(OMe)4(MeOH)4] (15). Note that in both these Mn-containing 

complexes there are also MeO- groups from the MeOH solvent, in addition to terminal 

MeOH molecules. Again, there are likely other products from these complicated 

reactions in the colored filtrates, but we have not pursued any further separations. 

3.2.2 Description of Structures 

3.2.2.1 X-ray crystal structure of complexes 11 and 13 

PovRay representations of the crystal structures and labeled cores of complexes 11 

(left) and 13 (right) are depicted in Figures 3-1 and 3-2, respectively. Crystallographic 

data for 10·15MeCN, 11·15MeCN, and 13·3PhCH2OH are listed in Table 3-1. 

Complex 11·15MeCN crystallizes in the triclinic space group 1P with the Mn11Dy4 

molecule lying on an inversion center. Although 11 is heterometallic, it is homovalent as 
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Figure 3-1. PovRay representation at the 50% probability level of the X-ray crystal 

structures of 11 (left) and 13 (right). Color scheme: Mn yellow, Dy green, Tb 
purple, O red, N blue, C grey. H atoms have been omitted for clarity. 

it contains eleven MnIII and four DyIII ions. The structure (Figure 3-1, left) consists of a 

[Mn11Dy4]45+ metallic unit held together by six µ4-O2-, two µ3-O2-, six µ3-HO-, and two µ-

MeO- ions. Peripheral ligation is provided by twelve µ-, and four µ3-bridging benzoate 

groups, five chelating NO3
-groups on the Dy ions, two H2O molecules on Mn4 and Mn4', 

and a water molecule on Dy2. The doubly bridging O atoms of the four µ3-PhCO2- 

groups in one case bridge Mn1 / Dy1', and in the other Mn3 / Mn6, and of course the two 

symmetry related counterparts. The core (Figure 3-2, left) consists of two distorted 

[DyMn3O2(OH)2] cubanes (Dy2, O17, Mn3, O16, Mn4, O21, Mn5, O5), each attached 

via a Mn/Dy pair (one above (Mn6) and another (Dy1) below the plane) to a central, near 

linear and planar [Mn3O4] unit (Mn1, Mn2, Mn1'). The Mn/Dy pairs are also linked to the 

Mn3 linear unit via two triply bridging hydroxides (O12, O12'). Within this description, 

the remaining four hydroxides (O21, O16, O21', O16') lie in the two DyMn3 cubanes. 

Also, two doubly bridging methoxides (O26, O26') link the DyIII in the cubanes (Dy2, 

Dy2'), to two MnIII ions (Mn6, Mn6'). The position of the methoxide oxygen (O26) is the 

crucial distinction between the cores of the remaining members of this family of 
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complexes (see later). The metal oxidation states and the protonation levels of O2-, HO- 

and MeO- ions were established by bond-valence sum calculations,63 charge  

 
Figure 3-2. PovRay representation at the 50% probability level of the 

[Mn11Dy4O8(OH)6(OMe)2]21+ core of 11 (left) and the 
[Mn11Tb4O8(OH)6(OCH2Ph)2]21+ core of 13 (right). Color scheme: Mn yellow, 
Dy green, Tb purple, O red, N blue, C grey. H atoms have been omitted for 
clarity. 

considerations, inspection of metric parameters and the identification of MnIII Jahn-Teller 

(JT) elongation axes on all Mn atoms. All the Mn ions are hexa-coordinated, and in near 

octahedral geometry. The Dy ions are nine-coordinate, and the Dy–O bonds lie in the 

range 2.303–2.482 Å, comparable with values reported in the literature.59c,d,f Complex 

13·3PhCH2OH crystallizes in the triclinic space group 1P  and comprises a 

centrosymmetric MnIII
11TbIII

4 cluster (Figure 3-1, right). The overall structure of 13 is 

similar to complex 11, the difference being that the Mn11Tb4 complex possesses four 

extra bridging benzoate groups and two lesser terminal H2O molecules. Instead of two 

H2O molecules, it now has two benzyl alcohols (PhCH2OH), in addition to having three



 

 

 

Table 3-1. Crystallographic data for 10·15MeCN, 11·15MeCN and 13·3PhCH2OH. 
  10 11  13   

         Formula C140H135O66N20Mn11Gd4 C142H139O66N20Mn11Dy4 C196H169O63Mn11Tb4   
fw, g/mol  4430.07 4436.07  4772.53   
Space group  P1   P1   P1    
a, Å 16.5278(15) 16.5705(11)   16.6598(19)   
b, Å 17.4169(16)  17.2926(11)   18.647(2)   
c, Å 18.5303(17)  18.6213(12)   19.859(2)   
α, ° 65.238(2) 64.9700(10)   72.889(2)   
β, ° 67.126(2)  67.2950(10)   66.854(2) 
γ, ° 65.125(2) 65.6110(10)   70.608(2) 
V, Å

3
 4245.6(7)  4256.6(5)    5254.5(2)  

Z 1    1    1   
T, K  173(2)   173(2)   173(2)    
Radiation, Å a  0.71073  0.71073   0.71073   
ρcalc, g/cm3 1.750   1.731    1.520  
μ, mm-1 2.420   2.610    2.042   
R1 b,c 0.0656  0.0425    0.0773   
wR2 

d 0.1622  0.1006    0.1942   
 

a Graphite monochromator. b I > 2σ(I). c R1 = 100Σ(||Fo| – |Fc||)/Σ|Fo|. d wR2 = 100[Σ[w(Fo
2 - Fc

2)2]/ Σ[w(Fo
2)2]]1/2, 

 w = 1/[σ2(Fo
2) + [(ap)2 +bp], where p = [max (Fo

2, O) + 2Fc
2]/3.  
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bridging phenyl methoxides (PhCH2O-). Thus, 13 is formulated as 

[Mn11Tb4O8(OH)6(OCH2Ph)3(O2CPh)20(PhCH2OH)2(H2O)], the 

[Mn11Tb4O8(OH)6(OCH2Ph)2]21+ core of which is shown in Figure 3-2 (right). Amongst 

the benzoate groups sixteen are bridging as was in complex 11. Two of the remaining 

four are monodentate on Tb2 and Tb2', whereas the remaining two are η2 terminally 

chelating on Tb1 and Tb1'. The two benzyl alcohols provide terminal ligation on Mn4 

and Mn4'. The water molecule and a phenyl methoxide reside on Tb2. The remaining two 

phenyl methoxides (O20, O20' in Figure 3-2, right) bridge two Mn/Tb pairs (Mn6, Tb2 

and Mn6', Tb2'), as was the case with the methoxides in complex 11. The metal-

oxo/hydroxo core for the Mn/Tb complex is the same as was for complex 11, with the 

oxides and hydroxides occurring in the same positions (Figure 3-2). The only difference 

(Figure 3-2) is that O26 is the oxygen of a methoxide in 11, and the corresponding O20 in 

13 comes from a phenyl methoxide. All the eleven Mn ions are hexa-coordinated, and in 

near octahedral geometry. Tb1 is nine-coordinate, and Tb2 is eight-coordinate. The Tb–O 

bonds lie in the range 2.374–2.492 Å, comparable with values reported in the 

literature.59a,e,g 

3.2.2.2 Structural Comparison of Complexes 8-13 

The structures of complexes 8-13 are overall very similar to each other, differing 

slightly in the nature of a few bridging ligands in the periphery. Indeed, complexes 8, 9, 

and 10 can be formulated as [Mn11Ln4O8(OH)8(O2CPh)16(NO3)5(H2O)3], with Ln = Nd, 

Eu, and Gd respectively. The common [Mn11Ln4O8(OH)8]21+
 core to these complexes is 

shown for the Ln = Gd complex  (10) in Figure 3-3, where O14 is a hydroxide connecting 

Gd2 and Mn5. The difference between the cores of these complexes and that of 11 and 13 

is that the Dy complex contains a methoxide (O26) in the position of O14, and the Tb 
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complex contains a phenyl methoxide (O20) in the corresponding positions. Peripheral 

ligation around these cores is the same for the Dy and Gd complexes, whereas the Tb  

 
Figure 3-3. PovRay representation at the 50% probability level of the 

[Mn11Gd4O8(OH)8]21+ core of complex 10. Color scheme: Mn yellow, Gd 
cyan, O red, C grey. 

complex differs slightly as already described earlier. The holmium complex, 

[Mn11Ho4O8(OH)8(O2CPh)18(NO3)3(H2O)7] (12) differs considerably in the peripheral 

ligands when compared to other members of this family of complexes. The core for 12 is 

the same as the one depicted for 10 in Figure 3-3. However, peripheral ligation is now 

provided by eighteen bridging benzoate groups with sixteen of them bridging as was for 

the Dy complex. The additional two benzoate groups bridge monodentate on the two Ho 

ions in the two cubanes. The other two Ho ions have three chelating nitrate groups on 

them. Additionally, there are five water molecules on the Ho ions and two on the Mn ions 

(for example Mn6 in Figure 3-3), providing terminal ligation. Thus, although the metallic 

core of all the complexes is very similar, they differ slightly in their periphery. This slight 

variation in the structures may indeed consequently have an effect on the magnetic 

properties of these clusters. Hence we decided to investigate the single-molecule magnet 

properties of these complexes, which are described later. 
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3.2.2.3 Structural descriptions of complexes 14 and 15 

PovRay representations of the centrosymmetric crystal structures (top) and labeled 

cores (bottom), of complexes 14 (left) and 15 (right) are depicted in Figure 3-4. Selected 

interatomic distances and angles are listed in Table 3-4. The two complexes both 

crystallize in the monoclinic space group P21/c with the molecules lying on an inversion 

centre; the two complexes are isostructural. The cores of the complexes possess a defect-

dicubane structure (two fused cubanes sharing a face, and each missing an opposite 

vertex; Fig. 3-4), with two MnIV atoms at the central positions and either two 2 YbIII 

(complex 14) or two YIII (complex 15) atoms at the end positions. The fully-labelled 

cores of 14 and 15 are provided in Fig. 3-4 (bottom), which emphasize the near 

superimposibility of the mixed 3d/4d complex 15 with the mixed 3d/4f complex 14. 

Peripheral ligation about the cores is provided by four syn, syn bridging benzoate groups 

bridging each Y/Mn or Yb/Mn edge of the rhombus, two monodentate benzoate groups, 

one on each of the Y/Yb atoms, and four terminal MeOH molecules, two on each of the 

Y/Yb ions. Within this description, two µ3-O2- atoms (O8, O8a) cap each triangular sub-

unit, and each of the four edges of the M4 rhombus in 14/15 is bridged by a MeO- ion 

(O7, O7a, O11, O11a). As a result, the YbIII and YIII atoms of 14 and 15, respectively, are 

eight-coordinate, and the MnIV atoms are six-coordinate. There are intramolecular OH···H 

hydrogen bonds between the unbound O atom (O1) and the terminal MeOH ligand 

(O1···O10 = 2.577Å). In addition, there are intermolecular OH···H hydrogen bonds 

between the bound MeOH (O9) and interstitial MeOH (O12) molecules (O9···O12 = 

2.656 Å), and between this interstitial MeOH and the unbound O atom (O1) of a 

neighboring cluster (O12···O1 = 2.687 Å). Thus, the hydrogen-bonding through the 
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interstitial MeOH molecules links adjacent metal clusters in the crystal, which also likely 

provides a pathway for  superexchange interactions between molecules (vide infra). 

 

    
  
Figure 3-4. (Top) PovRay representations of the crystal structures of complexes 14 (left) 

and 15 (right). (Bottom) Comparison of the cores of complexes 14 (left) and 
15 (right), emphasizing their near superimposibility. Color scheme: Mn blue, 
Yb orange, Y pink, O red, C grey. 

It should be noted that mixed Mn2Ln2 complexes with the same kind of defect-

dicubane core have previously been reported for Ln = Dy, Gd and Tb.59d, 64 However, in 

all of these previous cases, the Mn atoms were in the MnIII oxidation state, so 14 and 15 

are the first to instead contain MnIV. The MnIV oxidation level is suggested by overall 

charge considerations and inspection of metric parameters; in particular, Mn─O bond 

distances all lie in the range 1.84–1.97 Å, as expected for MnIV, and thus do not show the 

Jahn-Teller axial distortion expected for MnIII in near octahedral geometry. The Y─O and 

Yb─O bond distances are very similar, lying in the 2.30–2.42 and 2.27–2.38 Å ranges 



57 

 

(Table 3-4), respectively, consistent with eight-coordinate YIII/YbIII centers. The MnIV 

oxidation states and the protonation levels of the O2–, MeO– and MeOH were confirmed 

by bond valence sum (BVS) calculations, shown in Tables 3-2 and 3-3. The BVS values 

Table 3-2. Bond Valence Sums (BVS)a for the Mn atoms of complexes 15 (Y) and 14 
(Yb). 

Atom MnII MnIII MnIV  Assignment 

Mn1 (15) 4.132 3.779 3.967 MnIV 

Mn1 (14) 4.124 3.772 3.959 MnIV 

 a The underlined value in bold is the one closest to the charge for which it was 
calculated. The oxidation state of a particular metal is the nearest whole number to that 
value. 
 
Table 3-3. Bond Valence Sums (BVS)a for the O atoms of complexes 15 (Y) and 14 

(Yb). 
Atom  BVS (15) BVS (14) Assignment 

O7  1.972 1.972 MeO- 

O8 1.898 1.859 O2- 

O9 1.210 1.198 MeOH 

O10 1.339 1.342 MeOH 

O11 2.038 2.016 MeO- 
 a The oxygen atoms is O2-, MeO- if BVS ≈ 2; MeOH if BVS ≈ 1; and H2O if BVS ≈ 0. 
 
for the Mn atoms are clearly ~ 4, confirming the MnIV oxidation level. Values of ~ 2 are 

expected for O atoms in the O-II oxidation level and that have no attached atoms that 

cannot be seen in X-ray crystallography (i.e. H atoms). This confirms that O7, O8 and 

O11 are MeO-, O2-, and MeO-, respectively. In contrast, if there is a H atom which is not 

visible and its contribution to the BVS of that O atom is therefore not included, a lower 

BVS value is expected, typically 1 - 1.5 (depending on the degree of its participation in 

hydrogen-bonding); this is clearly the case for O9 and O10, which are therefore 

confirmed as MeOH groups.  
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 Table 3-4. Selected bond distances (Å) and angles (º) for complexes 14 and 15.  
Complex 15 (Mn2Y2) Complex 14 (Mn2Yb2) 

Y1 – O7     2.365(2)      
Y1 – O8     2.356(2)      
Y1 – O9     2.416(2)    
Y1 – O10     2.351(2)      
Y1 – O11     2.299(2)    
Mn1 – O8     1.859(2)    
Mn1 – O11     1.913(2) 
Y1···Mn1    3.3168(7) 
Mn1···Mn1a      2.7819(9) 
Y1-O11-Mn1     102.08(9)  
Mn1-O8-Mn1a   97.52(9)   
Y1-O8-Mn1    103.18(9)  

Yb1 – O7                     2.336(2) 
Yb1 – O8                     2.331(2) 
Yb1 – O9                     2.383(3) 
Yb1 – O10                   2.323(3) 
Yb1 – O11                   2.269(2) 
Mn1 – O8                    1.866(2) 
Mn1 – O11                  1.912(3) 
Yb1···Mn1             3.2886(6) 
Mn1···Mn1a                 2.7769(11)  
Yb1-O11-Mn1             101.79(11) 
Mn1-O8-Mn1a             97.05(11) 
Yb1-O8-Mn1               102.61(10) 

 
 The occurrence of MnIV in 14 and 15 is noteworthy given that the reaction 

employed a MnIII
4 starting material and either YIII or YbIII, neither of which are good 

oxidizing agents. This indicates either the participation of atmospheric O2 gas as the 

oxidizing agent or the disproportionation of MnIII to MnIV and MnII. We favor the latter 

possibility given the low yields of these complexes, but we have not sought MnII species 

in the filtrates to confirm the same. 

3.2.3 Magnetochemistry of Complexes 8-13, and 15 

3.2.3.1 DC studies of complexes 9, 10, 11, and 13 

Solid-state variable temperature magnetic susceptibility measurements were 

performed on vacuum-dried microcrystalline samples of complexes 9, 10, 11, and 13, 

each suspended in eicosane to prevent torquing. The dc magnetic susceptibility (χM) data 

were collected in the 5.0-300 K range in a 0.1 T magnetic field and are plotted as χMT vs 

T in Figure 3-5 for the aforementioned complexes. For 9 the χMT value of 26.33 cm3mol-

1K at 300 K is much lesser than the expected value for 11 Mn3+ (S = 2, L = 2, 5D0; g = 2) 

and 4 Eu3+ (S = 3, L = 3, 7F0) non-interacting ions of 33.00 cm3mol-1K, consistent with 

antiferromagnetic exchange interactions within 9. The χMT value decreases slightly with 
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Figure 3-5. χMT vs T plots for complexes 9 (●), 10 (○), 11 (▼), and 13 (∆). 

decreasing temperature to reach 13.63 cm3mol-1K at 25 K. Thereafter it falls rapidly to a 

minimum of 9.46 cm3mol-1K at 5.0 K, indicating a small ground state spin for complex 9. 

For 10, the χMT value of 51.43 cm3mol-1K at 300 K is less than the expected value for 11 

Mn3+ (S = 2, χMT = 33 cm3mol-1K) and 4 Gd3+ (S = 7/2, L = 0, 8S7/2) non-interacting ions 

of 64.52 cm3mol-1K. The χMT value decreases slightly with decreasing temperature to 

reach 43.38 cm3mol-1K at 15 K, consistent with dominant antiferromagnetic exchange 

interactions within complex 10. Below 15 K, the χMT value decreases steeply to reach 

39.03 cm3mol-1K at 5.0 K indicating a ground state spin for 10, which is definitely larger 

than that of 9. 

For complexes 11 and 13, the χMT values at all temperatures are higher than the 

corresponding ones for 9 and 10 (Figure 3-5). For 11, the χMT value of 74.34 cm3mol-1K 

at 300 K is less than the expected value for 11 Mn3+ (S = 2, g = 2) and 4 Dy3+ (S = 5/2, L 

= 5, 6H15/2) non-interacting ions of 89.68 cm3mol-1K, and the χMT decrease steadily with 

decreasing temperature to reach 62.17 cm3mol-1K at 40 K; the behavior being consistent 
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with antiferromagnetic exchange interactions within 11. After 40 K, the χMT drops 

slightly to 57.78 cm3mol-1K at 10 K, and then remains more or less constant with 

decreasing temperature to finally reach 57.09 cm3mol-1K at 5.0 K, indicating a relatively 

large ground-state spin for complex 11. For complex 13, the χMT value of 64.35 cm3mol-

1K at 300 K is less, as anticipated, than the expected value for eleven Mn3+ (S = 2) and 

four Tb3+ (S = 3, L = 3, 7F6) non-interacting free-ions of 80.28 cm3mol-1K. The magnitude 

of χMT decreases with decreasing temperatures to reach a value of 53.14 cm3mol-1K at 40 

K. Below 40 K, the χMT drops sharply to reach 46.66 cm3mol-1K at 10 K after which it 

levels off at a value of 45.04 cm3mol-1K at 5.0 K, indicating a large ground-state spin for 

13, which might be comparable to that of 11.    

The molar dc magnetic susceptibility values of the above-mentioned complexes are 

indicative of the contribution of the lanthanide ion to the net experimental magnetic 

susceptibility observed and consequently the resulting magnetic properties of these 

complexes (vide infra). This is hypothesized because all of these complexes have eleven 

MnIII centers, in addition to the Ln ions, and the free-ion χMT value (in cm3mol-1K) of 

individual Ln3+ ions in decreasing order is Dy (14.17) > Tb (11.82) > Gd (7.88) > Eu 

(0.00). Accordingly, the magnitude of the χMT with decreasing temperatures and even at 

300 K, follows the same descending pattern, i.e., 11 > 13 > 10 > 9, as that of the free-ion 

χMT values of the constituent Ln3+ ions of these complexes. Thus, both the data are 

satisfyingly consistent, and the overall nature of the plots for all the complexes is very 

similar as can be seen in Figure 3-5. However, due to the size and low symmetry of the 

molecules, a matrix diagonalization method to evaluate the various metal pairwise 

exchange parameters (Jij) within the Mn11Ln4 molecules is not easy. Similarly, 
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application of the equivalent operator approach based on the Kambe vector coupling 

method45 is not possible. Additionally, due to the presence of strong spin-orbit coupling 

effects (arising from the Ln3+ component) in these lanthanide containing mixed-metal 

complexes, the fitting of the magnetization data to obtain the S and the axial zero-field 

splitting (ZFS) term D, is far from straightforward. The main problem in these procedures 

is the assumption of an isotropic, single electronic g factor; all the systems are two g (one 

for Mn3+ and another for Ln3+). However, there is some reprieve provided by the 

Mn11Gd4 system which has Gd3+ (S = 7/2, L = 0, g ≈ 2) and therefore the resulting 

absence of spin-orbit coupling effects from the Ln3+ component. Thus, we focused on 

identifying the ground state S value for complex 10, for which magnetization (M) data 

were collected in the magnetic field and temperature ranges 0.1-0.5 T and 1.8-10 K; the 

data are plotted as reduced magnetization (M/NμB) versus H/T in Figure 3-6. The data 

were fit, using the program MAGNET,46 by diagonalization of the spin Hamiltonian 

matrix assuming only the ground state is populated, incorporating axial anisotropy (DŜz
2) 

and Zeeman terms, and employing a full powder average, as has already been discussed 

in Chapter II. The fit parameters were S = 9, g = 1.86 (± 0.00) and D = –0.06 (± 0.00) cm-

1. The D value of –0.06 cm-1 is consistent with the complex having four isotropic Gd3+ 

ions, and therefore an attenuation in the effective magnetoanisotropy component; it has 

already been stated earlier that the Ln3+ ions play a major role in the magnetic properties 

displayed by these complexes. Additionally g < 2, as can be expected for a system 

comprising eleven MnIII (g < 2) and four GdIII (g = 2) ions. Also, the expected χMT for an 

S = 9 and g = 1.86 system of 38.92 cm3mol-1K can be compared with the 5 K dc value of 

39.03 cm3mol-1K, which are in good agreement. 
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Figure 3-6. Magnetization (M) vs field (H) and temperature (T) data, plotted as reduced 

magnetization (M/Nμβ) vs H/T, for complex 10 at applied fields of 0.1, 0.2, 
0.3, 0.4 and 0.5 T and in the 1.8 - 10 K temperature range. The solid lines are 
the fit of the data; see the text for the fit parameters. 

Although 10 has a small D value of –0.06 cm-1, the large ground state spin value of 

S = 9, which is comparable to the S = 10 of Mn12 SMMs,11 suggested that the barrier to 

magnetization relaxation might be large enough for the complex to function as an SMM. 

The S and D values obtained for complex 10 suggest an upper limit to the potential 

energy barrier (U) to magnetization reversal of  U = S2|D| = 4.86 cm-1 = 7.00 K,9 although 

the actual, effective barrier (Ueff) was anticipated to be less than this due to quantum 

tunneling of the magnetization (QTM). Additionally and more importantly, the ground 

state spin of the Dy and Tb complexes can be estimated to lie in the S = 10 ± 1 region, 

based on comparative Dc magnetic susceptibility data (vide supra). Thus, ac 

susceptibility measurements (see later) were performed on complexes 9, 10, 11, and 13 to 

investigate whether they functioned as single-molecule magnets. 
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3.2.3.2 DC studies of [Mn2Y2O2(O2CPh)6(OMe)4(MeOH)4] (15) 

Solid-state variable temperature dc magnetic susceptibility measurements were 

performed on a vacuum-dried microcrystalline sample of complex 15 suspended in 

eicosane to prevent torquing. The dc magnetic susceptibility (χM) data were collected in 

the 5.0-300 K range in a 0.1 T magnetic field and are plotted as χMT vs T in Figure 3-7 for 

15. Complex 15 has a χMT value that steadily decreases almost linearly from 3.13 

cm3mol-1K at 300 K to 1.52 cm3mol-1K at 50 K, and then more rapidly decreases to 0.49 

cm3mol-1K at 5.0 K (Fig. 3-7). The value at 300 K is less than the expected spin-only (g = 

2) value for a complex consisting of two non-interacting MnIV ions (S = 3/2; the 2 YIII ions 

are diamagnetic) of 3.75 cm3mol-1K, indicating an antiferromagnetic exchange  
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Figure 3-7. Plot of χMT (solid circles, •) vs. T for complex 15. The solid line in the χMT vs 

T plot is the fit of the data; see the text for the fit parameters. 

interaction between the MnIV ions and a resultant S = 0 spin ground state. Attempts to fit 

the χMT vs T data using the isotropic Heisenberg-Dirac-van Vleck Hamiltonian described 

by H = -2 J Ŝ1 Ŝ2 , where S1 = S2 = 3/2 and J is the magnetic exchange interaction, gave 

poor fits that did not reproduce the data over the whole temperature range, particularly 

the higher T data. However, it did suggest that the J value is relatively weak, in the J = -
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10 to -15 cm-1 range, which in fact is consistent with the relatively acute Mn4+-O2--Mn4+ 

(Mn1-O8-Mn1a) angles of 97.52°. The best fit of the data shown as a solid line in Figure 

3-7, gave J = -13.5 cm-1, g = 1.88, and paramagnetic impurity, p = 0.10. Although the g 

value is as expected for MnIV (g < 2), the paramagnetic impurity is very high; 

approximately 10%. We had extended the work to Y instead of Ln, as it has proven 

useful for understanding the magnetic properties of the isostructural Ln-containing 

species 14. As for complex 14, we believe the overall behavior is similar to 15, albeit 

fitting of the data becomes really complicated because of the presence of the strong spin-

orbit coupling effects arising from the highly anisotropic YbIII ions. Additionally, there 

are intermolecular exchange interactions, via the hydrogen-bonding network as described 

earlier, in complex 14, which are not incorporated in the model. These points need to be 

considered further if a more quantitative magnetic understanding of this whole family of 

mixed-metal species, as well as others being prepared, is required. 

3.2.3.3 AC studies of complexes 9, 10, 11, and 13 

Alternating current magnetic susceptibility studies were performed on vacuum-

dried microcrystalline samples of 9, 10, 11, and 13 in the temperature range 1.8-10 K 

with a zero dc field and a 3.5 G ac field oscillating at frequencies between 50-1000 Hz. 

Typically in an ac susceptibility experiment, a weak field (generally 1–5 G) oscillating at 

a particular frequency (υ) is applied to a sample to probe the dynamics of the 

magnetization (magnetic moment) relaxation. A decrease in the in-phase ac susceptibility 

signal and a concomitant increase in the out-of-phase signal are indicative of the onset of 

the slow, superparamagnet-like relaxation of SMMs.7, 9 This occurs because at low 

enough temperatures, where the thermal energy is lower than the barrier for relaxation, 

the magnetization of the molecule cannot relax fast enough to keep in phase with the 
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oscillating field. The obtained data for complexes 11 and 13, plotted as χM΄T vs. T for the 

in-phase (χM΄) component and χM″ (out-of-phase) vs. T, are shown in Figures 3-8 and 3-

9, respectively. For complex 9, the results of the ac susceptibility measurements did not 

display any frequency-dependent signals or even tails of peaks which might lie below the 

operating minimum of 1.8 K of our SQUID magnetometer. Additionally for complex 10, 

at temperatures below 2.5 K, weak tails of χM'' signals whose peak maxima lie at 

temperatures below the operating minimum of our SQUID magnetometer (1.8 K) were 

observed. These χM'' signals are accompanied by a concomitant frequency-dependent 

decrease in the in-phase (χM'T) signals, albeit at these low temperatures. 

The results of the ac susceptibility studies on 11 are depicted in Figure 3-8. As can 

be seen, the Dy complex displays strong frequency-dependant signals below 4 K. Indeed, 

a frequency-dependent decrease in the in-phase χM΄T component (Figure 3-8, top) is 

accompanied by a concomitant increase in the out-of-phase χM″ signals (Figure 3-8, 

bottom). The latter merely “tails” of peaks that lie at < 1.8 K, the operating limit of our 

SQUID. These signals are indicative of slow magnetization (M) relaxation. The χM΄T 

value for complex 11 at 10 K of 61 cm3mol-1K remains more or less constant till 4 K, 

after which it drops rapidly from the slow relaxation effect. The ac data are in agreement 

with the dc data and both in conjunction suggest a large ground state spin S for complex 

11. The slow-magnetization relaxation effects observed in complex 13 are similar to 

those seen for 11, as is illustrated in Figure 3-9 for 13. Both in-phase and out-of-phase 

frequency-dependent signals indicative of the onset of slow-magnetization relaxation are 

observed at temperatures < 3.4 K. These signals are strong, albeit their peaks still lie 
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below 1.8 K. For 13 the χM΄T value at 10 K of 49.0 cm3mol-1K drops slightly to 47.5 

cm3mol-1K, before rising to a maximum of 50.0 cm3mol-1K at 3.4 K. Thereafter, the 
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Figure 3-8. Ac susceptibility of complex 11 in a 3.5 G field oscillating at the indicated 

frequencies. (Top) in-phase signal (χM′) plotted as χM′T vs T; and (bottom) out-
of-phase signal χM″ vs T. 

superparamagnet-like slow magnetization re-orientation initiates and consequently the 

χM΄T value drops (Figure 3-9, top). 

 The appearance of out-of-phase χM'' signals suggests that complexes 10, 11, and 

13 may indeed have a significant (vs. kT) barrier to magnetization relaxation and thus 

may be SMMs. In fact, dc and ac magnetic susceptibility studies were also performed on 

complexes 3 and 7, the results of which have not been discussed for brevity’s sake. 

Nevertheless, both these complexes also showed frequency dependent signals in ac 
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Figure 3-9. Ac susceptibility of complex 13 in a 3.5 G field oscillating at the indicated 

frequencies. (Top) in-phase signal (χM′) plotted as χM′T vs T; and (bottom) out-
of-phase signal χM″ vs T.  

studies with the strength of the signals (temperature below which the signals appeared) in 

descending order being Dy, Tb > Ho, Gd > Nd (complexes 11, 13, 12, 10, and 8, 

respectively). Note that the Eu complex (9) did not show any frequency-dependent Ac 

signals. However, frequency-dependent ac signals are necessary but not sufficient 

evidence that an SMM has been obtained. Confirmation of this requires magnetization vs 

applied dc field sweeps to display hysteresis loops, and this was explored on with studies 

at temperatures below 1.8 K on complexes 8-13, as described below. 
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3.2.3.4 Hysteresis studies below 1.8 K on complexes 8-13 

To establish whether complexes 8-13 were SMMs, magnetization vs. applied dc 

field data down to 0.04 K were collected on single crystals (that had been kept in contact 

with mother liquor) using a micro-SQUID apparatus.50 The observation of hysteresis 

loops in such studies represents the diagnostic property of a magnet, including SMMs and 

superparamagnets below their blocking temperature (TB). The observed magnetization 

responses for complexes 8-10, and 12 at a fixed field sweep rate and at the indicated 

variable temperatures are shown in Figure 3-10 (8 (top; left), 9 (top; right), 10 (bottom; 

left), and 12 (bottom; right)). Hysteresis loops were indeed observed for complexes 8, 10, 

and 12; the coercivities of the loops increase with decreasing temperature as expected for 

the superparamagnet-like properties of a SMM. The results thus confirm the addition of 

complexes 8, 10, and 12 as new members to the growing family of SMMs. For complex 9 

(Mn11Eu4) there is no coercivity even at temperatures down to 0.04 K, which is 

satisfyingly consistent with the earlier mentioned absence of any frequency-dependent 

signals in ac magnetic susceptibility studies performed on 9. Additionally, the ground 

state spin S of 9 was postulated to be very small based on the 9.46 cm3mol-1K dc value at 

5.0 K, and comparative analyses with other complexes, hence precluding any possibility 

of 9 possessing a big enough barrier to magnetization relaxation. Thus, complex 9 is not a 

SMM. For complex 8, the hysteresis loops slightly open up at 0.5 K and a clear coercivity 

is observed at 0.04 K and at the fixed scan rate of 0.14 T/s. The overall behavior in 

hysteresis studies of complexes 8 and 12 is very similar as shown at a fixed scan rate of 

0.035 T/s in Figure 3-10, bottom (left and right, respectively). In both these cases, 

hysteresis loops are seen below 0.5 K, although the coercivities of the loops in 12 are 

broader than those observed for 10. Nonetheless, the observance of hysteresis loops with 
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Figure 3-10. Magnetization (M) vs dc field (H) hysteresis loops at a fixed field sweep rate 

and at the indicated variable temperatures for single crystals of 8 (top; left), 9 
(top; right), 10 (bottom; left), and 12 (bottom; right). The magnetization is 
normalized to its saturation value, MS. 

increasing coercivities with decreasing temperature, unequivocally establish that 

complexes 10 and 12 are indeed single-molecule magnets. 

The hysteresis loops for complexes 11 (top) and 13 (bottom) are depicted in Figure 

3-11. Shown in Figure 3-11 (top, left) are the magnetization responses for 11 at a dc field 

sweep rate of 0.14 T/s with the field approximately along the easy axis (z axis) of the 

molecule, and at variable temperatures including and below 1.0 K. Figure 3-11 (top, 

right) depicts the dc field sweep rate dependence of the hysteresis loops observed for 11 

at 0.04 K. Analogous data collected on complex 13 are presented in Figure 3-11 

(bottom), at a sweep rate of 0.14 T/s (left) and at a fixed temperature of 0.04 K (right). 
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Hysteresis loops were observed for complexes 11 and 13, and as anticipated, the 

coercivities (widths) of these loops increase with decreasing temperature (Figure 3-11, 

left) and increasing sweep rate (Figure 3-11, right), as expected for the superparamagnet-

like properties of a SMM.  
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Figure 3-11. Magnetization (M) vs dc field (H) hysteresis loops for single crystals of 11 
(top), and 13 (bottom) at the indicated temperatures and a fixed field sweep 
rate of 0.14 T/s (left), and at the indicated field sweep rates and a fixed 
temperature 0.04 K (right). The magnetization is normalized to its saturation 
value, MS. 

Hysteresis in magnetization versus field sweeps is the classical property of a 

magnet, and such loops are a diagnostic signature also of SMMs and superparamagnets. 

The data thus indicate complexes 11 and 13 to be new additions to the family of mixed 

Mn/Ln SMMs, and only the second member of this family to display hysteresis, the only 
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other being the Mn2Dy2 complex reported recently.59d The blocking temperature (TB) is ~ 

1.0 K for 11 and 13, above which there is no hysteresis (Figure 3-11 (left)); i.e., the spin 

relaxes faster to equilibrium than the time scale of the hysteresis loop measurement. For 

several other SMMs studied to date, the hysteresis loops have not been smooth but have 

instead displayed step-like features at periodic field values.7, 61b,c, 65, 12 These steps 

correspond to increased magnetization relaxation rates and are due to quantum tunneling 

of the magnetization (QTM) through the anisotropy energy barrier.57 The hysteresis loops 

in Figure 3-11 do not show such periodic steps because of a distribution of molecular 

environments arising from the presence of severely disordered solvent molecules, as well 

as chelates such as nitrates. Therefore, the local environment around the Mn11Ln4 

molecules vary, which in combination with low-lying excited spin states (exchange 

interactions (J) of Ln ions are typically weak), lead to a distribution in D values, that is, a 

distribution in energy barriers to relaxation; the separations between steps is directly 

proportional to D, so a distribution in D would give a distribution in step position as a 

consequence of which the steps are broadened to the extent that they are smeared out and 

thus not visible. In addition, intermolecular interactions (both dipolar and exchange) and 

population of excited states can result in step broadening. It should be noted that although 

such disorders in solvents and ligand positions might at first glance appear to be too 

trivial to cause a noticeable variation in the molecular D value, there is ample precedent 

that this is not the case. Instead, on several occasions we have observed that such 

properties of SMMs are acutely sensitive to relatively small changes in the local 

environment of the molecules.66, 67 The same smearing out of steps has been observed 

previously, especially in high nuclearity Mn complexes such as Mn16,68 Mn21,69 Mn22,70 
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Mn25,47 Mn30,52 and Mn84,102b to name but a few, and these were similarly assigned to a 

distribution in D values. 

Although a justification has been given for the absence of steps in hysteresis loops 

through the above discussion, the hysteresis loops still suggest that QTM is occurring in 

complexes 11 and 13. This is proposed because at temperatures below 0.1 K the loops 

become temperature independent, but a scan-rate study (Figure 3-11 (right)) shows that 

the loops are still time-dependent. Further confirmation of this behavior was sought 

through time dependent dc magnetization decay data collected in the 0.04 – 1.0 K range. 

This study is useful in obtaining data which can be used to construct an Arrhenius plot 

based on the Arrhenius relationship of eq 3-4, where τ0 is the preexponential factor, Ueff 

is the mean effective barrier to magnetization relaxation, and k is the Boltzmann constant.  

    τ  = τ0 exp(Ueff/kT)    (3-4) 

Typically in a dc magnetization decay study, the sample’s magnetization is first saturated 

in one direction at ~ 5 K with a large dc field, the temperature is then lowered to a  
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Figure 3-12. (Left) Magnetization vs time decay plots for crystals of complex 13 at the 
indicated temperatures. (Right) Arrhenius plot using the resulting relaxation 
time (τ) versus T data. The dashed line is the fit of the data in the thermally 
activated region, to the Arrhenius equation. See the text for the fit parameters. 
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chosen value, and then the field removed and the magnetization decay monitored with 

time. This provided magnetization relaxation rate (1/τ) versus temperature (T) data, 

which were fit to the Arrhenius relationship of eq 3-4. The corresponding dc 

magnetization decay plot (left) and the resulting Arrhenius plot (right) for complex 13 

(Mn11Tb4) are depicted in Figure 3-12. The Arrhenius plots for complexes 11 (left) and 

10 (right) are depicted in Figure 3-13. For complexes 11 and 13, the dc decay data was 

collected in the 0.04 - 1.00 K range, and for complex 10 the relaxation time (τ) was 

determined for magnetization decay spanning the 0.5 - 0.04 K temperature range. Fits of 

the thermally activated region above ~0.6 K for 13, ~0.5 K for 11, and ~0.3 K for 10 

(shown as a dashed line in Figures 3-12 (right), and 3-13), gave τ0 = 5.8 x 10-8 s and 

Ueff/k = 9.9 K for the Mn11Tb4 complex (13). For the Mn11Dy4 complex the parameters 

were τ0 = 4 x 10-8 s and Ueff/k = 9.3 K, and for the Mn11Gd4 complex τ0 = 7 x 10-13 s and 

Ueff/k = 9.0 K. For the sake of comparison, these parameters are listed in Table 3-5 for  

   
Figure 3-13. Arrhenius plot of the relaxation time (τ) versus 1/T, constructed from Dc 

magnetization decay data for complexes 11 (left), and 10 (right). The dashed 
line in green is the fit of the data in the thermally activated region to the 
Arrhenius relationship with the indicated parameters. 

complexes 10, 11 and 13. Below ~ 0.1 K, the relaxation lifetime becomes essentially 

temperature-independent for complexes 10, 11 and 13. Although, the magnetization        
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relaxation processes in the Tb (13) and Gd (10) complexes are very complicated, the 

Mn11Dy4 complex's relaxation phenomenon is easier to comprehend. Thus, a closer  

Table 3-5. Comparison of the SMM parameters of complexes 10, 11 and 13.  
Complexes 

(Mn11Ln4) 

τ0 (s) 

(Preexponential) 

Ueff/k (K) 

(Kinetic barrier) 

TB (K)a 

(Blocking temp.) 

Mn11Gd4 (10)  7.0 x 10-13 9.0 ~0.5 

Mn11Dy4 (11) 4.0 x 10-8 9.3 ~1.0 

Mn11Tb4 (13) 5.8 x 10-8 9.9 ~1.0 
a Approximate value of the temperature below which hysteresis loops are observed. 
 
inspection of the Arrhenius plot for complex 11 (Fig. 3-13, left) reveals that below ~ 0.1 

K (1/T = 10), the relaxation lifetime becomes essentially temperature independent at ~106 

s, consistent with the purely quantum regime where QTM through the anisotropy barrier 

is only via the lowest energy ±MS levels. In other words, in this ground-state QTM region 

tunneling is now only between the lowest-energy MS = ± S levels (S is the ground state 

spin of the Mn11Dy4 complex), and no longer via a thermally (phonon) assisted pathway 

involving higher-energy MS levels. The crossover temperature to this ground-state 

tunneling from the thermally activated relaxation is between 0.1 and 0.2 K.  

 The results of the dc magnetization decay data study on complex 10 (Mn11Gd4) 

provided an effective (kinetic) energy barrier Ueff = 9.0 K. This Ueff may be compared to 

the U = S2|D| = 7.0 K obtained from magnetization fits. Although the U is generally 

slightly bigger than Ueff in most cases, the anomaly here arises due to the reduced 

magnetization procedure not being so accurate, mainly due to the assumption of the 

population of only the ground state, as well as the application of a very simplified model 

which neglects rhombic anisotropy (E) and higher order anisotropy terms. Nevertheless 

both the barrier values U and Ueff for complex 10 still fall in the same ballpark. Thus, at a 
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qualitative level, and to some extent to a quantitative level, the various dc, ac, hysteresis, 

and magnetization relaxation data are all consistent. It should be noted that in ac studies 

the strength of the signals (temperature below which the signals appeared) in descending 

order was Dy, Tb > Ho, Gd > Nd (complexes 11, 13, 12, 10, and 8, respectively). 

Correspondingly, the temperature below which hysteresis was observed, the kinetic 

barrier Ueff, as well as the Dc value at 5 K, followed more or less the same decreasing 

pattern for all of these Mn11Ln4 complexes. 

3.3 Conclusions 

In this and earlier published work,59b we have demonstrated the initial observation 

of magnetization hysteresis and quantum tunneling, two confirmatory properties of 

SMMs, in mixed-metal 3d/4f single-molecule magnets. The observation of hysteresis, 

especially in heterometallic lanthanide-containing SMMs is of utmost importance 

because it is a well established fact now that the Ln component causes these complexes to 

suffer from the disadvantage of fast QTM rates.59d, f-h This represents a diminution of the 

effective barrier for magnetization relaxation, and thus the temperature below which the 

relaxation is blocked and the complex will function as a SMM. Additionally at zero field, 

the tunneling is so fast that many of the reported complexes do not show 

superparamagnet-like behavior, in other words, a barrier to magnetization relaxation at H 

= 0.59d However, and very interestingly, the Mn11Ln4 complexes reported here do not 

suffer from fast QTM. Consequently, important parameters such as the effective barrier 

to magnetization relaxation, Ueff, were obtained for the Dy and Tb complexes which were 

9.3 and 9.9 K, respectively. The preexponential (τ0) values of 4.0 x 10-8 s (Mn11Dy4) and 

4.8 x 10-8 s (Mn11Tb4), are comparable and satisfying consistent with those reported for 
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other SMMs. Both these complexes show frequency-dependent ac susceptibility signals 

which in conjunction with the observance of hysteresis loops below 1.0 K confirmed that 

11 and 13, irrefutably are SMMs. Magnetization fits for the Mn11Gd4 complex, 

containing magnetoisotropic GdIII ions, yielded an S = 9 and D = –0.06 cm-1. 

The ability to probe both classical (hysteresis) and quantum (QTM) magnetism 

behavior as a function of the lanthanide ion as demonstrated, by the extension of a 

standard synthetic method to several lanthanides, should provide an invaluable means of 

improving our understanding of both the chemistry and physics of this area of 

heterometallic molecular nanomagnetism. In addition, the large variation in spin and 

anisotropy within the lanthanide ions mentioned earlier, coupled with the site-selective 

replacement of the Ln3+ ions in the various Mn11Ln4 complexes, offers the possibility of 

“spin-injection” and/or “anisotropy-injection” within these SMMs, by the choice of a 

suitable Ln3+ ion. Thus, it allows greater control over a family of related SMMs and 

investigation of the magnetic properties in a causal manner. Finally, we comment that 

these complexes along with the ongoing research efforts in this area provide proof-of-

feasibility of extending the single-molecule magnetism phenomenon to lanthanide-

containing species. This exciting research area thus offers the tantalizing possibility of 

being able to raise the blocking temperature (TB) of SMMs to above that of the Mn12 

family. 

3.4 Experimental 

3.4.1 Syntheses 

 All chemicals were used as received unless otherwise stated. All manipulations 

were performed under aerobic conditions. [Mn3O(O2CPh)6(py)2(H2O)] (2)54 and 

(NBun
4)[Mn4O2(O2CPh)9(H2O)] (3)55 were prepared as described previously. 
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 [Mn11Nd4O8(OH)8(O2CPh)16(NO3)5(H2O)3]· 21 MeCN (8). Solid Nd(NO3)3· 6 

H2O (0.32g, 0.74 mmol) was added to a solution of complex 3 (0.50g, 0.31 mmol) in 

MeOH/MeCN (1ml/20ml). After stirring for 20 min. the solution was filtered and the 

brown filtrate slowly concentrated by evaporation. Within a week nice dark red crystals 

of 8 were obtained in isolated 50% yield. These were collected by filtration and dried in 

vacuo. The dried solid analyzed as fully desolvated.  Anal. Calcd (Found) for 

C112H94N5O66Mn11Nd4: C, 35.90 (36.13); H, 2.53 (2.52); N, 1.87 (1.68). Selected IR data 

(KBr, cm-1): 3420 (br), 1599 (m), 1562 (m), 1492 (w), 1449 (w), 1392 (s), 1178 (w), 

1025 (w), 715 (s), 679 (m), 604 (m), 475 (w).  

 [Mn11Eu4O8(OH)8(O2CPh)16(NO3)5(H2O)3] (9). Solid Eu(NO3)3· 5 H2O (0.32g, 

0.74 mmol) was added to a stirring solution of complex 2 (0.50g, 0.45 mmol) in 

MeOH/MeCN (1:20 v/v). After stirring for 20 min. the solution was filtered and the 

brown filtrate slowly concentrated by evaporation. Within a week, nice orange crystals of 

9 were obtained in isolated 50% yield. These were collected by filtration and dried in 

vacuo. The dried solid analyzed as solvent free. Anal. Calcd (Found) for 

C112H94N5O66Mn11Eu4: C, 35.61 (35.45); H, 2.51 (2.45); N, 1.85 (1.71). Selected IR data 

(KBr, cm-1): 3419 (br), 1599 (m), 1560 (m), 1491 (w), 1449 (w), 1385 (s), 1178 (w), 

1025 (w), 816(w), 715 (s), 679 (m), 604 (m), 474 (w).  

 [Mn11Gd4O8(OH)8(O2CPh)16(NO3)5(H2O)3]· 15 MeCN (10). Solid Gd(NO3)3· 6 

H2O (0.41g, 0.91 mmol) was added to a solution of complex 2 (0.50g, 0.45 mmol) in 

MeOH/MeCN (1:20 v/v). After stirring for 20 min. the solution was filtered and the 

brown filtrate slowly concentrated by evaporation. Within a couple of days dark red 

crystals of 10 were obtained in isolated 55% yield. These were collected by filtration and 
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dried in vacuo. The dried solid analyzed as solvent free.  Anal. Calcd (Found) for 

C112H94N5O66Mn11Gd4: C, 35.41 (35.15); H, 2.49 (2.44); N, 1.84 (1.69). Selected IR data 

(KBr, cm-1): 3421 (br), 1599 (m), 1562 (m), 1492 (w), 1449 (w), 1392 (s), 1178 (w), 

1025 (w), 715 (s), 679 (m), 604 (m), 476 (w).  

 [Mn11Dy4O8(OH)6(OMe)2(O2CPh)16(NO3)5(H2O)3]· 15 MeCN (11). Solid 

Dy(NO3)3· 5 H2O (0.40g, 0.90 mmol) was added to a stirring solution of complex 2 

(0.50g, 0.45 mmol) in MeOH/MeCN (1:20 v/v). After stirring for 20 min. the solution 

was filtered and the brown filtrate slowly concentrated by evaporation. Within a couple 

of days nice dark black crystals of 11 were obtained in isolated 55% yield. These were 

collected by filtration and dried in vacuo. The dried solid analyzed as fully desolvated. 

Anal. Calcd (Found) for C114H98N5O66Mn11Dy4: C, 35.75 (35.91); H, 2.53 (2.56); N, 1.83 

(1.74). Selected IR data (KBr, cm-1): 3421 (br), 1599 (m), 1561 (m), 1492 (w), 1449 (w), 

1385 (s), 1178 (w), 1025 (w), 716 (s), 680 (m), 606 (m), 567(w), 477 (w).  

 [Mn11Ho4O8(OH)8(O2CPh)18(NO3)3(H2O)7]· 21 MeCN (12). Solid Ho(NO3)3· 5 

H2O (0.40g, 0.90 mmol) was added to a solution of complex 3 (0.50g, 0.31 mmol) in 

MeOH/MeCN (1:20 v/v). After stirring for 20 min. the solution was filtered and the 

brown filtrate slowly concentrated by evaporation. Within a week nice dark red crystals 

of 12 were obtained in isolated 55% yield. These were collected by filtration and dried in 

vacuo. The dried solid analyzed as solvent-free. Anal. Calcd (Found) for 

C126H104N3O64Mn11Ho4: C, 38.33 (38.20); H, 2.66 (2.52); N, 1.06 (1.04). Selected IR data 

(KBr, cm-1): 3420 (br), 1600 (m), 1560 (m), 1449 (w), 1386 (s), 1178 (w), 1025 (w), 716 

(s), 680 (m), 606 (m), 476 (w).

 [Mn11Tb4O8(OH)6(OCH2Ph)3(O2CPh)20(PhCH2OH)2(H2O)]· 3PhCH2OH (13). 
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Solid Tb(NO3)3· 5 H2O (0.19g, 0.45 mmol) was added to a solution of complex 3 (0.5g, 

0.31 mmol) in PhCH2OH/MeCN (5ml/20ml). After stirring for 20 min. the solution was 

filtered and the brown filtrate slowly concentrated by evaporation. Within a couple of 

weeks nice dark red crystals of 13 were obtained in isolated 55% yield. These were 

collected by filtration and dried in vacuo. The dried solid analyzed as 13· 2PhCH2OH.  

Anal. Calcd (Found) for C189H161O62Mn11Tb4: C, 48.67 (48.51); H, 3.48 (3.35). Selected 

IR data (KBr, cm-1): 3415 (br), 1601 (m), 1563 (m), 1449 (w), 1385 (s), 1177 (w), 1023 

(w), 718 (s), 680 (m), 606 (m), 562 (w), 473 (w). 

[Mn2Yb2O2(O2CPh)6(OMe)4(MeOH)4]· 2MeOH (14). To a solution of complex 3 

(0.5g, 0.31 mmol) in MeCN/MeOH (20/5 mL) was added Yb(NO3)3·5H2O (0.31 g, 0.62 

mmol) and stirred for 25 min to give a brown solution. This was filtered and more MeOH 

(10 mL) added to the filtrate. The resulting solution was slowly concentrated by 

evaporation at room temperature for 5 days, during which time brown crystals of 14· 

2MeOH slowly grew. These were collected in 10% yield and dried in vacuum. Anal. 

Calc. (Found) for 14: C 40.94 (40.87), H 3.99 (3.96). Selected IR data (KBr, cm-1): 3426 

(br), 1600 (m), 1540 (m), 1384 (s), 1026 (w), 718 (s), 682 (m), 624 (s), 545 (m), 476 (w). 

[Mn2Y2O2(O2CPh)6(OMe)4(MeOH)4]· 2MeOH (15). To a solution of complex 3 

(0.5g, 0.31 mmol) in MeCN/MeOH (20/5 mL) was added Y(NO3)3·5H2O (0.24 g, 0.62 

mmol) and stirred for 25 min to give a brown solution. This was filtered and more MeOH 

(10 mL) added to the filtrate. The resulting solution was left undisturbed at room 

temperature for a week to slowly produce orange crystals of 15· 2MeOH, which were 

collected in 25% yield and dried in vacuum. The same product was obtained using 

YCl3·6H2O instead of Y(NO3)3·6H2O. Anal. Calc. (Found) for 15: C 46.24 (46.15), H 
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4.50 (4.46). Selected IR data (KBr, cm-1): 3412(br), 1594(m), 1545 (s), 1448 (w), 1391 

(s), 1025 (w), 718 (s), 681 (m), 623 (s), 540 (m), 474 (w). 

3.4.2 X-ray Crystallography 

Data were collected on a Siemens SMART PLATFORM equipped with a CCD 

area detector and a graphite monochromator utilizing MoKα radiation (λ = 0.71073 Å). 

Suitable crystals of solvated 8, 10, 11, 12, 13, 14, and 15 were attached to glass fibers 

using silicone grease and transferred to a goniostat where they were cooled to 173 K for 

data collection. An initial search of reciprocal space revealed a triclinic cell with the 

choice of space group being 1P  for the Mn11Ln4 complexes 8-13, and a monoclinic cell 

with the choice of space group being P21/c for the Mn2Ln2 complexes 14-15, 

respectively. Cell parameters were refined using up to 8192 reflections. A full sphere of 

data (1850 frames) was collected using the ω-scan method (0.3° frame width). The first 

50 frames were re-measured at the end of data collection to monitor instrument and 

crystal stability (maximum correction on I was < 1 %). Absorption corrections by 

integration were applied based on measured indexed crystal faces. The structures were 

solved by direct methods in SHELXTL6,56a and refined on F2 using full-matrix least 

squares. The non-H atoms were treated anisotropically, whereas the hydrogen atoms were 

placed in calculated, ideal positions and refined as riding on their respective carbon 

atoms.  

The asymmetric unit of 8·21MeCN consists of half the Mn11Nd4 cluster lying on an 

inversion centre, along with 10.5 MeCN molecules as solvents of crystallization.  A total 

of 897 parameters were included in the structure refinement using 9582 reflections with I 

> 2σ(I) to yield R1 and wR2 of 8.63% and 12.70%, respectively.  
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For 10·15MeCN, the asymmetric unit consists of half the Mn11Gd4 cluster located 

on an inversion center and 7.5 MeCN molecules as crystallization solvents. All H atoms 

of the water ligands could not be located and were not included in the final refinement 

cycles. A total of 907 parameters were included in the structure refinement using 10499 

reflections with I > 2σ(I) to yield R1 and wR2 of 6.56% and 16.22%, respectively.  

The asymmetric unit of 11·15MeCN consists of half the Mn11Dy4 cluster lying on 

an inversion centre, along with 7.5 MeCN molecules as solvents of crystallization.  A 

total of 1041 parameters were included in the structure refinement using 12052 

reflections with I > 2σ(I) to yield R1 and wR2 of 4.25% and 10.06%, respectively.  

The asymmetric unit of 12·21MeCN consists of half the Mn11Ho4 complex lying on 

an inversion centre, along with 10.5 MeCN molecules as solvents of crystallization.  A 

total of 934 parameters were included in the structure refinement using 14245 reflections 

with I > 2σ(I) to yield R1 and wR2 of 5.19% and 14.00%, respectively.  

For all of the above mentioned complexes some of the solvent molecules were 

disordered and could not be modeled properly, thus the SQUEEZE program,56b a part of 

the PLATON56c package of crystallographic software, was used to calculate the solvent 

disorder area and remove its contribution to the overall intensity data. All of the 

complexes 8, 10, 11, and 12 have one MeCN (50% occupancy) close to a disorder on one 

of the Ln ions where one coordination site is 50% NO3- and another 50% H2O. The 

acetonitrile exists only with the water on one of the four Ln ions in each of the complexes 

(for example Dy2 in the Mn11Dy4 complex). Thus, although all complexes are 

centrosymmetric, they have odd number of NO3, H2O and MeCN molecules because of 
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the earlier stated disorder of a NO3 ion related in occupancy with the MeCN/H2O  

molecules. 

The asymmetric unit of 13·3PhCH2OH consists of half the Mn11Tb4 and three 

halves of benzyl alcohol solvent molecules (all three were disordered and each were 

refined in two parts). Tb1 has a disorder of a water molecule and benzyl alcohol anion in 

the same coordination position having O32 common to both. Thus the C and H atoms of 

this ligand were refined with 50% occupancies while the water protons of the water 

counterpart were not located and not included in the final refinement. The phenyl groups 

of the solvent molecules, and those of C22 and C82 ligands, were refined as rigid bodies 

and constrained to maintain a perfect hexagon. The hydroxyl protons and those of the 

water molecules were not located and were not included in the final refinement cycles. A 

total of 744 parameters were refined in the final cycle of refinement using 29065 

reflections with I > 2σ(I) to yield R1 and wR2 of 7.73% and 19.42%, respectively. 

The asymmetric unit of 14·2MeOH consists of half the Mn2Yb2 cluster and a 

methanol molecule of crystallization. A total of 378 parameters were included in the final 

cycle of refinement using 4821 reflections with I > 2σ(I) to yield R1 and wR2 of 3.11% 

and 7.67%, respectively. 

The asymmetric unit of 15·2MeOH consists of half the Mn2Y2 cluster and a 

methanol molecule of crystallization. A total of 378 parameters were included in the final 

cycle of structure refinement using 2803 reflections with I > 2σ(I) to yield R1 and wR2 of 

3.48% and 7.27%, respectively.
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CHAPTER 4 
HIGH NUCLEARITY COMPLEXES: HOMOVALENT 

[Th6Mn10O22(OH)2(O2CPh)16(NO3)2(H2O)8] AND MIXED-VALENT 
[Mn7O5(OR)2(O2CPh)9(terpy)] (R = Me, CH2Ph) DISPLAYING SLOW-

MAGNETIZATION RELAXATION 

4.1 Introduction 

We have had a longstanding interest in the development of manganese carboxylate 

cluster chemistry, mainly due to its relevance to a variety of areas, including bioinorganic 

chemistry,18 nanoscale magnetic materials7-11 and catalysis of various oxidation 

processes.71 For example, Mn carboxylate clusters are the primary source of single-

molecule magnets (SMMs), individual molecules that retain their magnetization 

orientation below a blocking temperature in the absence of an applied field.9 In recent 

work, we and others have turned our attention to high-nuclearity mixed 3d/4f clusters of 

Mn as a route to potentially interesting new species, and a number of heterometallic 

complexes of this type are now available.37, 38, 72 In addition, both mixed 3d/4d and 3d/5d 

SMMs containing Mn are now known.73 

As already illustrated in Chapters II and III, mixed Mn/Ln systems are a rich source 

of SMMs. An obvious extension of the above-stated efforts in high nuclearity mixed-

metal cluster chemistry is to ask whether 3d/5f clusters might be accessible with Mn, and 

if yes, whether they would function as SMMs. We have taken up this challenge using Th. 

There are relatively few well characterized transition metal/actinide complexes, among 

which are the dinuclear metal-metal bonded M-An organometallic complexes (M= Fe, Ru 

and An= Th, U)74a and the family of linear trimetallic M2
IIUIV (M= Co, Ni, Cu, Zn) 
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complexes containing a hexadentate Schiff base.74b However, only one of these contains 

Mn, trinuclear [MnU2O2L2(py)4] (L- = 1,7-diphenyl-1,3,5,7-heptane-tetronato).75 

Although thorium is used in a wide array of products and processes, the cluster chemistry 

of Th is poorly developed compared to transition metals: Currently there are metal-

organic frameworks76a and organically templated thorium complexes76b known, and the 

largest molecular Th complex is Th6.
77  We can now report the first mixed Mn/Th 

molecular cluster, Mn10Th6, which we believe to be the prototype of a potentially large 

new area of cluster chemistry.  

Additionally, although mixed-metal systems are a very exciting research area, they 

still suffer from the fact that in a multi-component paramagnetic system there is more 

than one g-tensor value. Hence, magnetic characterization of these systems is very 

difficult. Therefore, magnetic parameters such as S, D, and isotropic-g values are difficult 

to obtain with the current fitting programs which we possess,46 mainly because of second-

order spin-orbit coupling and higher order anisotropy terms. Thus, in the area of single-

molecule magnetism, research on homometallic Mn containing SMMs is still the primary 

focus, with the principal objective being the preparation of a SMM that behaves as a 

magnet at technologically relevant temperatures, i.e., at least 77 K (that of liquid N2). 

This goal has been approached primarily by two means: (i) the preparation of novel 3d 

metal carboxylate clusters possessing differing topologies that may behave as SMMs and 

(ii) the addition of new derivatives to already existing families of SMMs so that structural 

features may be correlated with magnetic properties and ultimately, a rational synthetic 

method for improved SMMs may be developed. The first SMM discovered was 

[Mn12O12(O2CMe)16(H2O)4],7 and synthetic manipulation of this complex has provided a 
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very well studied family of complexes.30 Ever since the discovery of Mn12 complexes, 

several types of SMMs have been discovered, most of them containing primarily MnIII 

ions.78 Thus, an  undying theme in the field of SMMs, and polynuclear cluster chemistry 

for that matter, is achieving synthetic control and investigating properties in a causal 

manner, i.e., how does one factor (for example structural change) influence all the other 

resulting properties (like magnetic properties). With respect to manganese carboxylate 

cluster chemistry, there have been thorough investigations and some structural Mn4 

motifs such as the defect-dicubanes,32 cubanes,79 butterflies,80 and adamantane81 

complexes which are thermodynamically inherently stable, have been isolated and 

characterized in great detail. However, one wonders whether there exist any trapped 

intermediates or “transition-state clusters” comprising a combination of the above-

mentioned motifs which have not yet been isolated. Indeed, as a result of our continuing 

efforts towards the search of new synthetic routes and structural types we herein report 

two Mn7 clusters which have a very unusual metallic core resembling a fused 

butterfly/cubane (via the body oxygen atom of the butterfly) and sharing a common wing 

Mn atom of the butterfly. The peripherial ligation has been systematically varied to 

include methoxides and phenyl methoxides. In addition to having a very atypical trapped 

intermediate core, both these complexes possess a very well isolated ground state spin of 

S = 6. We describe herein the synthesis, structure, and magnetic characterization of both 

of these complexes, in addition to the Mn10Th6 complex. We also demonstrate that the 

Mn7 complex with phenyl methoxides displays magnetization hysteresis arising from 

slow magnetization relaxation.   
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4.2 Results and Discussion 

4.2.1 Syntheses 

High nuclearity Mn clusters have previously been obtained by the reaction of 

preformed Mnx clusters with bi-, tri- or tetra-dentate (N/O) chelates.82 Amongst the 

various MnIII sources which have already been explored, [Mn3O(O2CPh)6(py)2(H2O)](2) 

(2MnIII, 1MnII) and (NBun
4)[Mn4O2(O2CPh)9(H2O)](3) (4MnIII) are particularly 

attractive, as they have been known to give higher nuclearity complexes. A modification 

of the above strategy towards developing new synthetic routes to heterometallic species is 

the reaction of preformed Mnx (x = 3 or 4 here) clusters with a heterometal salt / 

carboxylate. Such reactions are typically carried out in a mixed solvent system which not 

only ensures the solubility of all involved reactants but also provides bridging / terminal 

ligands. Indeed, reactions employing complexes 2 and 3 in a mixed solvent system like 

MeCN/MeOH have proven very successful for us in the attainment of heterometallic 

species, as already discussed in Chapter III.37, 39, 43 Since the use of a mixed solvent 

system was so successful in reactions including Mn and Ln, we decided to extend the 

synthetic chemistry to actinides, since actinides have similar reactivity like lanthanides. 

Thus, the system was explored further with reactions involving ThIV. Caution: Thorium 

Nitrate is weakly radioactive and a potential mutagen and carcinogen; proper safety 

precautions should be taken. However, Th(NO3)4 was insoluble in MeCN so the reaction 

was carried out in a mixed MeCN/MeOH (20:1, v/v) solvent system. Thus, the reaction 

of complex 3 with Th(NO3)4 in a 5:12 molar ratio as shown in eq 4-1 resulted in the 

isolation of [Mn10Th6O22(OH)2(O2CPh)16(NO3)2(H2O)8] (16) in 20% yield in about a 

month. The same reaction but with an increased MnIII
4:ThIV ratio of 1:3 or 1:4 also gave 

the same product. No isolable products were obtained when only MeCN  
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5 (NBun
4)[Mn4O2(O2CPh)9(H2O)] + 12 Th(NO3)4 + 49 H2O  →  

2 [Mn10Th6O22(OH)2(O2CPh)16(NO3)2(H2O)8] + 5 (NBun
4)+     

  + 44 NO3
- + 13 PhCO2H + 59 H+ + 20 e-   (4-1)  

was used. 

 However, in the above-mentioned mixed-metal strategy there are very little 

geometric constrains imposed on the resulting cluster; the carboxylates impose little or no 

geometry restrictions and bridge multiple metals as oxide bonds are formed. Thus, 

clusters of various nuclearities have been obtained, although most of them are high 

nuclearity clusters. If one needed to limit nuclearity growth, for example, for 

bioinorganic modeling of the WOC of PS II (see next two chapters), a very logical 

approach is the use of terminal chelates, such as the bidentate 4,4΄-dipyridyl (bpy) or the 

tridentate 2,2΄:6΄,2˝-terpyridine (terpy). Indeed, many clusters have been obtained using 

this technique, notable among which are the tetranuclear bpy butterfly complexes83 and 

the dimer-of-dimers84 incorporating terpy; both putatively synthesized as bioinorganic 

models18c of the water oxidizing complex of photosynthesis.18 Thus using this synthetic 

route, reactions were carried out employing complexes 2 and 3 in the presence of terpy in 

a mixed-solvent reaction system. The solvent mixture is necessary to ensure adequate 

solubility of the reagents, especially the terpy. [Mn7O5(OMe)2(O2CPh)9(terpy)] (17) 

was obtained when the trinuclear 2 was reacted with terpy in MeOH/MeCN (1:10 v/v) as 

shown in eq 4-2 below. 

 

 7 [Mn3O(O2CPh)6(py)2(H2O)] + 3 terpy + H2O + 6 MeOH  →    

3 [Mn7O5(OMe)2(O2CPh)9(terpy)] + 14 py + 15 PhCO2H + 7 H+ + 7 e-       (4-2)  
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Similarly, [Mn7O5(OCH2Ph)2(O2CPh)9(terpy)] (18) crystallized out of a benzyl 

alcohol/acetonitrile (1:20 v/v) solvent system as depicted in eq 4-3. No isolable 

7 [Mn3O(O2CPh)6(py)2(H2O)] + 3 terpy + H2O + 6 PhCH2OH  →  

 3 [Mn7O5(OCH2Ph)2(O2CPh)9(terpy)] + 14 py + 15 PhCO2H + 7 H+ + 7 e-    (4-3) 

products were obtained when only MeCN was used. This is obviously because the 

alcohols not only act as solvents but also end up as bridging ligands (alkoxides) in the 

end-product. Indeed, there are two methoxides in 17 and two phenyl methoxides in 

complex 18. Thus, the use of an alcohol in the above reactions results in the addition of 

more variables and finally in the isolation of unprecedented compounds which were not 

possible with a homogeneous solvent system. In the Mn7 reactions, we wanted to 

investigate the effect of the change in the alcohol group and what resulting outcome it 

would have on the end-product and/or the resulting magnetic properties of the isolated 

complex. Hence, we tried reactions with benzyl alcohol (pKa = 15.0) which had a phenyl 

group rather than a methyl, as in the case of methanol (pKa = 15.2). Not surprisingly, we 

obtained isostructural complexes because the pKa of the alcohols is very similar. When 

ethanol (pKa = 16.0) was used as the alcohol, only brown precipitates of manganese 

oxides/hydroxides were obtained and/or no clean products could be isolated. Also, if 

more than 0.6 equivalents of terpy was used in the above reactions the end-product was 

obtained but along with some yellow crystals of unreacted terpy as a contaminant. 

4.2.2 Description of Structures 

4.2.2.1 X-ray crystal structure of [Mn10Th6O22(OH)2(O2CPh)16(NO3)2(H2O)8] (16) 

A PovRay representation of complex 16 and its labeled [Mn10Th6O22(OH)2]18+ core 

is provided in Figure 4-1. Selected bond and interatomic distances, and angles for 

complexes 16, 17, and 18 are listed in Tables A-6, A-7 and A8, respectively. 



89 

 

Complex 16·10MeCN crystallizes in the triclinic space group Pī with the cluster 

lying on an inversion centre. Although complex 16 is heterometallic, it is homovalent 

with 10 MnIV and 6 ThIV ions. The structure (Figure 4-1 top (left)) consists of a  

 
Figure 4-1. (Top) PovRay representation at the 50% probability level of the X-ray crystal 

structure (left) of 16 (with the benzoate rings omitted for clarity except for the 
ipso C atoms) and (right) the 2:3:6:3:2 (Mn:Th:Mn:Th:Mn) layer structure of 
16. Bottom depicts the labeled [Mn10Th6O22(OH)2]18+

 core of complex 16. The 
complex resides on a two-fold rotation axis with an inversion center. Color 
scheme: MnIV cyan; ThIV light green; N dark blue; O red; C gray. H atoms 
have been omitted for clarity. 

[Mn10Th6O22(OH)2]18+ core comprising 4 µ4-O2-, 16 µ3-O2-, 2 µ-O2- and  2 µ-HO-  

bridging ions (Figure 4-1 (bottom)). Peripheral ligation around the core is provided by 16 
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µ-PhCO2
- groups in their familiar syn, syn binding mode, an η2 chelating nitrate on Th3 

and Th3', and eight terminal H2O molecules on the other Th atoms, three each on Th1 

and Th1', and one each on Th2 and Th2'. The doubly bridging benzoate groups bridge 

either Mn/Th pairs or Mn2 pairs, with no benzoate groups bridging Th2 pairs. The latter 

are instead bridged by only oxide ions, and this is consistent with the known high 

oxophilicity of actinides. Indeed, Th2, Th2', Th3 and Th3' are each bound to six oxide 

ions, and Th1 and Th1' are bound to five. In fact, it is noteworthy that there are so many 

oxide ions in the complex; a total of 22 oxides bridging 16 metal atoms. This is clearly a 

manifestation of the high oxidation state of +4 of all the metal atoms in 16, and the 

resulting increase in the preference for hard oxide ions as ligands. A closer examination 

of the centrosymmetric [Th6Mn10O22(OH)2]18+ core of 16, depicted in Figure 4-1 

(bottom), reveals that each half can be described as two distorted Mn2Th2O4 cubane units 

sharing a common vertex (Th2). The two cubanes comprise Mn1, O1, Mn2, O2, Th1, O7, 

O3, Th2 and Th2, O14, Mn5, O10, Mn4, O15, Th3, O11, and are connected by µ-HO- 

oxygen atom O8, which is the only hydroxide ion in each half of the cluster. Each of the 

two dicubane units in the molecule is linked by three oxides (O12, O13, O16, and their 

symmetry partners) to central Mn atoms Mn3 and Mn3'. All the Mn atoms are six-

coordinate with near-octahedral geometry. In contrast, 4 Th ions (Th1, Th1', Th2, Th2') 

are nine-coordinate, and the remaining two (Th3, Th3') are ten-coordinate. The metal 

oxidation states and the protonation level of O2-, OH- and H2O groups were determined 

by bond valence sum (BVS) calculations,85 inspection of metric parameters, and charge 

balance considerations. A bond valence sum (BVS) is an empirical value based on 

crystallographically determined metal-ligand distances that is routinely used to determine 
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the oxidation level of an atom in a molecule. The valence of the ith atom, Vi, can be 

defined in terms of the sum of the individual bond valences, sij, of the atom i with those 

atoms, j, in its coordination sphere (eq 4-4). 44b, 85 

∑ ∑ −==
j j

bRR
iji

ijesV ]/)[( 0  (4-4) 

The valences of the individual bonds, sij, can be calculated from the observed bond length 

in the crystal structure of a molecule using eq 4-4, where Rij is the observed bond length, 

R0 is the length expected for a bond of unit valence and b is an experimentally determined 

constant equal to 0.37. Values of R0 for Mn-O bonds for Mnn+ (n = 2, 3, 4, and 7) are 

available, 44b, 85 allowing the application of this calculation to determine the oxidation 

states of the Mn centers in our clusters. The calculations can also be extended to include 

inorganic oxygen atoms and are a useful means of assessing the protonation levels of 

such atoms in a complex. In addition to transition/lanthanide/actinide metal clusters, bond 

valence sum analysis has been used to determine the oxidation states of metal centers in 

metalloenzymes86 and superconductors.87 

BVS values for O2-, OH- and H2O groups are typically ~ 2.0, 1.0-1.2 and 0.2-0.4, 

respectively, reflecting the non-inclusion of contributions from strong O-H bonds that are 

not observed with accuracy in some high-nuclearity X-ray studies. Participation in 

hydrogen-bonds will also affect these values. Oxygen BVS calculations are invaluable in 

high-nuclearity cluster chemistry, and for 16 they have unequivocally identified the 

protonation levels, with one exception: O13 had a BVS of 1.04, suggestive of an OH- ion 

and thus inconsistent with its expected nature as an O2- ion. However, the low BVS value 

was explained by the observation that O13 is involved in strong O···H-O hydrogen-

bonding with two terminal water molecules, O6 and O9', on Th1 and Th2', respectively,  
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Table 4-1. Bond valence suma calculations for the Mn ions in complex 16·10MeCN. 
  16  

Atom MnII MnIII MnIV 

Mn(1) 4.50 4.12 4.33 

Mn(2) 4.33 3.96 4.15 

Mn(3) 4.37 4.00 4.20 

Mn(4) 4.38 4.00 4.20 
Mn(5) 4.32 3.95 4.15 

 
a  The underlined value in bold is the one closest to the actual 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 depicted in bold. 
 
(O13···O6 = 2.796 Å and O13···O9' = 2.834 Å). This lengthens the corresponding Mn-

O13 and Th-O13 bonds and leads to a lower BVS for O13. Thus, O13 is indeed an O2- 

ion, consistent with charge balance for the complete molecule. The BVS values for the 

Mn ions of 16 are presented in Table 4-1. The Mn-O bond distances in 16 are in the range 

1.802-2.027 Å, consistent with the MnIV oxidation level. Similarly, the Th-O bond 

lengths are in the range 2.354-2.655 Å, typical of ThIV-O bonds in the literature.88 

 Interestingly, a layer arrangement can be ascribed to the metal ions of complex 

16, as is generally observed in minerals and ores of Mn and Th. Indeed 16 can be 

described as consisting of alternating layers of Th and Mn atoms, as emphasized by the 

layers in cyan and green in Figure 4-1 (top (right)), with a 2:3:6:3:2 pattern of metal 

atoms. Within this description, the Th atoms occur as two Th3 isosceles triangles 

(depicted in green in Figure 4-1 (top (right)), the Th1···Th2 and Th2···Th3 distances 

(3.829 Å) being significantly shorter than Th1···Th3 (4.808 Å). The Th6Mn10 complex is 

the largest mixed transition metal/actinide complex to date, and the first Th/Mn cluster. 

Additionally, it is the largest molecular Thorium complex. Another fascinating 
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observation is that 16 contains heterometallic cubanes with high-oxidation state MnIV 

ions. These mixed-metal Mn containing cubane units are potentially relevant to 

bioinorganic modelling (structural as well as functional) of the higher S states19 of the 

Mn4Ca site of the water oxidizing complex of photosynthesis.22 Such Mn-containing 

heterometallic cubanes were unknown until seen in mixed Mn/lanthanide (Chapter III) 

and Mn/Ca (Chapter VI) complexes reported very recently.37, 43 

4.2.2.2 X-ray crystal structures of [Mn7O5(OR)2(O2CPh)9(terpy)] complexes (17, 18) 

PovRay representation of the crystal structure of 17 (top) and its labeled core 

(bottom) are presented in Figure 4-2. A PovRay representation of the complete Mn7 

molecule of complex 18 along with a stereopair is provided in Figure 4-3. Unit cell data 

and details of the structure refinements for 17·5MeCN and 18·5MeCN are listed in Table 

4-3. Selected bond and interatomic distances, and angles for complexes 17 and 18 are 

listed in Tables A-7 and A-8, respectively.  

Complex 17·5MeCN crystallizes in the triclinic space group P1 with a 

crystallographic C1 symmetry. The cluster is mixed valent and comprises 1 MnIV, 5 MnIII 

and 1 MnII ions. The Mn ions are held together by 9 syn, syn, doubly-bridging benzoates, 

2 doubly bridging methoxides, 4 μ3-O2-, 1 μ5-O2- and a terminal terpy. Figure 4-2 

(bottom) illustrates the [Mn7O5(OMe)2(terpy)]9+ core of  complex 17 which can be 

described as a MnIVMnIII
3O4 cubane (Mn4, Mn5, Mn6, Mn7) linked to a MnIII

3MnIIO2 

butterfly (Mn2, Mn3 body Mn atoms; Mn1, Mn6 wing-tip Mn atoms) through a common 

μ5-O2- (O17) and also sharing a MnIII ion (Mn6 in this description). Within this portrayal, 

the cubane and butterfly motifs are also held together by two doubly bridging methoxides 

(O12, O18) which link the 2 MnIII body atoms of the butterfly (Mn2, Mn3) to the   
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Figure 4-2. (Top) PovRay representation at the 50% probability level of the X-ray crystal 

structure of 17 (with the benzoate rings omitted for clarity except for the ipso 
C atoms) and (bottom) its labeled [Mn7O5(OMe)2(terpy)]9+ core. Color 
scheme: MnIV purple; MnIII cyan; MnII yellow; N dark blue; O red; C grey. H 
atoms have been omitted for clarity. 

 “unshared” MnIII ions of the cubane (Mn4, Mn5). Thus, the 4 MnIII ions along with the 

two oxos of the methoxides form two distorted Mn2O2 rhombs which share and are linked 

by the μ5-O2- (O17). Three benzoates bridge the 3 MnIII ions of the cubane with the MnIV 

ion of the cubane. The 3 MnIII ions of the cubane are further bridged by 4 PhCO2
2- to the 
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two body Mn ions of the butterfly. Finally, the remaining two benzoates link the two 

body Mn ions to the only MnII ion (Mn1), which has 3 of its coordination sites blocked 

by the 3 chelating N atoms of the terminal terpy. The terpy ligates to the MnII ion in a 

mer- fashion with the three N atoms lying on the meridian of a sphere. The tridentate 

terpy causes strain in the bonding of it's three nitrogen atoms (N1-Mn1-N3 = 143°) to the 

Mn ion and distorts the geometry from ideal octahedral. Thus, the coordination sphere of 

the ligands around Mn1 is a distorted-octahedral with the two sets of 3 N and 3 O ligands 

mer- to each other. The terpy is nearly orthogonal to the rest of the core (Figure 4-2) with 

the O3-Mn1-N3 angle ~116°. The fused cubane / butterfly are also a bit distorted (O17-

O3-Mn1 = 161°, O3-O17-Mn6 = 128° for the butterfly) which is clearly a manifestation 

of the strain caused by the presence of the unusual, shared μ5-O2-(O17). 

Complex 18·5MeCN crystallizes in the orthorhombic space group Pbca with the 

asymmetric unit consisting of the whole Mn7 cluster. The structure of 18 (Figure 4-3) is 

very similar to 17, the only difference being the benzyl vs methyl difference in the 

alkoxide groups in the distorted rhombs mentioned earlier (vide supra). In essence, both 

complexes can be described as [Mn7O5(OR)2(O2CPh)9(terpy)] (R = Me for 17 and R = 

CH2Ph for 18). However, the ligand induced core distortion is less profound for 18, 

inasmuch the butterfly portion of 18 encompassing Mn1 is nearly linear (O12-O23-Mn7 

= 179°, O23-O12-Mn4 = 129° for the butterfly motif in Figure 4-3). The terpy is also 

more orthogonal to the rest of the core for 18 with the corresponding O23-Mn7-N3 angle 

in Figure 4-3 being ~104°, which is smaller than the corresponding 116° value mentioned 

earlier for complex 17. This slight distortion in the core angles is undoubtedly caused by 
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the bulk of the phenyl groups (when compared to the methyl groups of 17) of the 

bridging phenyl methoxides. 

 

 
Figure 4-3. PovRay representation at the 50% probability level of the X-ray crystal 

structure of 18 (top) and its stereopair (bottom). Color scheme: MnIV purple; 
MnIII cyan; MnII yellow; N dark blue; O red; C grey. Solid black thicker bonds 
denote Jahn-Teller elongation axes. H atoms have been omitted for clarity. 

All the Mn ions of 17 and 18 are hexa-coordinate with near-octahedral geometry 

except Mn1 (the only MnII ion), which possess a severely distorted-octahedral 

coordination sphere as already stated earlier. The assignments of the metal oxidation 
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states were established by bond-valence sum calculations89 (see Table 4-2), charge 

considerations and the observance of evident Jahn-Teller (JT) elongation axes for the 

MnIII ions. The 5 MnIII ions display JT elongation axes, with the JT bonds (depicted in 

bold in Figure 4-3) being at least 0.1 – 0.3 Å longer than the other MnIII-O bonds, as 

expected for high-spin MnIII ions.  

Table 4-2. Bond valence suma calculations for the Mn ions in complexes 17 and 18. 
  17   18  

Atom MnII MnIII MnIV MnII MnIII MnIV 
Mn(1) 2.13 2.00 2.01 4.14 3.79 3.98 

Mn(2) 3.20 2.93 3.08 3.23 2.95 3.09 

Mn(3) 3.20 2.92 3.07 3.27 2.99 3.14 

Mn(4) 3.22 2.95 3.09 3.21 2.94 3.08 

Mn(5) 3.20 2.93 3.08 3.10 2.84 2.98 

Mn(6) 3.12 2.85 2.99 3.18 2.91 3.05 

Mn(7) 4.24 3.88 4.07 2.12 1.99 2.00 

 
a  The underlined value in bold is the one closest to the actual 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 depicted in bold. 
 

The overall structures of 17 and 18 are very unusual and can be described as a 

fused butterfly/cubane or a linked triangle/cubane. We have in the past observed the 

transformation of a butterfly core to a cubane core by controlled potential electrolysis, or 

disproportionation triggered by carboxylate abstraction,79e,  80g,h so it is interesting to find 

a complex that is an amalgamation of both structural types. Additionally, the fact that the 

complex comprises a triumvirate of Mn oxidation states is also very rare, with previous 

examples including Mn3,90a Mn4,90b,c Mn13,90d Mn25,47 Mn30,91 and the reduced Mn12 

complexes,92 to name a few. 
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Table 4-3. Crystallographic data for 17·5MeCN and 18·5MeCN. 
   17 18  

         Formula C90H77N8O25Mn7 C102H85N8O25Mn7  
fw, g/mol  2055.18 2207.34  
Space group  P1   Pbca   
a, Å 15.9564(13) 27.695(2)   
b, Å 16.5066(14)  22.430(2)   
c, Å 20.5637(17)  30.293(3)    
α, ° 110.824(2) 90  
β, ° 110.666(2)  90   
γ, ° 95.156(2) 90    
V, Å

3
 4590.8(7)  18818(3)   

Z 2    8   
T, K  173(2)   173(2)   
Radiation, Å a  0.71073  0.71073  
ρcalc, g/cm3 1.487   1.481    
μ, mm-1 1.010   1.244   
R1 b,c 0.0423  0.0574    
wR2 

d 0.0871  0.1221    
 
a Graphite monochromator. b I > 2σ(I). c R1 = 100Σ(||Fo| – |Fc||)/Σ|Fo|.  
d wR2 = 100[Σ[w(Fo

2 - Fc
2)2]/ Σ[w(Fo

2)2]]1/2, w = 1/[σ2(Fo
2) + [(ap)2 +bp],  

where p = [max (Fo
2, O) + 2Fc

2]/3.  
 

A few other Mn7 complexes have been reported in the literature. Amongst these, 

are the high-spin Mn7 complexes (4MnII, 3MnIII) consisting of a Mn6 hexagon of 

alternating MnII and MnIII ions, surrounding a central MnII ion.93 Also, a Mn7 complex 

with a similar core consisting of a Mn6 hexagon, but instead now comprising 3MnII and 

4MnIII ions has been reported.94 However, structurally pertinent to the Mn7 complexes 

reported in this chapter are: i) a Mn7 complex which can be described as two butterflies 

linked together by, and sharing a common Mn atom95; and ii) two Mn4 cubanes fused 

together via a shared Mn ion.96 
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4.2.3 Magnetochemistry of Complexes 16, 17 and 18 

4.2.3.1 DC studies 

Solid-state variable temperature magnetic susceptibility measurements were 

performed on vacuum-dried microcrystalline samples of complexes 16, 17 and 18, which 

were suspended in eicosane to prevent torquing. The dc magnetic susceptibility (χM) data 

were collected in the 5.0-300 K range in a 0.1 T magnetic field and are plotted as χMT vs 

T for complex 16 in Figure 4-4 (left), and complexes 17 and 18 in Figure 4-5. The χMT 

value at 300 K of complex 16 is 17.54 cm3 mol-1 K, slightly lower than the 18.75 cm3 mol-

1 K value expected for a cluster of ten non-interacting MnIV ions (ThIV is diamagnetic), 

indicating the presence of dominant antiferromagnetic exchange interactions within 16. 

χMT decreases only slightly with decreasing temperature until ~ 25 K and then decreases 

more rapidly with decreasing temperature to 7.41 cm3 mol-1 K at 5.0 K. The χMT value at 

5 K indicates a relatively small ground state spin for the Mn10Th6 complex. To determine 

the spin ground state, magnetization (M) data were collected in the magnetic field 0.1-0.5 

T and in the 1.8-10 K temperature range. The data are plotted as reduced magnetization 

(M/NμB) versus H/T in Figure 4-4 (right) for complex 16. The data were fit, using the 

program MAGNET,46 by diagonalization of the spin Hamiltonian matrix assuming only 

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

and employing a full powder average as already discussed in detail in Chapter II. 

Although 16 is heterometallic, magnetically it can be treated as homometallic; the ThIV 

ions are diamagnetic. However, there exist low lying (relative to kT) excited spin states 

with S greater than the S of the ground state. This was evident from the sloping nature of 

the dc plot at lower temperatures and the in-phase ac susceptibility data (see later) 
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corroborates the same. Thus, population of the excited states will be difficult to avoid 

even at the lowest temperatures normally employed. In addition, in the presence of a big 

enough applied dc field, MS components of the excited state(s) can approach in energy 

the lowest lying MS of the ground state and even cross below it.    We thus employed the 

weaker fields, and the best fit (although still poor) of the data is shown in Figure 4-4 

(right). The fit of the data, represented as solid lines, yielded a ground state of S = 4, D = 

-0.81 (16) cm-1 and g = 1.85 (2). Attempts to fit the data with an S = 3 gave unreasonable 

(g > 2.5) g values. It is evident that the fit is not really satisfactory and thus an error in the 

D as well as S is generated. Complex 16 has isotropic MnIV ions and it is very unusual 

that the magnetoanisotropy term should be so high. However, the error in the value is 

also high. Additionally, the in-phase ac susceptibility measurements which do not employ 

a dc field are a more reliable technique48 to estimate the S in such situations and hence 

they were performed on 16 (see later). 
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Figure 4-4. (Left) Plot of χMT vs T for complex 16. (Right) Magnetization (M) vs field 

(H) and temperature (T) data, plotted as reduced magnetization (M/NμB) vs 
H/T, for 16 at applied fields of 0.1- 0.5 T range and in the 1.8 - 10 K 
temperature range. The solid lines are the fit of the data; see the text for the fit 
parameters. 

The results of the dc magnetic susceptibility studies on complexes 17 and 18 are 

depicted in Figure 4-5. For 17, the χMT value of 16.91 cm3mol-1K at 300 K decreases 
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slightly to 15.21 at 50 K and then it steadily increases marginally with decreasing 

temperature to reach 17.83 cm3mol-1K at 5.0 K indicating an isolated large ground-state 

spin for 17.  The χMT value of 18 follows a similar pattern as can be seen in Figure 4-5 

and has a value of 16.66 cm3mol-1K at 300 K which decreases slightly to 15.46 at 50 K. 

Then the χMT value increases fractionally with decreasing temperature to reach 17.48 

cm3mol-1K at 5.0 K indicating a ground-state spin of 18 which is very similar to that of 

17. The spin-only value of 1 MnIV, 5 MnIII, and 1 MnII non-interacting ions is 21.25 

cm3mol-1K, assuming g = 2. Thus, for both 17 and 18 the χMT value at 300 K is lesser 

than the non-interacting spin-only value of 21.25 cm3mol-1K and remains more or less 

constant with decreasing temperature indicating dominant antiferromagnetic exchange 

interactions within the Mn7 complexes, and signifying a very well isolated ground state 

spin for both of them since the χMT value does not change much with temperature. 
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Figure 4-5. Plots of χMT vs T for complexes 17 and 18. 

The nuclearity, low symmetry and large number of exchange interactions of the 

molecules (eight under CS virtual symmetry) makes a matrix diagonalization method to 

evaluate the various Mn2 pairwise exchange parameters (Jij) onerous, and also rules out 
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application of the equivalent operator approach based on the Kambe vector coupling 

method.45 However, a qualitative rationalization of the individual spin alignments and 

signs of the exchange interactions (Jij) would be possible once the ground state was 

identified (vide infra). Therefore, we focused on identifying the ground state S, the ZFS 

term D values, and the electronic g factors, for complexes 17 and 18. Hence, 

magnetization (M) data were collected in the magnetic field and temperature ranges 0.1-4 

T and 1.8-10 K in order to determine the spin ground states of the Mn7 complexes. The 

data are plotted as reduced magnetization (M/NμB) versus H/T in Figure 4-6 (top) for 

complexes 17 (left) and 18 (right). The data were fit using the same procedure applied to 

complex 16. For 17, the fit (solid lines in Fig. 4-6 (top (left))) gave S = 6, D = -0.22 (0) 

cm-1 and g = 1.88 (0). When fields higher than 4 T were employed in the fitting the same 

S value was obtained; it can be clearly seen in Fig. 4-6 (top (left)) that the magnetization 

saturates at the applied field of 4 T. Thus, dominant antiferromagnetic couplings within 

complex 1 leads to a spin ground state of S = 6 which is consistent with the dc and in-

phase ac magnetic susceptibility data (see later). 

For complex 18, attempts were made to fit the magnetization data collected in the 

0.1 – 3 T and 1.8-10 K temperature ranges. Beyond 3 T, the magnetization saturates and 

portions of the isofield lines at fields > 3 T start superimposing with M/NμB values of 

lower fields. Thus, a satisfactory fit could be obtained only when data collected in the 

0.1-3 T applied field range was used. The fit of the data, represented as solid lines in Fig. 

4-6 (top (right)) yielded a ground state of S = 6, D = -0.18 (0) cm-1 and g = 1.86 (1). 

The ground states obtained for complexes 17 and 18 are in agreement with the dc 

magnetic susceptibility data. Also, the g values obtained were smaller than 2.00, as 
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expected for Mn. In general for these magnetization fits, for a system occupying only the 

ground state and experiencing no zero-field splitting (ZFS), the various isofield lines 

would be superimposed and M/NμB would saturate at a value of gS.97 The non- 
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Figure 4-6. (Top) Magnetization (M) vs field (H) and temperature (T) data, plotted as 
reduced magnetization (M/NμB) vs H/T, for (left) complex 17 at applied fields 
of 0.1 - 4 T range and in the 1.8 - 10 K temperature range, and (right) for 
complex 18 at applied fields of 0.1- 3 T range and in the 1.8 - 10 K 
temperature range. The solid lines are the fit of the data; see the text for the fit 
parameters. (Bottom) Two-dimensional contour plot of the error surface for 
the D vs g fit for complexes 17 (left), and 18 (right). 

superimposition of the isofield lines in Figure 4-6 (top) clearly indicates the presence of 

ZFS, albeit, small values of D were obtained for both the complexes. The small D values 



104 

 

are nevertheless consistent with the fact that both complexes have some JT axes 

perpendicular (especially in the cubane) as can be seen in Figure 4-3. However, we 

wanted to confirm that the obtained parameters were the true global rather than local 

error minima. Thus for this reason and also to assess the uncertainty in the obtained g and 

D values, root-mean square D vs g error surfaces for the fits were generated using the 

program GRID.98 The error surface for 17 is shown in Figure 4-6 (bottom (left)) as a two-

dimensional contour plot for the D = -0.15 to -0.30 cm-1 and g = 1.8 to 2.0 ranges. Only 

one minimum is observed in this range, and this is a fairly well-defined minimum, 

indicating a fairly small level of uncertainty in the best-fit parameters. The two lowest 

error contour lines cover a range of D ~ -0.20 to -0.23 cm-1 and g ~ 1.87 to 1.89, giving 

fit values and their uncertainties of D = -0.22 (1) cm-1 and g = 1.88 (1). Similarly for 

complex 18, although in this case the minimum is somewhat shallower and there is a 

correspondingly slightly greater level of uncertainly, giving D = -0.18 (2) cm-1 and g = 

1.86 (2). Note, however, that the error surface indicates the precision of the fit minima, 

not the accuracy of the obtained D and g parameters; bulk magnetization data are not in 

general the most accurate way to obtain these, more sensitive techniques such as EPR 

being superior for this purpose. 

 Although 17 and 18 possess a complicated, low symmetry Mn7 core, their S = 6 

ground states can nevertheless be rationalized in a very satisfying manner (Figure 4-7). 

This is achieved using the known spin coupling pattern in the discrete Mn4 complexes 

mentioned earlier that possess the same MnIV, 3MnIII cubane core found within 17 and 

18. These Mn4 complexes of C3V symmetry exhibit ferromagnetic and antiferromagnetic 

exchange interactions within the MnIIIMnIII and MnIVMnIII pairs, respectively.79 As a 
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result the ground state is S = 9/2, due to the three MnIII (S = 2) spins being parallel to each 

other and antiparallel to the MnIV (S = 3/2) spin. Assuming (very reasonably) that the 

same situation exists for this cubane unit within the larger Mn7 core of 17 and 18, the 

question then becomes how this S = 9/2 unit couples to the other Mn atoms. Inspection of 

Figures 4-2 shows that the primary exchange pathways between the cubane MnIII atoms 

and the butterfly body MnIII atoms (Mn2 and Mn3) are via the μ5-O2- ion (O17) and the 

μ-MeO- groups (O12 and O18). Remembering that (i) the MnIII JT axes define the local 

Mn z axes, and (ii) the cubane MnIII JT axes intersect at O17 whereas those for body 

MnIII atoms include neither O17 nor O12/O18 (see Figure 4-3 for JT axes), then Mn-O-

Mn dσ-pσ-dσ exchange pathways through O17 and O12/O18 atoms will involve a singly 

occupied dz2 orbital on cubane MnIII atoms and an empty dx2-y2 on body MnIII atoms. 

These pathways would thus be expected to give ferromagnetic contributions to the total 

exchange between these metals. Notwithstanding Mn-O-Mn dπ-pπ-dπ exchange pathways 

involving singly-occupied Mn dπ orbitals that would be expected to give 

antiferromagnetic contributions, it is concluded that there are overall ferromagnetic 

exchange interactions between the cubane and butterfly body MnIII atoms in 17 and 18. 

The same was observed for the ferromagnetically-coupled [Mn6O4X4(dbm)6] (X = Cl, Br) 

complexes with an S = 12 ground state, whose ferromagnetic coupling between MnIII 

atoms was rationalized in the same fashion as for 17 and 18.97a,b Finally, it is expected 

that the exchange interactions between the butterfly body MnIII atoms and the MnII atom 

will be antiferromagnetic, as they are in the discrete Mn4 butterfly complexes,80 and so 

the ground states of 17 and 18 are concluded to comprise all the MnIII spins being parallel 

to each other and antiparallel to the MnII and MnIV spins, giving a predicted ground state  
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Figure 4-7. Schematic representation of the Mn spin alignments giving the S = 6 ground 
state for the Mn7 complexes, based on a fused cubane/butterfly arrangement. 

of S = 10 - 5/2 - 3/2 = 6, as observed experimentally. This is summarized in Figure 4-7. 

Hence, it was very satisfying that the spin obtained from the above-stated rationalization 

was in perfect agreement with the S value obtained from magnetization fits for both the 

complexes. Of course, the rationale given above is just a hypothesis and there are other 

ways of justifying the ground state spin. A more quantitative justification of the spin-

alignments by DFT (Density Functional Theory) calculations34a, 99 is needed for 

confirmation of the ground state spin. 

 Although the D values of both the complexes are small, the combination of this D 

with the S = 6 may provide a big enough barrier for magnetization reversal for these 

complexes. Thus, they might display slow magnetization relaxation characteristic of 
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single-molecule magnets (SMMs) resulting from a barrier, the upper limit of which is 

given by U = S2|D| for integer spins.9 Indeed, complexes 17 and 18 possess an energy 

barrier (U) to magnetization reversal, which computes to 7.92 cm-1 for 17 and 6.48 cm-1 

for 18, respectively. However, the effective barrier Ueff, might be a little bit smaller 

because of quantum tunneling through the barrier. Hence, ac susceptibility measurements 

were performed to investigate whether these Mn7 complexes functioned as SMMs. 

4.2.3.2 AC studies 

In an ac magnetic susceptibility experiment, a weak field (typically in the 1 - 5 G 

range) oscillating at a particular ac frequency (υ) is applied to a sample to investigate the 

dynamics of its magnetization relaxation. If the magnetization vector of the molecule can 

reorient at the frequency of the oscillating ac field, then there is no out-of-phase (χM˝) 

susceptibility signal, and the in-phase signal (χM´) is equal to the dc magnetic 

susceptibility. However, if the magnetization vector of the molecule cannot keep up with 

the oscillating field, then an out-of-phase signal is observed. The χM˝ signal is dependent 

on the frequency of the oscillating ac field, i.e., faster the oscillation of the ac field, the 

higher the temperatures at which the χM˝ signal is observed, and is accompanied by a 

frequency-dependent decrease in the in-phase signal (as χM´T). Such signals are a 

characteristic signature of the superparamagnet-like properties of a SMM, however, 

should not be taken as sufficient proof that a molecule behaves as a SMM; intermolecular 

interactions and phonon bottlenecks have been shown to also lead to such signals. Thus, 

ac magnetic susceptibility data were collected on dried, microcrystalline samples of 16, 

17 and 18 in the temperature range 1.8-10 K in a zero dc field and a 3.5 G ac field 

oscillating at several frequencies in the 25-997 Hz range. The in-phase data, plotted as 

χM´T versus T, is depicted in Figure 4-8 for complex 16 (left), and complexes 17 and 18 
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(right) at an applied frequency of 500 Hz. There was no out-of-phase signal observed for 

any of the complexes 16-18, at least till 1.8 K, the operating minimum of our MPMS 

SQUID instrument. 

As already stated, for Mn10Th6 the S obtained from magnetization fits is 

inconsistent with the S derived from the in-phase data. This anomaly is undoubtedly 

because the quality of the magnetization fit is really poor. Additionally, the 5.0 K dc 

magnetic susceptibility value for complex 16 of 7.41 cm3 mol-1 K may be compared to 

the spin-only (g = 2) values of 3.0 and 6.0 cm3mol-1K expected for S = 2 and 3 states, 

respectively. The χM΄T value at 0 K where only the ground state would be populated, for 

an S = 4 and g = 1.85 (values obtained from magnetization fits) system is 8.56 cm3mol-

1K. The in-phase χM΄T (Figure 4-8 (left)) value of complex 16 of 14.30 cm3mol-1K at 10 

K decreases sharply to reach 6.80 cm3mol-1K at 1.8 K. The drastic sloping nature of the 

plot indicates the presence of low lying (relative to kT) excited spin states with S greater 

than the S of the ground state. Thus, with lowering of temperature the χM΄T value 

decreases steeply as depopulation of excited states with greater S value than the ground 
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Figure 4-8. Plots of the in-phase (as χM´T) ac susceptibility signals vs T for complex 16 
(left), and complexes 17 and 18 (right). The measurement is in a 3.5 G ac field 
oscillating at a 500 Hz frequency. 
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state is occurring. Unfortunately, the latter are commonly encountered in high nuclearity 

clusters; weak exchange interactions between the constituent ions and/or spin frustration 

effects within the molecule give rise to a high density of spin states. Extrapolation to 0 K 

of the in-phase signal of 16 (Figure 4-8 (left)), where only the ground state would be 

populated, gives a value of ~ 5.2 cm3mol-1K indicative of an S = 3 ground state and g < 2, 

as expected for Mn. We are more confident with the in-phase ac susceptibility data as it 

avoids the complications resulting from the application of a dc field and/or the population 

of low-lying excited spin-states other than the ground state, and thus conclude that 

complex 16 has a ground state spin S = 3. 

In principle, in a zero dc field the in-phase ac data should be in agreement with the 

dc data in the same temperature range if there is population of only the ground state and 

the complex has no significant intermolecular interactions. Thus, the χM΄T value 

extrapolated to zero Kelvin where only the ground state would be populated should be in 

agreement with the formula χM΄T = (g2/8)S(S+1). This provides a reliable approach  

Table 4-4. Comparison of the magnetic susceptibility parameters of complexes 17 and 18. 
Complex S D 

(cm-1) 

g U 

(cm-1) 

χM΄T valuea  

(cm3mol-1K) 

χM΄T valueb 

(cm3mol-1K) 

17 6 -0.22 1.88 7.92 18.56 18.64 

18 6 -0.18 1.86 6.48 18.16 19.45 
 

a The χM΄T value computed at 0 K, using S and g values obtained from magnetization fits 
and applying the formula χM΄T = (g2/8)S(S+1). 
b The experimental χM΄T value at 1.8 K, obtained from the in-phase ac susceptibility 
plots. 

 

towards determining the ground state spin for polynuclear homometallic complexes as it 

avoids the complications resulting from the application of a dc field and/or the population 
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of low-lying excited spin-states other than the ground state. We have in the past used this 

technique to confirm and/or determine the ground-state spin of our complexes.48 

The χM΄T value of complex 17 is 17.79 cm3mol-1K at 10 K and increases steadily to 

18.64 cm3mol-1K at 1.8 K (Fig. 4-8 (right)) and seems to be dropping slightly to a lower 

value below 1.8 K. For 18 the χM΄T value (Fig. 4-8 (right)) of 17.32 cm3mol-1K at 10 K 

increases steadily to 19.71 cm3mol-1K at 2.2 K. Then it drops fractionally to reach 19.45 

cm3mol-1K at 1.8 K and seems to be falling to a lower value at 0 K. The expected χM΄T at 

0 K for an S = 6 and g = 1.88 system (see magnetization fits earlier) like complex 17 is 

18.56 cm3mol-1K. Similarly, for complex 18 one expects a value of 18.16 cm3mol-1K at 0 

K for the χM΄T component. Thus, the χM΄T values for complexes 17 and 18 are 

satisfyingly consistent with the S and g values obtained from the magnetization fits (vide 

supra). The non-sloping nature of the dc and ac in-phase magnetic susceptibility data 

clearly indicate that both the complexes have a very well-isolated S = 6 ground state spin 

and there is minimal population of other excited spin-states, if any. The S, D, g, U, and 

χM΄T values (expected at 0 K from S and g values from magnetization fits and obtained at 

1.8 K from in-phase ac data) are displayed in Table 4-4 for complexes 17 and 18 for 

comparison. 

The plots of the out-of-phase signal (χM΄΄) versus T did not display any frequency-

dependant signals for complexes 17 or 18.  However, no tails of peaks were seen until the 

operating minimum of 1.8 K of our SQUID instrument. Since, both complexes possess a 

barrier to magnetization relaxation of ~ 7 cm-1 there was always a possibility that the 

frequency-dependant ac signals could perhaps be present at temperatures below 1.8 K. 
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Thus, to confirm this and to investigate the system further we decided to perform low 

temperature (< 1 K) hysteresis studies on complex 18, as well as the Mn10Th6 complex. 

4.2.3.3 Hysteresis studies below 1.8 K 

Hysteresis loops are the definitive property of a magnet and can provide 

unquestionable proof that a molecule behaves as a single-molecule magnet. The absence 

of an out-of-phase signal, at least above 1.8K (the operating minimum of our 

magnetometer) suggests that the Mn10Th6 complex is not a SMM, but this is to be 

expected for a complex with a small molecular spin and containing only MnIV ions; the 

latter is a fairly isotropic ion and the cluster will therefore have at best only a very small 

magnetoanisotropy (i.e. zero-field splitting parameter, D); there are currently no SMMs 

containing only MnIV ions. Thus, to confirm the conclusion from the ac data, 

magnetization vs dc field sweeps on a single crystal of 16·10MeCN were carried out at 

temperatures down to 0.04 K, and the results are shown in Fig. 4-9(left). Even at the 

lowest temperature, no hysteresis was observed, confirming the compound not to be a 

SMM. 

Since the χM΄T showed no (significant) decrease down to 1.8 K, the complexes 17 

and 18 clearly did not exhibit the slow magnetization relaxation that is suggestive of a 

SMM. This was supported by the absence of an out-of-phase ac susceptibility signal 

(χM΄΄) for the frequency range examined. To explore whether slow relaxation might 

nevertheless be manifested at even lower temperatures, magnetization vs dc field scans 

were carried out on a single crystal of 18·5MeCN using a micro-SQUID apparatus.50 The 

observation of hysteresis loops in such studies represents the diagnostic property of a 

magnet, including SMMs and superparamagnets below their blocking temperature (TB). 
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In particular, the hysteresis loops of SMMs exhibit increasing coercivities with increasing 

sweep-rates and with decreasing temperatures.  

The magnetization vs dc field sweeps at a fixed sweep-rate of 0.14 T/s and at 

temperatures of 0.7 and 0.1 K are presented in Figure 4-9(right). The 0.7 K scan displays 

an apparently greater coercivity than the 0.1 K scan, but that must be due to the former 

being a result of a phonon bottleneck rather than a significant barrier. The 0.1 K does 

show a very small amount of hysteresis, evident at non-zero field positions, but this is 

truly very small. We conclude from this that in spite of a predicted barrier U of ~7 cm-1  
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Figure 4-9. (Left) Magnetization (M) vs applied magnetic field (H) hysteresis loops for 

single-crystals of 16·10MeCN at a fixed sweep rate of 0.035 T/s and at the 
indicated temperatures. (Right) Hysteresis loops at temperatures of 0.7 and 0.1 
K and at a 0.14 T/s sweep rate for single crystals of 18·5MeCN. In both plots 
M is normalized to its saturation value, Ms. 

calculated from S2|D|, it is clear that the true barrier Ueff is much smaller due to fast QTM. 

The latter is responsible for the large step (magnetization change) at zero field that 

effectively relaxes almost all the magnetization, and allows only a very small hysteresis 

at non-zero field values. Large QTM rates would be consistent with the low symmetry of 

the molecule, which would result in a significant transverse anisotropy (rhombic ZFS 

parameter, E). The latter will result in significant mixing of states on either side of the 
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anisotropy barrier, and thus significant QTM rates. We conclude that complexes 17 and 

18 are not SMMs. 

4.3 Conclusions 

In summary, the first polymetallic cluster containing manganese and thorium atoms 

has been synthesized by the reaction of a preformed MnIII
4 cluster with ThIV nitrate. The 

fact that the resulting ThIV
6MnIV

10 product contains only MnIV is noteworthy, and is 

reminiscent of the CeIV
xMnIV

y products reported recently.100 The hard ThIV ion is known 

to be very oxophilic and favor the incorporation of similarly hard O2- ions, and the latter 

in turn will favour the formation of hard MnIV ions from MnIII, presumably facilitated by 

aerial oxidation. As for the CeIV
xMnIV

y complexes, which were obtained from the 

oxidation of MnII sources with CeIV, we believe the high oxidation state MnIV ions are 

stabilized by the rich oxide environment, which in turn is facilitated by the CeIV ions. The 

Th6Mn10 complex is the largest mixed transition metal/actinide complex to date and 

augurs well that it is merely the prototype of a rich new area of mixed 3d/5f cluster 

chemistry. The next largest member of this family is a Cu2Mo12U polyoxometallate.101 

Indeed, polyoxometallates are relatively common in actinide chemistry, but in contrast 

there are only very few structurally characterized mixed-metal carboxylate complexes 

containing actinides, and these are small nuclearity species. Finally, the high oxidative 

strength of the Mn10Th6 complex, complimented by its solubility in most organic 

solvents, makes it a very attractive candidate for catalytic and/or noncatalytic oxidation 

processes. 

In this chapter, we have also detailed the synthesis, structure and magnetic 

properties of two novel Mn7 complexes. Thus, the use of terpy in reactions with certain 

Mn3 and Mn4 species has led to an interesting new structural type in Mn carboxylate 
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cluster chemistry that can be described as a hybrid of two previously observed cores. It is 

also a rare example of three different Mn oxidation states in the same unit. The obtained 

complexes possess S = 6 ground states, and it is satisfying that this can be rationalized by 

qualitative considerations of the expected Mn2 pairwise couplings. The low anisotropy, 

however, as reflected in the small D values, as well as the low C1 (virtual CS) symmetry, 

means that these complexes are not new additions to the family of SMMs. Nevertheless, 

they are interesting new additions to the family of Mnx clusters. The preparation of 17 

and 18 are obviously dependent on the presence of terpy in the reaction, but only one 

terpy is incorporated into the structure, and then only on the MnII atom on the periphery 

of the molecule and not apparently of much importance to the topology of the remaining 

Mn6 portion of the structure. In fact, with hindsight, there seems no reason why this type 

of structure could not have been previously encountered with other chelates such as bpy 

and a monodentate ligand (H2O, Cl¯, etc) in place of terpy. Of course, this merely 

emphasizes how complicated and unpredictable are the precise nuclearities and 

topologies of products of such labile and complicated multi-component reactions under 

thermodynamic control. 

4.4 Experimental 

4.4.1 Syntheses 

All manipulations were performed under aerobic conditions using chemicals as 

received, unless otherwise stated. [Mn3O(O2CPh)6(py)2(H2O)](2),54 and 

(NBun
4)[Mn4O2(O2CPh)9(H2O)] (3),55 were prepared as previously reported. 

[Mn10Th6O22(OH)2(O2CPh)16(NO3)2(H2O)8]·10MeCN (16). To a slurry of 3 

(0.25g, 0.16mmol) in MeCN/MeOH (20ml/1ml) was added Th(NO3)4·3H2O (0.17g, 

0.31mmol) and left under magnetic stirrer for 30 min. The resulting brown solution was 
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filtered and the filtrate concentrated by slow evaporation to yield reddish crystals of 16 in 

about a month. These crystals were washed with acetone and dried overnight in vacuo. 

The dried crystalline material identified as fully desolvated and was obtained in 20% 

isolated yield. Anal. Calc (Found) for 16: C112H98O70N2Mn10Th6: C, 29.67 (29.52); H, 

2.18 (2.15); N, 0.62 (0.48) %. Selected IR data (KBr, cm-1): 3392(s, br), 1598(m), 1522(s, 

br), 1448(w), 1384(s, br), 1025(w), 718(s), 685(m), 615(s, br), 571(w), 482(w). 

[Mn7O5(OMe)2(O2CPh)9(terpy)]·5MeCN (17). Method A. To a slurry of 2 

(0.50g, 0.45mmol) in MeCN/MeOH (20ml/2ml) was added solid 2,2΄:6΄,2˝-terpyridine 

(in short, terpy) (0.05g, 0.23mmol) and left under magnetic stirrer for 20 min. The 

resulting reddish-brown solution was filtered and the filtrate concentrated by slow 

evaporation to yield brown crystals in a couple of days. These were washed with acetone 

and dried in vacuo. The dried crystalline material identified as 17·5MeCN and was 

obtained in 60% isolated yield.  Anal. Calc (Found) for 17·5MeCN: C90H77O25N8Mn7: C, 

52.60 (52.55); H, 3.78 (3.72); N, 5.45 (5.40) %. Selected IR data (KBr, cm-1): 3432(s, br), 

1599(s), 1563(s), 1449(w), 1385(s), 1025(w), 772(w), 717(s), 681(m), 621(m),  542(w), 

473(w). 

Method B. In MeCN/MeOH (20ml/2ml) was dissolved complex 3 (0.50g, 

0.31mmol) and terpy (0.03g, 0.12mmol) and left stirring for 20 min. The resulting 

solution was filtered and the filtrate slowly concentrated by evaporation to yield brown 

crystals which were washed with acetone and dried in vacuo. The product was identified 

as 17 by IR and elemental analysis. Anal. Calc (Found) for 17·5MeCN: C90H77O25N8Mn7: 

C, 52.60 (52.62); H, 3.78 (3.82); N, 5.45 (5.49) %. The yield was 45% based on Mn.  
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[Mn7O5(OCH2Ph)2(O2CPh)9(terpy)]·5MeCN (18). To a slurry of 2 (0.25g, 

0.23mmol) in MeCN/PhCH2OH (20ml/1ml) was added terpy (0.02g, 0.07mmol) and left 

under magnetic stirrer for 30 min. The resulting brown solution was filtered and the 

filtrate concentrated by slow evaporation to yield black crystals of 2 in about a week. 

These crystals were washed with acetone and dried overnight in vacuo. The dried 

crystalline material identified as fully desolvated and was obtained in 50% isolated yield. 

The synthesis could also be repeated by employing complex 3 as the starting material and 

reacting it with terpy in a 23:7 molar ratio. The product from this reaction was identified 

as 18 by IR and elemental analysis. Anal. Calc (Found) for 18: C92H70O25N3Mn7: C, 

55.19 (54.95); H, 3.52 (3.24); N, 2.10 (2.27) %. Selected IR data (KBr, cm-1): 3440(s, br), 

1599(s), 1562(s), 1450(w), 1370(s), 1024(w), 771(w), 717(s), 683(m), 628(m),  541(w), 

472(w). 

4.4.2 X-ray Crystallography 

Data were collected on a Siemens SMART PLATFORM equipped with a CCD 

area detector and a graphite monochromator utilizing Mo-Kα radiation (λ = 0.71073 Å). 

Suitable crystals of the complexes were attached to glass fibers using silicone grease and 

transferred to a goniostat where they were cooled to 173 K for data collection. An initial 

search of reciprocal space revealed a triclinic cell for 16 and 17, and an orthorhombic cell 

for 18; the choice of space groups Pī, Pī, and Pbca respectively, were confirmed by the 

subsequent solution and refinement of the structures. Cell parameters were refined using 

up to 8192 reflections. A full sphere of data (1850 frames) was collected using the ω-scan 

method (0.3° frame width). The first 50 frames were re-measured at the end of data 

collection to monitor instrument and crystal stability (maximum correction on I was < 1 

%). Absorption corrections by integration were applied based on measured indexed 
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crystal faces. The structures were solved by direct methods in SHELXTL6,56a and refined 

on F2 using full-matrix least squares. The non-H atoms were treated anisotropically, 

whereas the hydrogen atoms were placed in calculated, ideal positions and refined as 

riding on their respective carbon atoms.  

For 16·10MeCN, the asymmetric unit consists of half the cluster and five MeCN 

molecules as crystallization solvents. The solvent molecules were disordered and could 

not be modeled properly, thus program SQUEEZE,56b a part of the PLATON56c package 

of crystallographic software, was used to calculate the solvent disorder area and remove 

its contribution to the overall intensity data. A total of 791 parameters were included in 

the structure refinement on F2 using 16874 reflections with I > 2 σ(I) to yield R1 and wR2 

of 7.07% and 16.47%, respectively. 

For 17·5MeCN, the asymmetric unit consists of two Mn7 clusters located on an 

inversion center, and five acetonitrile molecules as solvents of crystallization. A total of 

1176 parameters were included in the structure refinement on F2 using 29290 reflections 

with I > 2σ(I) to yield R1 and wR2 of 4.23% and 8.71%, respectively. 

For 18·5MeCN, the asymmetric unit consists of the Mn7 cluster and five molecules 

of acetonitrile. The solvent molecules were disordered and could not be modeled 

properly, thus program SQUEEZE,56b a part of the PLATON56c package of 

crystallographic software, was used to calculate the solvent disorder area and remove its 

contribution to the overall intensity data. A total of 1144 parameters were included in the 

structure refinement on F2 using 21072 reflections with I > 2 σ(I) to yield R1 and wR2 of 

5.74% and 12.21%, respectively.
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CHAPTER 5 
THE FIRST STRONTIUM-MANGANESE CLUSTER: SINGLE-MOLECULE 

MAGNETISM AND Sr-EXAFS COMPARISON WITH THE WATER OXIDIZING 
COMPLEX OF PHOTOSYSTEM II 

5.1 Introduction 

Manganese carboxylate cluster chemistry has assumed much importance in recent 

years owing mainly to its relevance to bioinorganic chemistry and nanoscale magnetic 

materials. The latter area primarily involves the synthesis of single-molecule magnets 

(SMMs), which are molecules that retain their magnetization below a blocking 

temperature in the absence of an applied field.7, 9 For a molecule to function as an SMM, 

it should possess a large ground state spin (S) and a negative (easy axis) 

magnetoanisotropy (D). Several classes of SMMs are now known,102 most of them 

containing MnIII, but there is a continuing need to develop methods to modify known 

structural types and synthesize new ones in order to improve our understanding of this 

interesting nanomagnetic phenomenon. In the bioinorganic field, the water oxidizing 

complex (WOC) in Photosystem II (PS II) catalyses the oxidation of H2O to O2 gas in 

green plants and cyanobacteria.18 This four-electron process involves various oxidation 

levels of the WOC (the so-called Sn states, n = 0 to 4),19, 20 and is the source of essentially 

all the O2 on this planet. Amongst these various states, S1 is the most stable, well-studied 

and understood one; various crystallographic studies have also been performed on this 

state. 

The WOC has been studied for many years by a variety of spectroscopic and 

physicochemical techniques, and has long been known to comprise a tetranuclear, oxide-
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bridged Mn4 cluster containing primarily MnIII and MnIV ions and mainly carboxylate 

peripheral ligation. It has also been known that the WOC requires Ca2+ for activity,103 and 

calcium EXAFS (extended X-ray absorption fine structure) studies of the WOC have 

revealed a Mn···Ca separation of ~3.4 Å.104 Many groups have studied the Ca2+ binding 

site of the WOC by substitution with Sr2+, motivated by the general lack of spectroscopic 

features of Ca2+.105, 106 Additionally, there are experimental complications involved in Ca 

EXAFS studies mainly arising due its abundance in nature and the resulting difficulty to 

exclude extraneous Ca, from PS II samples. Strontium is the only metal that can 

substitute for the Ca2+ in active PS II samples with major retention of activity (~ 40%),105 

and a corresponding Mn···Sr separation of ~ 3.5 Å has been detected in Sr EXAFS 

studies of Sr-substituted preparations.106 In addition, recent crystallographic studies on 

the PS II reaction center of the cyanobacterium Thermosynechococcus elongatus at 3.5 

Å22 and 3.0 Å26 resolutions have identified Ca as being an integral part of the Mn 

complex using anomalous diffraction data. Although there is still an uncertainty about the 

CaMn4 structure obtained from crystallography due to radiation damage during X-ray 

data collection,23, 26 there is little doubt that the WOC is indeed a heterometallic 

[Mn4CaOx] cluster.22, 26 

The availability of synthetic Ca/Mn (and Sr/Mn) complexes to act as synthetic 

models of the WOC would represent an important step forward in understanding the 

magnetic and spectroscopic properties of the native site and the mechanism of its 

function. However, in contrast to the growing knowledge of the WOC, as described 

above, there is essentially nothing in the inorganic chemistry literature of mixed-metal 

Ca/Mn or Sr/Mn compounds. In fact, only recently was the first example of a molecular 
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Ca/Mn cluster reported.43 Similarly, there are no molecular Sr/Mn clusters currently 

known, only some polymeric SrII/MnII species.107 Therefore, as part of our continuing 

interest in obtaining synthetic models of the WOC and its various modified forms, we 

have been investigating mixed Sr/Mn chemistry and have successfully obtained the first 

such molecular species, a SrMn14 complex. Although the nuclearity is much higher than 

that in the WOC, it is an important step forward and has also allowed Sr EXAFS data to 

be obtained for the first time on a structurally well-characterized synthetic complex that 

can act as a benchmark for comparison with similar data on the WOC. We also 

demonstrate that this new Sr/Mn complex is a SMM with a high blocking temperature 

arising primarily from a high magnetoanisotropy component. 

5.2 Results and Discussion 

5.2.1 Syntheses 

We recently began seeking synthetic routes to Ca/Mn, Sr/Mn and Ln/Mn (Ln = 

lanthanide) heterometallic complexes, and initial results from this effort have been very 

satisfying.37, 43 Our synthetic strategy has been to employ preformed manganese clusters 

such as [Mn3O(O2CR)6(py)3] (R = Me, But, Ph) and (NBun
4)[Mn4O2(O2CPh)9(H2O)] and 

treat them with a heterometal carboxylate or other salt. Particularly attractive as a starting 

material is (NBun
4)[Mn4O2(O2CPh)9(H2O)], which contains 4 MnIII ions and only 

carboxylate and water ligands around the Mn/O core.55 It is thus an attractive (and easily 

prepared) reagent that can potentially yield MnIII- (and even MnIV-) containing products. 

We have thus been carrying out a thorough investigation of the reactivity of this Mn4 

complex with various metal(II) salts, seeking to access new mixed-metal species.  

As part of the above investigation, the following procedure with Sr was developed, 

which is similar to those used previously for Ca/Mn and Ln/Mn products. 37, 39, 43 
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Treatment of (NBun
4)[MnIII

4O2(O2CPh)9(H2O)] with 1 equiv. of Sr(ClO4)2·xH2O in 

MeCN/MeOH (10:1 v/v) resulted in the subsequent isolation of 

[SrMn14O11(OMe)3(O2CPh)18(MeCN)2]·12MeCN (19·12MeCN) in 55% yield (based on 

Mn). The Mn4:Sr ratio of 1:1 was obviously directed at a Mn4Sr product as would be 

present in the WOC, and the small amount of MeOH was necessary to ensure solubility 

of Sr(ClO4)2. However, the absence of any chelating agents in the reaction solution 

allowed any smaller nuclearity intermediates to aggregate further and yield the Mn14Sr 

product 19; reactions with added chelates such as bipyridine, terpyridine and 8-

hydroxyquinoline are under investigation but have yet to provide pure, isolable products. 

The reaction mixture is almost certainly a complicated mixture involving fragmentation, 

aggregation and redox processes, with several species likely in equilibrium, and the 

attainment of complex 19 in good yield (55%) and purity is undoubtedly facilitated by its 

crystallization directly from the reaction mixture, driving any equilibria to this product. 

The presence of MeOH as a solvent or co-solvent is a recurring theme in much of our 

recent work,48, 108 and not only ensures solubility of all reactants, as already stated, but 

also serves to (potentially) provide terminal and/or bridging ligands. Indeed, complex 19 

contains three bridging methoxide groups (vide infra). The present work is thus the most 

recent member of a growing class of methoxide-bridged mixed-metal species, 37, 39, 43 

although it should be added that 19 is the first mixed Sr/Mn cluster of any type and with 

any ligation set.  

5.2.2 Description of Structures 

A PovRay representation of 19 and its stereopair are presented in Figure 5-1. The 

labeled core is shown in Figure 5-2. Crystallographic data and structure refinement 
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details are collected in Table 5-1, and selected interatomic distances are listed in Table 5-

2. 

Complex 19·12MeCN crystallizes in the triclinic space group P-1 with the SrMn14 

molecule in a general position. The structure consists of a [SrMn14O11(OMe)3]18+ core 

whose Mn ions are mixed-valent (MnIII
13, MnII) and bridged by six µ4-O2-, five µ3-O2-,  

 

 
Figure 5-1. (Top) PovRay representation at the 50% probability level of the X-ray crystal 

structure of 19 (with the benzoate rings omitted for clarity, except for the ipso 
C atoms) and (bottom) its stereopair. Color scheme: MnIII light blue, MnII 
yellow, Sr green, O red, N dark blue, C grey. H atoms have been omitted for 
clarity. 

two µ3-MeO-, and one µ2-MeO- ions (Figure 5-2). The metal oxidation states and the 

protonation levels of O2- and MeO- ions were established by bond-valence sum 
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calculations calculations,109, 89 charge considerations, inspection of metric parameters and 

the identification of MnIII Jahn-Teller (JT) elongation axes. The core consists of two 

[Mn4O3(OMe)] cubanes attached, via oxide bridges, on either side of a central, near linear 

and planar [Mn3O4] unit (Mn6, Mn7, Mn9). To the latter are also attached the MnII (Mn8) 

and SrII atoms above the central unit, and a [Mn2O(OMe)] rhombus (Mn5, Mn10) below 

it. Within this description, two triply-bridging methoxides (O43, O46) lie within the two 

cubanes whereas the doubly-bridging methoxide (O41) is within the [Mn2O(OMe)] 

rhombus. Peripheral ligation is provided by fourteen doubly- and four triply-bridging 

 

Figure 5-2. The labeled [Mn14SrO11(OMe)3]18+ core of complex 19. Color scheme: MnIII 
light blue, MnII yellow, Sr green, O red, N dark blue, C grey. H atoms have 
been omitted for clarity. 

benzoates, as well as two terminal MeCN molecules on the Sr2+ ion. Three of the µ3-

PhCO2
- groups have one O atom doubly-bridging a SrII/MnIII pair, whereas the fourth 

benzoate has it bridging a MnII/MnIII pair. Three of the MnIII atoms (Mn5, Mn9, Mn10) 

are five-coordinate, whereas all the remaining Mn are six-coordinate. The Sr is eight-

coordinate with six Sr-O bonds in the range 2.501 – 2.769 Å, and two Sr-N bonds to the  
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Table 5-1. Crystallographic data for [SrMn14O11(OMe)3(O2CPh)18(MeCN)2]·12MeCN 
  

Parameter 19·12MeCN 

formulaa C157H141Mn14Sr1N14O50 
fw, g mol-1 3880.62 
space group P1 
a, Å 18.4417(16) 
b, Å 19.0430(16) 
c, Å 25.447(2) 
α, deg 69.789(2) 
β, deg 78.549(2) 
γ, deg 73.792(2) 
V, Å3 8001.2(12) 
Z 2 
T, K 173(2) 
radiation, Åb 0.71073 
ρcalc, g cm-3 1.611 
μ, cm-1 8.825 
R1 (wR2), %c,d 8.99 (20.69) 

 

a  Including solvent molecules. b Graphite monochromator. c R1 = Σ||Fo| – |Fc|| / Σ|Fo|. d 
 wR2 = [Σ[w(Fo

2 - Fc
2)2] / Σ[wFo

2 )2]]1/2 where S = [Σ[w(Fo
2 – Fc

2)2] / (n-p)]1/2, w = 
 1/[σ2(Fo

2) + (mp)2 + np], p = [max(Fo
2, 0) + 2Fc

2]/3, and m and n are constants. 
 
two MeCN molecules of 2.711 and 2.763 Å. The closest Sr···Mn separation is 3.3 Å to 

Mn3. 

5.2.3 Magnetochemistry of Complex 19 

5.2.3.1 DC studies of 19 

Solid-state variable-temperature magnetic susceptibility measurements were 

performed on vacuum-dried, microcrystalline samples of complex 19, restrained in 

eicosane to prevent torquing. The dc magnetic susceptibility (χM) data were collected in 

the 5.00 – 300 K range in a 1 kG (0.1 T) field, and they are plotted as χMT vs. T in Figure 

5-3 (left). The χMT at 300 K is 30.67 cm3mol-1K, much lower than the 43.38 spin-only 

value (g = 2) expected for a cluster comprising thirteen MnIII and one MnII non-

interacting ions, indicating extensive intramolecular antiferromagnetic interactions. The 
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χMT steadily decreases further with decreasing temperature and finally reaches 10.51 

cm3mol-1K at 5.00 K, suggesting a small (but non-zero) ground state spin, S. Owing to 

the size and low symmetry of the molecule, a matrix diagonalization method to determine 

the various exchange parameters (Jij) between MniMnj pairs was clearly unfeasible. We 

thus concentrated instead on identifying the ground state spin of the molecule, and this 

was accomplished by collecting variable-temperature and variable-field magnetization 

(M) data in the 1.8 − 10 K and 0.1 − 4.0 T ranges; the data are plotted as reduced 

magnetization (M/Nμβ) versus H/T in Figure 5-3 (right). The data were fit, using the 

program MAGNET,46 by diagonalization of the spin Hamiltonian matrix assuming only 

the ground state is populated, incorporating axial anisotropy (DŜz
2) and Zeeman terms, 
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Figure 5-3. (Left) Plot of χMT vs T for complex 19. (Right) Magnetization (M) vs field 
(H) and temperature (T) data, plotted as reduced magnetization (M/NμB) vs 
H/T, for 19 at applied fields of 0.1, 1.0, 2.0, 3.0 and 4.0 T and in the 1.8 - 10 
K temperature range. The solid lines are the fit of the data; see the text for the 
fit parameters. 

and employing a full powder average. The corresponding Hamiltonian is given by eq 5-1, 

where D is the axial anisotropy constant, μB is the Bohr magneton, Ŝz is the easy-axis spin 

   Ĥ = DŜz
2 + gμBμ0Ŝ·Hz       (5-1) 

operator, g is the electronic g factor, μ0 is the vacuum permeability, and Hz is the applied 



126 

 

longitudinal field. The last term in eq 5-1 is the Zeeman term associated with an applied 

magnetic field. The fit parameters were S = 9/2, g = 1.88 (± 0.01) and D = -0.50 (± 0.01) 

cm-1. The D value of -0.5 cm-1 is consistent with the complex having predominantly MnIII 

ions and g < 2, as expected for Mn. When data collected at fields > 4.0 T were included, a 

satisfactory fit could not be obtained. We have found that poor quality fits of the 

magnetization versus H and T plots are a common problem in manganese chemistry when 

(i) the Mnx species is of high nuclearity and there is thus a high density of spin states 

resulting from the many exchange interactions present amongst the constituent Mn ions; 

and/or (ii) one or more MnII ions are present, which typically give very weak (and usually 

antiferromagnetic) exchange interactions and thus small energy separations. As a result, 

there are many excited states that are low-lying (relative to kT), and some of these will 

have S greater than the S of the ground state. Population of the excited states will thus be 

difficult to avoid even at the lowest temperatures normally employed. In addition, in the 

presence of a big enough applied dc field, Ms components of the excited state(s) can 

approach in energy the lowest-lying Ms of the ground state and even cross below it. The 

fitting procedure assumes only a single state is occupied, and thus an S value greater than 

the true ground-state S is given by the best fit of the data because it is affected by the 

contributions from the populated excited state(s). As a result, we typically observe that 

the best fit using all of the data collected over many field values will thus overestimate 

the M value at low fields and underestimate the M value at large fields. For this reason, 

we used for the fit of Figure 5-3 (right) only the M data collected at small fields and as a 

result a satisfactory fit was obtained, with the fit parameters given above. 
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In order to confirm the global minimum had been obtained, and to assess the 

precision of the fit parameters, the root-mean-square error surface for the fit was 

generated as a function of g and D using the program GRID.98 The obtained error surface 

is depicted in Figure 5-4 as a 2-D contour plot (left) and as a 3-D mesh plot (right), in the 

ranges of D = -0.35 to -0.68 cm-1 and g = 1.79 to 2.00 for the contour plot. A single 

minimum is observed, with the best fit at g = 1.88 and D = -0.50 cm-1 (the star in Figure 

5-4). The error surface near this minimum is rather soft with an elongated contour 

describing the region from D = -0.49 to -0.51 cm-1 and g = 1.87 to 1.89, and we thus 

estimate uncertainties in the fit parameters of D = -0.50 ± 0.01 cm-1 and g = 1.88 ± 0.01,  
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Figure 5-4. (Left) Two-Dimensional contour plot of the root-mean-square error surface 

for the reduced magnetization (M/NμB) vs H/T fit for complex 19 as a 
function of g and D. The star marks the point of minimum error. (Right) 
Three-Dimensional mesh plot of the error vs D vs g for the same fit for 19. 

as already stated. 

Although 19 has a small ground state spin value of S = 9/2, the large D value of -

0.5 cm-1, which is comparable to Mn12 SMMs,30 suggested that the barrier to 

magnetization relaxation might be large enough for the complex to function as an SMM. 

The S and D values obtained for complex 19 suggest an upper limit to the potential 
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energy barrier (U) to magnetization reversal of  U = (S2 – ¼)|D| = 10 cm-1 = 14 K,9 

although the actual, effective barrier (Ueff) was anticipated to be less than this due to 

quantum tunneling of the magnetization (QTM). Thus, ac susceptibility measurements 

were performed to investigate whether 19 was an SMM or not.  

5.2.3.2 AC studies of 19 

Ac studies were performed in the 1.8−10 K range in a zero dc field and a 3.5 G AC 

field oscillating at frequencies in the 10−1000 Hz range to determine if 19 might be an 

SMM. Typically in an ac susceptibility experiment, a weak field (generally 1–5 G) 

oscillating at a particular frequency (υ) is applied to a sample to probe the dynamics of 

the magnetization (magnetic moment) relaxation. A decrease in the in-phase ac 

susceptibility signal and a concomitant increase in the out-of-phase signal are indicative 

of the onset of the slow, superparamagnet-like relaxation of SMMs.7, 9 This occurs 

because at low enough temperatures, where the thermal energy is lower than the barrier 

for relaxation, the magnetization of the molecule cannot relax fast enough to keep in 

phase with the oscillating field. The obtained data for complex 19 are shown in Figure 5-

5, and it can be seen that the molecule at temperatures below 3 K exhibits the frequency- 

dependent tails of χM'' signals whose peak maxima lie at temperatures below the 

operating minimum of our SQUID magnetometer (1.8 K). These χM'' signals are 

accompanied by a concomitant frequency-dependent decrease in the in-phase (χM'T) 

signals. 

In the absence of slow relaxation, the ac in-phase signal (χM'T) should be equal to 

the dc χMT, except that the former employs no dc field, of course. In fact, this is very 

useful as an extra assessment of the ground state S value, since ac studies preclude the 

complicating possibility of low-lying excited states, as discussed for the magnetization 
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fits above. Thus, examination of the low temperature χM'T value is a good indicator of the 

ground state S. The plot in Figure 5-5 shows that χM'T is decreasing at temperatures < 10 

K, consistent with population of excited states with S greater than that of the ground state. 

Below ~ 6 K, the line begins to slope more steeply and then drops rapidly below 3 K, 
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Figure 5-5. Plot of the in-phase (as χM´T) and out-of-phase (χM˝) AC susceptibility signals 
vs temperature for complex 19 in a 3.5 G field oscillating at the indicated 
frequencies. 

from the slow relaxation effect. Some of the decrease in the 3 - 6 K region is likely due to 

weak intermolecular interactions, so extrapolating the plot from above 6 K to 0 K gives a  

χM'T ≈ 10.5 cm3mol-1K, in satisfying agreement with the S = 9/2 and g = 1.88 values 

obtained earlier from the magnetization fits, which predict χM'T to be 10.9 cm3mol-1K. 

Note that an S = 7/2 or 11/2 ground state would give χM'T = 6.96 or 15.8 cm3mol-1K, 
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respectively, for g = 1.88 (or χM'T = 7.9 or 17.9 cm3mol-1K, respectively, for g = 2.0), 

both much more in disagreement with the experimental data in Figure 5-5. The ac data 

thus provide an independent confirmation of an S = 9/2 ground state for complex 19.  

The appearance of out-of-phase χM'' signals suggests that complex 19 may indeed 

have a significant (vs kT) barrier to magnetization relaxation and thus may be a SMM. 

However, confirmation of this requires magnetization vs applied dc field sweeps to 

display hysteresis loops, and this was explored on with studies at temperatures below 1.8 

K, as described below.  

5.2.3.3 Hysteresis studies below 1.8 K 

To establish whether 19 is a SMM, magnetization versus applied dc field data were 

collected on single crystals of 19·12MeCN (that had been kept in contact with the  
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Figure 5-6. (Left) Magnetization (M) vs applied magnetic field (H) hysteresis loops for 

single-crystals of 19·12MeCN at a fixed sweep rate of 0.14 T/s and at the 
indicated temperatures, and (right) at 0.04 K and at the indicated sweep rates. 
In both plots M is normalized to its saturation value, Ms. 

mother liquor) down to 0.04 K using a micro-SQUID instrument, with the field 

approximately along the easy axis (z axis) of the molecule.50 Magnetization vs field 

hysteresis, the diagnostic property of a magnet, was indeed observed below 1.3 K (Figure 

5-6). The hysteresis loops exhibit increasing coercivity with increasing field sweep rate at 
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a constant temperature (Figure 5-6, right), and increasing coercivity with decreasing 

temperature at a constant sweep rate (Figure 5-6, left). This is as expected for the 

superparamagnet-like properties of a SMM. These hysteresis loops thus confirm complex 

19 to be a new addition to the family of SMMs. The blocking temperature (TB) is ~1.4 K, 

above which there is no hysteresis, i.e., the spin relaxes faster to equilibrium than the 

timescale of the hysteresis loop measurements. 

 The most dominating feature of the hysteresis loops in Figure 5-6 is the large step 

at zero field, which is due to quantum tunneling of the magnetization (QTM) through the  

 

 Figure 5-7. Plot of the magnetization versus time decay data of 19. Because of fast 
QTM, decay time, and hence relaxation rate vs temperature kinetic data 
cannot be obtained from this.  

anisotropy barrier, with a second step at ~ 1 T. The large zero-field step (which 

corresponds to a surge in the magnetization relaxation rate) indicates that QTM in zero 

field is fast, and this in turn is consistent with the low symmetry of the molecule, which 

introduces a non-zero rhombic (transverse) anisotropy into the spin Hamiltonian, i.e., 
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2), where E is the rhombic zero-field splitting parameter. The greater is the 
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field that results in the large step at this position also prevents us from collecting 

magnetization vs time decay data with which to construct an arrhenius plot and determine 

the effective barrier to relaxation (Ueff). Typically, in such a dc magnetization decay 

experiment, the magnetization is saturated with an applied dc field at a particular 

temperature, then the temperature is lowered to a chosen value, the field switched off, 

and the magnetization monitored with time (Fig. 5-7). The magnetization relaxation of a 

SMM obeys the Arrhenius relationship τ = τ0 exp (Ueff/kT), the characteristic behavior of 

a thermally-activated Orbach process,110 where Ueff is the effective (kinetic) anisotropy 

energy barrier, k is the Boltzmann constant, and 1/τ 0 is the pre-exponential term. Thus, if 

we can obtain the Temperatures (T) and the corresponding decay times (τ), we can 

determine the Ueff and τ 0.  However, in cases where there is a fast QTM at H = 0 

(resulting in a sudden increase in the magnetization relaxation rate (dM/dt), which 

corresponds to a very small time (dt)), it is difficult to obtain the decay time (dt) from, for 

example Fig. 5-7, and thus to construct the Arrhenius plot. Thus, important parameters 

such as the Ueff and the pre-exponential, τ0, could not be obtained for 19. Hence, efforts 

to compare these values with the U of complex 19 and similar parameters of other SMMs 

proved futile. 

5.2.4 X-ray Absorption Spectroscopy of Complex 19 

Complex 19 is the first molecular Sr/Mn complex and provides a 

crystallographically characterized benchmark whose data can be compared with those of 

Sr-reactivated PS II preparations. Previous Sr EXAFS studies at the Sr K-edge on 

isotropic and oriented Sr-reactivated PS II samples, and at the Ca K-edge on native PS II 

samples, confirmed that Sr or Ca is located at ~3.5 or ~3.4 Å, respectively, from the Mn 

cluster.106, 25 Analogous data have now been collected on the SrMn14 compound 19. Note 
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that although the Mn nuclearity in 19 is higher than that in the WOC, the Sr nuclearity is 

identical, i.e., one. Note also that even after the X-ray crystallographic21, 22, 26 on one Sn 

state (dark-adapted S1 state) becomes available at a resolution sufficient to define the 

precise structure of the WOC, the exact position of Ca and the nature of Ca···Mn 

interactions rely particularly on the anomalous diffraction data which contains severe 

radiation damage effects. Therefore, biophysical techniques which employ soft X-rays, 

such as XAS and EPR on different Sn states will be imperative to gain an understanding 

of the structural, topological, and mechanistic changes occurring during the catalytic 

cycle at the WOC, especially as it shuttles through its other, less stable Sn (n = 0,2,3,4) 

states.19, 20 For this reason, model compounds such as 19 with precisely known structures 

are and will continue to be invaluable to assist the interpretation of the data obtained from 

XAS analysis of the native site at various Sn states.  

5.2.4.1 Sr EXAFS of 19 

The Sr K-edge EXAFS (k3-weighted) spectra of complex 19 and Sr-reactivated PS 

II preparations in the S1 state106a are shown in Figure 5-8 (top). The Fourier transforms of 

the Sr EXAFS of 19 and PS II S1 state are shown in Figure 5-8 (bottom). Each peak in the 

Fourier-transformed (FT) spectrum indicates a radial distribution of atoms surrounding 

the Sr atoms in 19 and appears at distances which are shorter than the actual Sr-

backscatterer distances due to an average phase shift induced by the potentials of the 

given absorber-scatterer pair on the photoelectron. The first Fourier peak is from the first 

shell of ligands about Sr (O and/or N backscatters), and it can be simulated by 7 ± 2 light 

atoms (O and N) at 2.53 ± 0.02 and 2.66 ± 0.02 Å, which is in good agreement with the 

X-ray structure of the complex (Table 5-3). The second Fourier peak is from Sr···Mn 

separations. Although there are three such separations (3.3, 3.7 and 3.9 Å) in the Mn14Sr 
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structure, only the shorter vectors (3.3 and 3.7 Å) are the dominant feature in the FT 

peak. A detailed list of interatomic distances can be found in Table 5-2. The second peak 

 

Figure 5-8. (Top) k3-weighted Sr K-edge EXAFS spectra of the Mn14Sr compound (red) 
and Sr reactivated PS II samples in the S1 state (black). (Bottom) Fourier 
transforms of the averaged Sr K-edge EXAFS spectra for the Mn14Sr complex 
19 (red) and Sr-reactivated PS II samples in the S1 state (black). 

of the PS II spectrum (black) in Figure 5-8 (bottom) is clearly shifted to a longer distance 

compared to the Mn14Sr model, which is in good agreement with the fact that the Sr···Mn 

distance in Sr reactivated PS II was earlier reported to be 3.5 Å106a and thus longer than 

the shortest Sr···Mn vector in complex 19 (3.3 Å). The higher intensity of the second peak 
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in Sr-reactivated PS II compared to the shoulder seen for complex 19 is likely due to 

presence of more than one Sr···Mn interaction in the WOC of PS II. This hypothesis is in  

Table 5-2. Selected bond and interatomic distances (Å) for complex 19. 
 

Mn3-O50  1.863(5) 
Mn3-O48  1.905(5) 
Mn3-O37  1.909(6) 
Mn3-O21  1.935(6) 
Mn3-O47  2.180(6) 
Mn3-O6  2.265(7) 
Mn3···Sr1  3.289(2) 
Mn6-O50  1.883(5) 
Mn6-O39  1.902(5) 
Mn6-O36  1.968(6) 
Mn6-O22  1.974(5) 
Mn6-O15  2.200(7) 
Mn6-O33  2.236(7) 
Mn6-Mn7  2.8920(18) 
Mn6···Sr1  3.839(2) 
Mn7-O49  1.896(5) 
Mn7-O45  1.908(5) 
Mn7-O39  1.920(5) 
Mn7-O50  1.933(5) 
Mn7-O38  2.149(6) 
Mn7-O30  2.486(10) 

Mn7···Mn9  2.8474(19) 
Mn7···Sr1  3.7458(19) 
Mn8-O29  1.986(10) 
Mn8-O16  2.150(8) 
Mn8-O23  2.151(8) 
Mn8-O44  2.271(6) 
Mn8-O39  2.498(6) 
Mn8-O35  2.505(6) 
Mn9-O49  1.846(5) 
Mn9-O45  1.861(5) 
Mn9-O19  1.904(6) 
Mn9-O12  1.953(6) 
Mn9-O17  2.256(8) 
Sr1-O30  2.501(6) 
Sr1-O37  2.583(6) 
Sr1-O6  2.607(7) 
Sr1-O4  2.626(11) 
Sr1-O15  2.685(7) 
Sr1-N1  2.711(16) 
Sr1-N2  2.763(17) 
Sr1-O50  2.769(6) 

agreement with the recent crystallographic data on PS II at 3.0 Å, wherein 3 Ca···Mn 

separations were postulated.26 The Fourier peaks I and II were isolated separately and 

simulated with Sr–ligand (2.5-2.7 Å) and Sr···Mn (> 3.3 Å) distances (Table 5-3). Fit I-1 

attempts to fit peak I with only Sr–O interactions, while Fit I-2 includes both Sr–O and 

Sr–N interactions. A noticeable improvement in fit quality was observed when peak I was 

fit using the coordination number (N) from the crystal structure data. The coordination 

number of Sr deviates from the true N (6 Sr–O and 2 Sr– N bonds) by less than 10 % 

when unconstrained. Peak II, which clearly contains at least two components, was fit to 

multiple Sr···Mn distances; as stated above, there are three Sr···Mn interactions (3.3, 3.7 
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and 3.9 Å) in the crystal structure. If complex 19 was treated as an unknown structure 

with two-shell Sr···Mn interactions (Fit II-1), the total N value (N = 1.4 for 3.34 Å, and N 

= 1.2 for 3.72 Å) is between 2 to 3, which indicates the presence of at least two Sr···Mn 

Table 5-3. Least-squares fits of Fourier-filtered peaks I and II of Sr EXAFS data 
compared with structural parameters from the X-ray crystal structure on 
Complex 19 and the Sr-substituted WOC of Photosystem II in the S1 state.[a] 

 

 Fit 
No. 

Shell R 
(Å) 

N σ2 /103 

Å2 
Φ 

/103 
ε2 /105 XRD R 

/Å 
XRD 

N 
Mn14Sr 

I-1 Sr-O 2.59 8.8 12.0 0.27 0.10 
I-2 Sr-O 

Sr-N 
2.56 
2.73 

5.2 
2.3 

7.1 
6.0 

0.22 0.084 
Pea
k I 

I-3 Sr-O 
Sr-O 
Sr-N 

2.54 
2.62 
2.74 

4.0[b]

2.0[b]

2.0[b]

6.7 [c] 0.22 0.084 

 
Sr-O ~2.5 
        ~2.6 
Sr-N ~2.7 

 
4 
2 
2 

II-1 Sr-Mn 
Sr-Mn 

3.34 
3.72 

1.4 
1.2 

6.0 [c] 1.10 0.76 Pea
k II 

II-2 Sr-Mn 
Sr-Mn 
Sr-Mn 

3.35 
3.69 
4.00 

1.0[b]

1.0[b]

1.0[b]

4.0 
7.3 
4.5 

0.57 0.22 

 
Sr-Mn 

3.3 
3.7 
3.9 

 
1 
1 
1 

Sr-Photosystem II S1 
[d] 

Peak I Sr-O 2.57 9.0    - - 
Peak II Sr-Mn 3.54 2.0 7.8 0.402 0.30 - - 

 
[a] N, the number of interactions; σ2, Debye-Waller parameter; Φ and ε2, fit-quality 
parameters. S0

2 value was fixed to 1.0. For details, see Appendix C. [b] N is fixed to 
known values from XRD (crystal structure) data. [c] Single value of σ2 is used for all the 
interactions. [d] Data was taken from reference 106a. 
 

interactions. Increasing the number of shells from two to three (Fit II-2) with fixed N 

values obtained from the crystal structure data significantly improved the fit quality. In 

comparison to the Mn14Sr compound, the second peak of the Sr-substituted PS II S1 state 

shows a single FT peak at 3.5 Å.106a This was best fit to 2 Sr···Mn interactions (N = 2) 

with similar fitting parameters (σ2 and S0
2). 
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Figure 5-9 (top) shows two SrMn4 sub-units within 19 with an open-cubane 

topology. Both of these subunits are important with respect to the Sr EXAFS results  
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Figure 5-9. (Top) PovRay representation at the 50% probability level of two open-cubane 
containing sub-units within 19. On the left, the extrinsic Mn (Mn9) is linked 
by two μ2 bridging oxides, whereas on the right the extrinsic Mn (Mn3) is 
attached to an oxide of the open-cubane. (Bottom) Left depicts a sub-unit 
which resembles the 3.0 Å crystal structure of the WOC26 of PS II. The 
relevant metal-metal separations within the above-mentioned sub-units are 
depicted in center and right. Color scheme: MnIII light blue, MnII yellow, Sr 
green, O red, C grey. 

because they contain the 3 MnIII ions (Mn3, Mn6 and Mn7) which are most proximal to 

the Sr ion in the SrMn14 complex. In particular, the Sr separation from Mn3 and Mn7 is 

3.3 and 3.7 Å, respectively. A more detailed list of the bond lengths and interatomic 

distances can be found in Table 5-2. Additionally, Figure 5-9 (bottom) gives the exact 
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metal-metal separations within the earlier mentioned sub-units. Although the study by 

Ferreira et al. at 3.5 Å suggests22 that the WOC might have a CaMn3O4 cubane linked to 

a fourth Mn atom, the earlier X-ray studies at 3.8 and 3.7 Å resolution postulated21 that 

the four Mn ions are arranged in a “3 + 1” (i.e. open-cubane) fashion. Thus, the sub-units 

of 19 in Figure 5-9 have some intriguing similarity to the structural models proposed 

from the crystallographic studies of the WOC S1 state. Further, to make this discussion 

more interesting, another view of one of these sub-units (Figure 5-9 top (left)) is shown in 

Figure 5-9 (bottom (left)), and this spatial orientation highlights the metals (3 Mn, Sr) 

arranged in a pyramid (depicted by green lines); Mn6, Mn7 and Sr1 form a plane and at 

the apex of the pyramid is Mn8. Extrinsically connected to this pyramidal unit is Mn9. 

This description of the geometry and arrangement of metal atoms is comparable to the 

most recent crystallographic study of the S1 state of the WOC of PS II at 3.0 Å in which 

the aforementioned model was proposed.26 Thus, it is perhaps not surprising that the FT 

peak positions and the intensity observed in Sr EXAFS spectrum for 19 in Figure 5-8 are 

similar to those of the S1 state of PS II, because it is possible that the local ligand and 

structural environment that the Sr atom of complex 19 finds itself in, might well be very 

similar to that of the Sr atom in Sr-reactivated PS II preparations, even though, of course, 

the overall Mn nuclearity of the SrMn14 complex is much higher than that of the native 

site. 

5.2.4.2 Mn EXAFS of 19 

We also carried out Mn EXAFS studies on complex 19. Comparison of Mn K-edge 

EXAFS (k3-weighted) spectra with those of the WOC in the S1 state is shown in Figure 5-

10 (top), and the Fourier transforms are shown in Figure 5-10 (bottom). The three main 

peaks, labeled I - III, have been assigned in the WOC to the Mn–ligand (peak I), di-μ-
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oxide-bridged Mn···Mn (peak II), and Mn···Mn and Mn···Ca (peak III) separations, 

respectively.  

 

Figure 5-10. (Top) k3-weighted Mn K-edge EXAFS spectra of the Mn14Sr compound 
(red) and PS II samples in the S1 state (black). (Bottom) Fourier transforms of 
the averaged Mn K-edge EXAFS spectra for the Mn14Sr complex 19 (red) and 
PS II samples in the S1 state (black).  

Inspection of the FT spectra in Figure 5-10 (bottom) indicates significant 

differences in the peak positions and relative intensities between complex 19 and the 

WOC. Mn–O distances are longer in 19 than in the WOC, which is indicated by the shift 

of peak I to longer distances. This is consistent with the lower average Mn oxidation level 
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in 19 (13 MnIII, MnII) compared with the WOC S1 state (2MnIV, 2MnIII),18 which will give 

longer average Mn-O bonds in the former. In general, MnIV ions (2 MnIV in WOC S1 

state) are symmetric and isotropic, and hence have shorter Mn–O bond lengths (generally 

below 2 Å) when compared to the anisotropic JT distorted MnIII ions of complex 19. In 

the Mn14Sr compound, only weak peaks are observed in the region for peaks II and III. 

This is clearly due to the many different Mn···Mn separations in the molecule spanning 

distances in a wide range of 2.9 – 4.0 Å. In such a case, the contribution of each 

individual vector is less pronounced in the spectrum normalized to one Mn atom, and the 

EXAFS oscillations are damped by the high distance distribution. 

5.3 Conclusions 

The first molecular Sr/Mn complex has been synthesized. Its magnetochemical 

study has established that it possesses an S = 9/2 ground state and a significant D value 

arising from the projection of the large number of MnIII single-ion anisotropies onto the 

molecular anisotropy axis. As a result of this combination of significant S and D values, 

the complex has a sufficient barrier to magnetization relaxation to function as a single-

molecule magnet (SMM). It also exhibits quantum effects, and undergoes fast QTM in 

zero field, as reflected in a very large QTM step at zero field in the hysteresis loops. In 

fact, this fast QTM has precluded detailed magnetization vs time decay studies to obtain 

relaxation rate vs T kinetic data; we cannot therefore construct an Arrhenius plot from 

which could be determined the effective barrier to magnetization relaxation, Ueff. 

Nevertheless, the appearance of frequency dependent signals along with hysteresis loops 

with increasing coercivity with decreasing temperatures firmly establish complex 19 to 

be a new addition to the family of SMMs. 
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Although the overall nuclearity of complex 19 is too large for it to act as a true 

model of the WOC of PS II, it nevertheless has only one Sr atom and thus its Sr EXAFS 

data can be informatively compared with those for Sr-reconstituted PS II samples. This Sr 

EXAFS comparison has revealed significant similarities between the local Sr 

environment in the model complex and that in the Sr-substituted WOC. Complex 19 is 

thus both an important step forward in obtaining model complexes for this mixed-metal 

biological site, and a useful benchmark for assisting the interpretation of data arising 

from EXAFS and related studies on the biological site. The obvious next step is to 

synthetically access smaller nuclearity Sr/Mn species, ideally at the SrMn4 

pentanuclearity and with a structure analogous or similar to those shown for the sub-units 

in Figure 5-9.  It would then be possible to carry out more extensive Sr and Mn EXAFS 

comparisons between model complexes and the Sr-reactivated WOC, as well as 

comparative studies by other techniques such as EPR. Attempts to obtain such smaller 

nuclearity mixed Sr/Mn (and Ca/Mn) complexes are in progress.  

5.4 Experimental 

5.4.1 Synthesis 

All manipulations were performed under aerobic conditions using chemicals as 

received, unless otherwise stated. (NBun
4)[Mn4O2(O2CPh)9(H2O)] (3) was prepared as 

described elsewhere.55 

[SrMn14O11(OMe)3(O2CPh)18(MeCN)2] (19·12MeCN). To a stirred solution of 3 

(0.50 g, 0.31 mmol) in MeCN/MeOH (20/2 mL) was slowly added Sr(ClO4)2·xH2O (0.09 

g, 0.31 mmol), and this produced a dark brown solution. This was stirred for a further 20 

minutes, filtered, and the filtrate slowly concentrated by evaporation at ambient 

temperature, which slowly produced dark red crystals of 19·12 MeCN over two days. The 
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yield was 55%. The crystals of 19 were maintained in the mother liquor for X-ray 

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

MeCN, and dried in vacuo. The synthesis can also be carried out with Sr(NO3)2. 

Vacuum-dried solid analyzed as solvent-free. Elemental analysis (%) calcd. for 19 (C133 

H105Mn14Sr1N2O50): C, 47.15; H, 3.12; N, 0.83; found: C, 46.92; H, 2.92; N, 0.63. 

Selected IR data (KBr, cm-1): 3430(br), 2968(w), 1600(m), 1559(m), 1405(s), 1177(w), 

1069(w), 1025(w), 841(w), 715(s), 676(m), 615(m), 503(w).  

5.4.2 X-ray Crystallography 

Diffraction Data were collected on a Siemens SMART PLATFORM equipped with 

a CCD area detector and a graphite monochromator utilizing Mo Kα radiation (λ = 

0.71073 Å). A suitable crystal of 19·12MeCN was attached to a glass fiber using silicone 

grease and transferred to a goniostat where it was cooled to 173 K for data collection. An 

initial search of reciprocal space revealed a triclinic cell for 19, the choice of space group 

P1 was confirmed by the subsequent solution and refinement of the structure. Cell 

parameters were refined using up to 8192 reflections. A full sphere of data (1850 frames) 

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

measured at the end of data collection to monitor instrument and crystal stability 

(maximum correction on I was < 1 %). Absorption corrections by integration were 

applied based on measured indexed crystal faces. The structures were solved by direct 

methods in SHELXTL6,56a and refined on F2 using full-matrix least squares. The non-H 

atoms were treated anisotropically, whereas the hydrogen atoms were placed in 

calculated, ideal positions and refined as riding on their respective carbon atoms.  

The asymmetric unit contains the complete SrMn14 cluster and 12 MeCN molecules 

of crystallization. The latter were disordered and could not be modeled properly, thus 
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program SQUEEZE,56b a part of the PLATON56c package of crystallographic software, 

was used to calculate the solvent disorder area and remove its contribution to the overall 

intensity data. A total of 1750 parameters were refined in the final cycle of refinement 

using 35042 reflections with I > 2σ(I) to yield R1 and wR2 of 8.96 and 20.69%, 

respectively. 

5.4.3 XAS studies 

X-ray absorption spectroscopy (XAS) was performed at the Stanford Synchrotron 

Radiation Laboratory (SSRL) on beamline 9-3 at an electron energy of 3.0 GeV with an 

average current of 70-90 mA. The experiments were conducted by Dr. Junko Yano and 

Dr Yulia Pushkar, members of the Yachandra group in the Physical Biosciences Division 

at Lawrence Berkeley Laboratory, Berkeley, CA. The radiation was monochromatized by 

a Si(220) double-crystal monochromator.  The intensity of the incident X-ray beam was 

monitored by a N2-filled ion chamber (I0) in front of the sample.  XAS samples were 

made by carefully grinding 5-10 mg of compound and diluting it with a 10-fold excess of 

boron nitride. The mixture was packed into 0.5-mm-thick sample holders and sealed with 

Mylar windows. For complex 19, the data were collected as fluorescence excitation 

spectra with a Lytle detector.111 Energy was calibrated by the pre-edge peak of KMnO4 

(6543.3 eV) for Mn XAS, and by the edge peak of strontium acetate (16120 eV) for Sr 

XAS. The standards were placed between two N2-filled ionization chambers (I1 and I2) 

after the sample. The X-ray flux at 16-17 keV was between 2 and 5 x 109 photons s-1mm-2 

of the sample. The monochromator was detuned at 6600 eV to 50% of maximal flux to 

attenuate the X-ray 2nd harmonic. Samples were kept at a temperature of 10 K in a liquid 

helium flow cryostat to minimize radiation damage. Data reduction has been detailed 

previously112 and will be only briefly summarized here: After conversion of background-
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corrected spectra from energy space to photoelectron wave vector (k) space, and 

weighted by k3, a four-domain spline was subtracted for a final background removal. See 

also Appendix C (Physical Measurements) for details regarding fitting of the data.  
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CHAPTER 6 
THE FIRST FAMILY OF HETEROMETALLIC CALCIUM-MANGANESE 

COMPLEXES: Ca-EXAFS AND -XANES COMPARISON WITH THE WATER 
OXIDIZING COMPLEX OF PHOTOSYSTEM II 

6.1 Introduction 

The water oxidizing complex (WOC) at Photosystem II (PS II) catalyses the 

oxidation of H2O to O2 and H2 gas in green plants and cyanobacteria.18 This four-electron 

photo-induced process involves various oxidation levels of the WOC (the so-called Sn 

states, n = 0 to 4),19, 20 and is the source of essentially all the O2 on this planet. Given the 

role of PS II in maintaining life on the biosphere and the future visions of a renewable 

energy economy, it is vital to elucidate the structure and mechanism of the WOC which is 

sometimes referred to as the “heart” of the water oxidation process. The WOC, also 

known as the Oxygen-Evolving Complex (OEC), has been studied for many years by a 

variety of spectroscopic and biochemical techniques.113, 114 The WOC has long been 

known to comprise a tetranuclear, oxide-bridged Mn4 cluster containing primarily MnIII 

and MnIV ions and carboxylate peripheral ligation. It has also been known that the WOC 

requires Ca2+ for activity,24 and calcium EXAFS (extended X-ray absorption fine 

structure) studies of the WOC have revealed a Mn···Ca separation of ~3.4 Å.25 Amongst 

the various S states, S1 is the most stable, well-studied and understood one; various 

crystallographic studies have also been performed on this state. The first two crystal 

structures of PS II at 3.8 Å and 3.7 Å resolution indicated that the WOC is a tetranuclear 

Mn cluster with the four Mn ions organized in a “3 + 1” fashion.21 The most recent 

crystallographic studies on the PS II reaction center of the cyanobacterium 
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Thermosynechococcus elongatus at 3.5 Å22 and 3.0 Å26 resolutions have identified Ca as 

being part of the Mn complex using anomalous diffraction data. At the current resolutions 

smaller ligands such as C, H, O, H2O, N and Cl cannot be confidently located. Although 

there is still ambiguity about the Mn4Ca structure obtained from crystallography due to 

radiation damage during X-ray data collection,23 there is little doubt that the WOC is a 

heterometallic [Mn4CaOx] cluster on the basis of both XAS,25, 27, 106, 129 and XRD22, 26 

studies. 

The availability of inorganic Ca/Mn heterometallic complexes to act as synthetic 

models of the WOC would represent an important step forward in understanding the 

magnetic and spectroscopic properties of the native site and the mechanism of its 

function. Many groups have in the past applied the Synthetic Analogue Approach115 to 

the WOC and a plethora of Mn4 complexes have been synthesized18c which can be 

broadly categorized as i) butterfly,79 ii) cubane,80 iii) adamantane,81 and iv) linear,116 to 

name a few. However, in contrast to the growing knowledge of the Mn4Ca complex in PS 

II, there is essentially nothing in the inorganic chemistry literature of mixed-metal Ca/Mn 

compounds, compared to the copious multinuclear homometallic Mn complexes known. 

In fact, only recently was the first example of a molecular Ca/Mn cluster reported.43 

Therefore, as part of our ongoing interest in obtaining synthetic models of the WOC and 

its various modified forms, we have been extensively investigating mixed Ca/Mn 

chemistry and have successfully obtained the first family of such molecular species; 

Mn13Ca2, Mn11Ca4 and Mn8Ca complexes. Although the Mn nuclearity in these 

complexes is much higher than that in the WOC, the Ca nuclearity is comparable. Thus a 

comparison of Ca X-ray absorption spectra from these complexes to Ca X-ray spectra 
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(EXAFS and XANES (X-ray absorption near edge structure)) from PS II is of interest. In 

this chapter, we report the synthesis, structure, magnetic properties and XAS (X-ray 

absorption spectroscopy) studies, on the first family of heterometallic Ca/Mn complexes. 

The work herein represents an important advancement in obtaining bioinorganic model 

complexes for the mixed-metal WOC site of PS II and serves as a benchmark for 

comparison of similar data from the WOC. It also generates important parameters for 

calibration of biophysical techniques such as XAS.  

6.2 Results and Discussion 

6.2.1 Syntheses 

With the recent crystal structures of PS II becoming available,22, 26 we began our 

quest for synthetic routes to Ca/Mn, Sr/Mn and Ln/Mn (Ln = lanthanide) heterometallic 

complexes, and initial results from these effort have been very fulfilling.37, 39, 43, 117 Our 

synthetic strategy has been to employ preformed manganese clusters such as  

[Mn3O(O2CR)6(py)3] (R = Me, But, Ph)118 and (NBun
4)[Mn4O2(O2CPh)9(H2O)], and treat 

them with a heterometal carboxylate or other salt. Particularly attractive as a starting 

material is the MnIII
4 complex (NBun

4)[Mn4O2(O2CPh)9(H2O)], which contains only 

carboxylate and water ligands around the Mn/O core.55 It is thus an attractive (and easily 

prepared) starting material that can potentially yield MnIII- (and even MnIV-) containing 

products with primarily carboxylate and oxide ligation; complexes of obvious relevance 

to the WOC of PS II. We have thus been carrying out a thorough investigation of the 

reactivity of this Mn4 complex under a variety of conditions, with various divalent metal 

salts, seeking to access new mixed-metal species.  

As part of the above investigation, the following procedure with Ca was developed, 

which has been communicated recently.43 Treatment of (NBun
4)[MnIII

4O2(O2CPh)9(H2O)] 
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with 0.25 equiv. of Ca(NO3)2·4H2O in MeCN/MeOH (20:1 v/v) resulted in the 

subsequent isolation of [Mn13Ca2O10(OH)2(OMe)2(O2CPh)18(H2O)4]·10MeCN 

(20·10MeCN) in 40% yield (based on Mn). The Mn4:Ca ratio of 1:1 was initially 

explored, obviously directed at a Mn4Ca product as would be present in the WOC. 

However, this yielded crystals of 20 along with white, insoluble precipitate, which was 

identified by IR as un-reacted Ca(NO3)2. Thus, lowering the equiv. of Ca(NO3)2 to 0.25 

resulted in isolation of pure, uncontaminated product. The small amount of MeOH was 

necessary to ensure solubility of Ca(NO3)2. As can be seen in eq 6-1 the ideal ratio of 

Mn4:Ca for the formation of 20 is 13:8. Thus, it was not surprising that 20 was obtained 

when the ratio of Mn4:Ca was varied from 1:0.25 till 1:1, with the yield maximized for 

the ratio of 1:0.25 as mentioned in the experimental section (see later). The synthesis can 

also be repeated by employing Ca(ClO4)2 or Ca(O2CPh)2 as Ca sources. 

13 [Mn4O2(O2CPh)9(H2O)]+ + 8 Ca(NO3)2 + 25 H2O + 8 MeOH + 1 H+ + 2 e-→  

 4 [Mn13Ca2O10(OH)2(OMe)2(O2CPh)18(H2O)4] + 45 PhCO2H + 16 NO3
-   (6-1)  

The absence of any chelating agents in the above-mentioned reaction solution 

allowed any smaller nuclearity intermediates to aggregate further and yield the Mn13Ca2 

product 20. An obvious modification of the above reaction is the addition of chelates 

such as bipyridine (bpy), which would possibly facilitate the trapping of smaller 

nuclearity clusters. Thus, the treatment of (NBun
4)[Mn4O2(O2CPh)9(H2O)] and 1 equiv. 

of Ca(O2CPh)2·3H2O in MeCN/MeOH (20:1 v/v) with bpy (1 equiv.) was explored and 

this led to the isolation of  21 as shown in eq 6-2. The reaction solution is almost 

certainly a complicated mixture involving fragmentation, aggregation and redox 

processes, with several species likely in equilibrium, and the attainment of complex 21 
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containing a [Mn11Ca4]2- anion, co-crystallizing with 2 Mn4 “bpy butterfly” cations is a 

testimony to the fact that factors such as solubility, lattice energies, crystallization 

 19 [Mn4O2(O2CPh)9(H2O)]+ + 16 Ca(O2CPh)2 + 15 H2O + 8 MeOH + 16 bpy + 15 H+ + 

34 e-→ 4 [Mn4O2(O2CPh)7(bpy)2]2[Mn11Ca4O10(OH)2(OMe)2(O2CPh)20(H2O)2] +   

        67 PhCO2H       (6-2)  

kinetics, and others undoubtedly determine the identity of the isolated product.  

 Since the strategy of employing bidentate smaller chelates did not help in 

obtaining a relatively smaller nuclearity product, we decided to turn our attention to the 

use of bulky carboxylates/chelates. One interesting candidate in this respect was 

diphenylphosphinic acid, as it has been known previously to give high oxidation state Mn 

complexes.119 This ligand has been explored extensively by Dismukes and coworkers119 

towards obtaining homometallic cubane complexes as putative models of the WOC of PS 

II. Thus the reaction of (NBun
4)[Mn4O2(O2CPh)9(H2O)] with 0.5 equiv. of Ca(O2CPh)2 in 

MeCN/MeOH (10:1) in the presence of 9 equiv. of diphenylphosphinic acid gave 22. The 

stoichiometric ratio for the attainment of 22 is shown in eq 6-3, and the excess of acid is 

used to push the equilibrium forward, resulting in the isolation of pure 22. Additionally, 

the 9 equiv. of diphenylphosphinic acid were added to ensure substitution of the 9 

benzoates in the Mn4 starting material; the 2 benzoates in 22 can be imagined to have 

come from the calcium benzoate reagent. This reaction is relatively clean and 22 is 

obtained in 55% yield. 

2 [Mn4O2(O2CPh)9(H2O)]+ + Ca(O2CPh)2 + 12 (Ph)2PO2H + 4 MeOH + 2 e-→  

  [Mn8CaO6(O2P(Ph)2)12(O2CPh)2(OMe)2(MeOH)2]  + 18 PhCO2H     (6-3)  
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 The presence of MeOH as a solvent or co-solvent, not only ensures solubility of 

all reactants, as already stated, but also serves to (potentially) provide terminal and/or 

bridging ligands. Indeed, complexes 20-22 contain two bridging methoxide groups in two 

cubanes and additionally 22 contains 2 terminal MeOH on the Ca (vide infra). The 

above-mentioned compounds are thus the most recent members of a growing class of 

methoxide-bridged mixed-metal species,37, 39, 43, 117 although it should be added that 20-22 

represent the first family of mixed Ca/Mn clusters of any type, containing high-oxidation 

state Mn ions and thus are of obvious relevance to the WOC of PS II. 

6.2.2 Description of the Structures of complexes 20-22 

PovRay representations of the crystal structures and labeled cores of complexes 20-

22 are depicted in Figures 6-1, 6-3, and 6-4, respectively. Unit cell and structure 

refinement data of complexes 20·10MeCN, 21·14MeCN·H2O, and 22 are listed in Table 

6-2. Selected interatomic distances are tabulated in Table 6-3. 

Complex 20·10MeCN crystallizes in the triclinic space group P1 with the Mn13Ca2 

molecule lying on an inversion center. The structure consists of a 

[Mn13Ca2O10(OH)2(OMe)2]18+ core whose Mn ions are mixed-valent (MnIV, MnIII
10, 

MnII
2) and bridged by six µ4-O2-, four µ3-O2-, two µ3-HO-, and two µ3-MeO- ions (Figure 

6-1). The metal oxidation states and the protonation levels of O2-, HO- and MeO- ions 

were established by bond-valence sum calculations (see Table 6-1),120, 89 charge 

considerations, inspection of metric parameters and the identification of MnIII Jahn-Teller 

(JT) elongation axes on all Mn atoms except Mn2 (MnIV), and Mn3, Mn3' (MnII). The 

core (Figure 6-1, bottom) consists of two [MnIII
4O3(OMe)] cubanes attached, via oxide 

bridges, on either side of a central, near linear and planar [Mn3O4] unit (Mn1, Mn2,  
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Figure 6-1. (Top) PovRay representation at the 50% probability level of the X-ray crystal 
structure of 20 (with the benzoate rings omitted for clarity, except for the ipso 
C atoms) and (bottom) its labeled [Mn13Ca2O10(OH)2(OMe)2]18+ core. Color 
scheme: MnIV dark blue, MnIII cyan, MnII purple, Ca yellow, O red, C grey. H 
atoms have been omitted for clarity.  
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Figure 6-2. Schematic representation of the three bridging modes found in complex 20. 

Mn1'). To the latter are also attached two MnII–CaII pairs, one above and one below the 

plane, via the triply bridging hydroxides (O3, O3'). In this description, the two triply-
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bridging methoxides (O19, O19') lie within the two cubanes. The MnIV ion (Mn2) lies in 

the center, whereas the two MnII ions (Mn3, Mn3') are adjacent to the Ca2+ ions as 

already stated. Peripheral ligation is provided by fourteen µ-, two µ3- and two unusual η3, 

η1, µ4-bridging benzoate groups, as well as four terminal H2O molecules, one each on 

Mn6, Mn6', Mn7, and Mn7'. The two µ3-PhCO2- groups have one O atom doubly- 

 Table 6-1. Bond valence sum calculations for the Mna and Ob atoms of complex 20. 

 

a The underlined value in bold is the one closest to the actual 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. 
b The oxygen atoms is O2- if Vi ≈ 2, MeO- if Vi ≈ 2, OH- if Vi ≈ 1, and H2O if Vi ≈ 0. 
 
bridging a CaII/MnII pair, whereas the two η3 O atoms of the µ4-PhCO2- groups bridge a 

MnIII ion (Mn1) in addition to bridging the CaII/MnII pair. These three prevalent 

carboxylate bridging modes found in 20 are illustrated in Figure 6-2. All Mn and the Ca2+ 

ions are six- and eight-coordinate, respectively; seven of the eight Ca–O bonds are in the 

range 2.297–2.770 Å, but the eighth is longer (Ca1–O2 = 3.039 Å). The geometry and 

symmetry of the eight oxygen atoms around the Ca is very unusual and asymmetric. The 

closest Ca···Mn separation is 3.50 Å to Mn5. 

 Complex 21·14MeCN·H2O crystallizes in the triclinic space group P1 and 

comprises a Mn11Ca4 cluster (-2 charge) and two Mn4 cluster cations (+1 charge each). 

 20·10MeCN 
Atom Mn2+ Mn3+ Mn4+ 

Mn(1) 3.27 3.00 3.14 
Mn(2) 4.36 3.99 4.19 
Mn(3) 1.59 1.45 1.53 
Mn(4) 3.17 2.91 3.05 
Mn(5) 3.14 2.88 3.02 
Mn(6) 
Mn(7) 

3.11 
3.17 

2.85 
2.90 

2.99 
3.04 

20·10MeCN 
Atom Vi Assignment 
O(19) 1.80 MeO- 

O(16) 1.89 O2- 
O(32) 1.77 O2- 
O(43) 1.88 O2- 
O(5) 1.92 O2- 
O(3) 1.15 HO- 
O(13) 
O(17) 

0.25 
0.24 

H2O 
H2O 
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The two [Mn4O2(O2CPh)7(bpy)2]+
 cations are the normal “charged bpy butterfly” 

complexes80 consisting of 4 MnIII ions, and will not be discussed henceforth. Instead,  

 

 
Figure 6-3. (Top) PovRay representation at the 50% probability level of the X-ray crystal 

structure of the doubly charged anion of 21 (with the benzoate rings omitted 
for clarity, except for the ipso C atoms) and (bottom) its labeled 
[Mn11Ca4O10(OH)2(OMe)2]18+ core. Color scheme: MnIV dark blue, MnIII 
cyan, Ca yellow, O red, C grey. H atoms have been omitted for clarity. 

complex 21 will be referred to as the Mn11Ca4 complex hereafter. This Mn11Ca4 doubly 

charged motif is formulated as [Mn11Ca4O10(OH)2(OMe)2(O2CPh)20(H2O)2]2-  and is 

mixed-valent in the Mn component (MnIV, MnIII
10). The overall structure of this anion 

(Figure 6-3, top) is very similar to complex 20, the difference being that the Mn11Ca4 

complex possesses two extra bridging benzoate groups and two fewer terminal H2O 
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molecules. The most striking difference as seen in the core in Figure 6-3 (bottom), is the 

incorporation of two additional Ca2+ ions which replace the Mn2+ ions of 20. Among the 

benzoate groups, 18 are doubly bridging and the remaining two triply bridging. O8 in 

complex 21 is the hydroxide. All the Mn ions are hexa-coordinated, with the ligation in 

near octahedral geometry. Ca1 is seven-coordinate with the O atoms occurring in 

approximately pentagonal bipyramidal geometry, whereas Ca2 is six-coordinated in near 

octahedral geometry.  The closest Ca···Mn separation of 3.46 Å is between Ca2 and Mn4. 

 
Figure 6-4. (Top) PovRay representation at the 50% probability level of the X-ray crystal 

structure of 22 (with the benzoate rings omitted for clarity, except for the ipso 
C atoms) and (bottom) its labeled [Mn8CaO6(O2P(Ph)2)4(OMe)2(MeOH)2]10+ 
core. The cluster is located on a two-fold rotation axis. Color scheme: MnIV 
dark blue, MnIII cyan, Ca yellow, O red, P green, C grey. H atoms have been 
omitted for clarity. 

Complex 22 crystallizes in the monoclinic space group C2/c with the Mn8Ca 

complex lying on a two-fold rotation axis. The complex
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Table 6-2. Crystallographic data of 20·10MeCN, 21·14MeCN·H2O, and 22. 
  

  20 21  22   

         Formula C148H136O54N10Mn13Ca2 C308H258O89N22Mn19Ca4 C162H144O38P12Mn8Ca   
fw, g/mol  3713.05 6895.73  3550.00   
Space group  P1   P1   C2/c    
a, Å 15.0839(17) 18.179(2)   27.134(2)   
b, Å 16.3794(19)  19.160(2)   13.3809(11)   
c, Å 17.959(2)  23.003(3)   44.872(4)   
α, ° 112.343(2) 90.529(2)   90   
β, ° 103.301(2)  106.824(2)   94.4730(10) 
γ, ° 92.272(2) 95.526(2)   90 
V, Å

3
 3953.9(8)  7627.9(14)    16242(2)  

Z 1    1    4   
T, K  173(2)   173(2)   173(2)    
Radiation, Å a  0.71073  0.71073   0.71073   
ρcalc, g/cm3 1.559   1.501    1.451   
μ, mm-1 1.153   0.912    0.826   
R1 b,c 0.0906  0.0879    0.0748   
wR2 

d 0.2168  0.1974    0.1633  

a Graphite monochromator. b I > 2σ(I). c R1 = 100Σ(||Fo| – |Fc||)/Σ|Fo|. d wR2 = 100[Σ[w(Fo
2 - Fc

2)2]/ Σ[w(Fo
2)2]]1/2, 

 w = 1/[σ2(Fo
2) + [(ap)2 +bp], where p = [max (Fo

2, O) + 2Fc
2]/3.
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[Mn8CaO6(O2P(Ph)2)12(O2CPh)2(OMe)2(MeOH)2] is mixed-valent (2MnIV, 6MnIII) and 

centrosymmetric. The Mn ions form two cubanes within which they are bridged by six 

µ3-O2-, and two µ3-MeO- ions (Figure 6-4, top). Peripheral ligation is provided by twelve 

doubly bridging diphenylphosphinates, and two doubly bridging benzoates (each bridges 

a MnIII and a MnIV ion). Terminal ligation is provided by two methanol molecules on the 

calcium ion. The structure can be described as two [Mn4O3(O2P(Ph)2)4(O2CPh)(OMe)] 

(MnIV, 3MnIII) cubes on either side of a central CaII ion. Each cube is linked to the Ca ion 

by two doubly bridging diphenylphosphinates (Figure 6-4, bottom). Thus, the Ca ion is 

six-coordinated and in near octahedral geometry with Ca-O bond distances in the range 

2.288–2.396 Å. All the Mn ions are also hexa-coordinated with the oxide ligation in near 

octahedral geometry. The closest Ca···Mn separation is 5.23 Å to Mn4.  

6.2.3 Magnetochemistry of Complexes 20-22 

Solid-state variable-temperature magnetic susceptibility measurements were 

performed on vacuum-dried, microcrystalline samples of complexes 20-22, restrained in 

eicosane to prevent torquing. The dc magnetic susceptibility (χM) data were collected in 

the 5.00 – 300 K range in a 1 kG (0.1 T) field, and they are plotted as χMT vs. T in Figure 

6-5 for 20 and the doubly charged anion of 21. The χMT value for complex 20 at 300 K of 

30.96 cm3 mol-1 K, is much lower than the 40.63 spin-only value (g = 2) expected for a 

cluster of MnIV, 10 MnIII, 2 MnII non-interacting ions, indicating extensive intramolecular 

antiferromagnetic interactions within 20. The χMT steadily decreases with decreasing 

temperature to reach 19.06 at 100 K. Thereafter, it falls sharply to a value of 3.47 cm3 

mol-1 K at 5.00 K, suggesting a small ground state spin (S) in the range S = 5/2 ± 1 for 

complex 20. For the anion of complex 21 (Mn11Ca4) the χMT value is 70.30 cm3mol-1K at 
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Figure 6-5. Plots of χMT vs T for Mn13Ca2 (●) and Mn11Ca4 (○) complexes. 

300 K and decreases linearly and uniformly (Figure 6-5) to reach a value of 10.97 

cm3mol-1K at 5.00 K, suggesting a spin ground state in the range S = 7/2 ± 1 for the 

Mn11Ca4 cluster anion. Owing to the size and low symmetry of the above-mentioned 

molecules, a matrix diagonalization method to determine the various exchange 

parameters (Jij) between MniMnj pairs was clearly unfeasible. We thus concentrated 

instead on identifying the ground state spin of the molecule, and this was accomplished 

for complex 20 by collecting variable-temperature and variable-field magnetization (M) 

data in the 1.8 − 10 K and 0.5 − 5.0 T ranges; the data are plotted as reduced 

magnetization (M/NμB) versus H/T in Figure 6-6 for complex 20. The data were fit, using 

the program MAGNET,46 by diagonalization of the spin Hamiltonian matrix assuming 

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

terms, and employing a full powder average. The corresponding Hamiltonian is given by 

eq 6-4, where D is the axial anisotropy constant, μB is the Bohr magneton, Ŝz is the easy- 

   Ĥ = DŜz
2 + gμBμ0Ŝ· Hz         (6-4) 

axis spin operator, g is the electronic g factor, μ0 is the vacuum permeability, and Hz is 

the applied longitudinal field. The last term in eq 6-4 is the Zeeman term associated with 
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an applied magnetic field. The fit parameters were S = 5/2, g = 1.86, and D = -1.63 cm-1 

for complex 20 and the fitting is shown in Figure 6-6. The D value of -1.63 cm-1 is 

consistent with the complex having predominantly MnIII ions and g < 2, as expected for 

Mn. When data collected at fields > 5.0 T were included, a satisfactory fit could not be 

obtained. We have found that poor quality fits of the magnetization versus H and T plots 

are a common problem in manganese chemistry when (i) the Mnx species is of high 

nuclearity and there is thus a high density of spin states resulting from the many 

exchange interactions present amongst the constituent Mn ions; and/or (ii) one or more 

MnII ions are present, which typically give very weak (and usually antiferromagnetic) 

exchange interactions and thus small energy separations. As a result, there are many  
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Figure 6-6. Magnetization (M) vs field (H) and temperature (T) data, plotted as reduced 
magnetization (M/NμB) vs H/T, for complex 20 at applied fields of 0.5, 1.0, 
3.0, 4.0 and 5.0 T and in the 1.8 - 10 K temperature range. The solid lines are 
the fit of the data; see the text for the fit parameters. 

excited states that are low-lying (relative to kT), and some of these will have S greater 

than the S of the ground state. Population of the excited states will thus be difficult to 

avoid even at the lowest temperatures normally employed. In addition, in the presence of 

a big enough applied DC field, Ms components of the excited state(s) can approach in 
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energy the lowest-lying Ms of the ground state and even cross below it. The fitting 

procedure assumes only a single state is occupied, and thus an S value greater than the 

true ground-state S is given by the best fit of the data because it is affected by the 

contributions from the populated excited state(s). As a result, we typically observe that 

the best fit using all of the data collected over many field values will thus overestimate 

the M value at low fields and underestimate the M value at large fields. For this reason, 

we used for the fit of Figure 6-6 only the M data collected at small fields and as a result a 

satisfactory fit was obtained, with the fit parameters mentioned earlier. 

The results of the dc magnetic susceptibility studies on complex 22 are depicted in 

Figures 6-7 and 6-8. The χMT value for complex 22 (Figure 6-8, top) at 300 K of 19.13 

cm3mol-1K, is lower than the 21.75 spin-only value (g = 2) expected for a cluster 

comprising 2 MnIV, and 6 MnIII non-interacting ions, indicating the presence of 

intramolecular antiferromagnetic interactions. The χMT value decreases marginally with 

decreasing temperature to 14.32 cm3 mol-1 K at 50 K and then falls steeply to finally 

reach a value of 8.83 cm3mol-1K at 5.00 K, suggesting a ground state spin (S) of ~ 9/2 ± 1 

for complex 22. In order to obtain the ground state spin for 22, variable-temperature and 

variable-field magnetization (M) data in the 1.8 − 10 K and 0.1 − 3.0 T ranges were 

collected; the data are plotted as reduced magnetization (M/NμB) versus H/T in Figure 6-7 

for complex 22. The data were fit, by diagonalization of the spin Hamiltonian matrix 

assuming only the ground state is populated, incorporating axial anisotropy (DŜz
2) and 

Zeeman terms, and employing a full powder average, as was done for complex 20. The fit 

parameters for 22 were S = 9/2, g = 1.94, and D = -0.22 cm-1 and the fitting is shown in 

Figure 6-7.  
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Figure 6-7. Magnetization (M) vs field (H) and temperature (T) data, plotted as reduced 

magnetization (M/NμB) vs H/T, for complex 22 at applied fields of 0.1, 0.5, 
1.0, 2.0 and 3.0 T and in the 1.8 - 10 K temperature range. The solid lines are 
the fit of the data; see the text for the fit parameters. 

Although the size of complex 22 is large, magnetically it can be simplified as 

consisting of two non-interacting C3v symmetric MnIVMnIII
3 cubanes. The closest 

Mn···Mn separation between the two cubanes is 10.07 Å, hence effectively they are 

magnetically non-interacting. Thus, the χM value for each cubane is essentially half of the 

overall molar magnetization observed for the Mn8Ca complex. Under this assumption 

each cubane can be treated as a simplified model shown in Figure 6-8 (bottom) whereby 

there are only two exchange interactions; J33 (between 2 MnIII ions) and J34 (between a 

MnIII and a MnIV ion). This simplification of the model has been discussed earlier121 for 

other [Mn4O3X]6+ complexes that consist of a Mn4 trigonal pyramid with a C3v symmetry. 

In order to determine the Mn2 pairwise exchange interactions within each of the cubanes, 

half (in magnitude) of the χMT vs T data for complex 22 was fit to the appropriate 

theoretical expression. The virtual C3v symmetry of each cubane in the solid state of these 

compounds requires two exchange parameters (J). The isotropic Heisenberg spin 

Hamiltonian for the model shown in Figure 6-8 (bottom) is given in eq. 6-5, where J34 
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and J33 refer to the exchange interactions for MnIIIMnIV and MnIIIMnIII pairs, respectively. 

The expression in eq 6-5 was further modified by applying the Kambe vector coupling  

H = – 2J33(Ŝ2·Ŝ3 + Ŝ2·Ŝ4 + Ŝ3·Ŝ4) – 2J34( Ŝ1·Ŝ2 + Ŝ1·Ŝ3 + Ŝ1·Ŝ4)  (6-5) 
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Figure 6-8. (Top) χMT vs T plot for 22 and for each of the two cubanes of the Mn8Ca 

complex. The solid lines in the χMT vs T plot are the fit of the data; see the text 
for the fit parameters. (Bottom) Model used to fit the exchange interactions 
within the cubes. 

method,45 as described elsewhere.122 This leads to the eigenvalue expression of eq 6-6, 

which gives the energy, E(ST), of each of the possible total spin states, ST, of the complex, 

     E(ST) = -J33[SA(SA + 1)] – J34[ST(ST + 1) – SA(SA + 1)]  (6-6) 
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where SA = S2 + S3 + S4 and ST = S1 + SA. In the above eqs. S2 = S3 = S4 = 2 for the MnIII 

centers, and S1 = 3/2 for the MnIV ion; the overall multiplicity of the spin system is 500, 

made up of individual spin states ranging from ST = 1/2 to 15/2. Thus, a theoretical χMT 

vs T expression was derived using the ST values, their energies E(ST), and the Van Vleck 

equation,123 and this expression was used to fit the experimental dc data (Figure 6-8, top). 

The best fit, shown as a solid line in Figure 6-8 (top), of the experimental points (○) to 

the theoretical model was obtained with J33 = 24.6 cm-1, J34 = -21.6 cm-1, and g = 1.98, 

with temperature-independent paramagnetism (TIP) parameter held constant at 400 x 10-6 

cm3mol-1. This leads to an ST = 9/2 ground state for this complex, since MnIIIMnIII 

pairwise interactions are ferromagnetic, and MnIIIMnIV exchange interactions 

antiferromagnetic. This is indeed satisfyingly consistent with the ST = 9/2 obtained from 

magnetization fits (vide supra), albeit the g = 1.94 differs slightly from the 1.98 value 

obtained here. The exchange interaction values obtained for 22 are similar to the ones 

reported in the literature where J33 and J34 fall in the ranges 5-11 and -21 to -34 cm-1, 

respectively.79 

6.2.4 Calcium XAS studies of complexes 20-22 

Complex 20-22 are the first molecular Ca/Mn complexes synthesized and provide a 

crystallographically characterized benchmark whose data can be compared and 

contrasted with those of PS II preparations. Previously, the Mn cluster has been 

investigated extensively by XAS, EPR, etc. studies on many inorganic model complexes, 

as well as PS II.18 However, the Ca cofactor has been comparatively lesser researched; 

this can be justified by the lack of spectroscopic handles for Ca compared to Mn. 

Nevertheless, Ca–EXAFS25 as well as –XANES124 have been performed on the WOC of 

PS II. However, such a study has never been extended to inorganic model complexes 
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containing Ca/Mn for the simple reason that until now there were none such examples. 

XAS studies on biological Ca-containing samples entail several daunting experimental 

challenges. First, compared with Mn or Sr, the X-ray fluorescence yield of Ca is lower 

making signal detection difficult. Second, the X-ray energies involved (3.6-4.5 keV) are 

attenuated significantly by air and regular cryostat windows and other materials used in 

conventional hard X-ray EXAFS studies. Third, the low concentration of Ca in PS II (≤60 

ppm by weight) means that for biochemical sample preparation, adventitious Ca 

contamination is a major problem. Extreme care must be taken to remove such 

extraneous Ca from glassware, solutions, and PS II samples, because nonspecific Ca 

would contribute to the EXAFS signal, diluting the desired signal from the WOC. 

Finally, biochemical studies have shown that higher plants have two types of Ca bound to 

PS II membrane fragments.125 One of these Ca seems to be bound tightly to the light-

harvesting complex II (LHC II)126 and does not have any metals around it, while the 

other, more loosely bound Ca embedded in the WOC is important for oxygen evolution.26 

Any Ca EXAFS experiment will measure the averaged signal from these two types. 

Despite these obstacles, Ca EXAFS had been conducted on PS II, the results of 

which indicated a Ca···Mn separation of 3.4 Å.25 Analogous Ca-XAS data have now been 

collected on the Mn13Ca2, Mn11Ca4 and Mn8Ca complexes. Note that although the Mn 

nuclearity in these complexes is higher than the WOC, the range that Ca provides is 

comparable and amenable for analysis. Note also that even after X-ray crystallographic 

data21, 22, 26 on one Sn state (dark-adapted S1 state) becomes available at a resolution 

sufficient to define the precise structure of the WOC, studies on different Sn states using 

biophysical techniques such as EXAFS and XANES  will be imperative to gain an 
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understanding of the structural, topological, and mechanistic changes occurring during 

the catalytic cycle at the WOC as it shuttles through its other, lesser stable Sn (n = 0,2,3,4) 

states.20 For this and other reasons, model compounds such as complexes 20-22 with 

precisely known structures are and will continue to be invaluable to assist in the 

interpretation of data obtained from XAS analysis, and to serve as reference species for 

physical characterization of the WOC in the various Sn states. 

6.2.4.1 Calcium EXAFS of complexes 20-22 

Figure 6-9 shows the Ca EXAFS spectra ((left) the k3-weighted spectra and (right) 

the Fourier transforms (FTs)), of complexes 20-22 and PS II in the S1 state (which 

contains two intact Ca per PS II sample). Figure 6-10 shows the Ca EXAFS spectra (the 

k3-weighted spectra in (A) and the FTs in (B)) of the Mn13Ca2 and Mn11Ca4 compounds 

and PS II in the S1 state. Note that in the Fourier Transforms, the Apparent Distance ‘R’ 

is less than the actual distance by about 0.5 Å. The spectra of only Mn13Ca2 and Mn11Ca4 

model compounds are shown separately in Figure 6-10 since these were fit (vide infra), 

and also since the Mn8Ca compound does not contain any Mn···Ca distances relevant to 

the WOC in PS II; Ca···Mn distances in Mn8Ca are longer than 5.0 Å as already stated 

earlier. In the Fourier transforms of EXAFS, each peak indicates a radial distribution of 

atoms surrounding the Ca atoms. The apparent distances are shorter than the actual Ca-

backscatterer distances due to an average phase shift induced by the potentials of the 

given absorber-backscatterer pair on the photoelectron. The peak I region corresponds to 

the first shell of Ca-ligands (oxygen backscatterer for the model compounds, and most 

likely oxygen and nitrogen backscatterer for PS II), and the peak II region is generally 

due to the Ca···Mn interaction and contributions from second and third shell C or O atoms 

from the ligands (Figures 6-9 and 6-10). The actual distances (R) and the coordination 
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numbers (N) are obtained from the EXAFS curve fitting summarized in Table 6-4 for 

Mn13Ca2 and Mn11Ca4 complexes, and compared with the XRD data. The EXAFS curve 

fitting quality was evaluated by the fit parameter, Φ. 
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Figure 6-9. (Left) k3-weighted Ca K-edge EXAFS spectra of the Ca/Mn complexes and 

PS II S1 state, and (right) Fourier transforms of the EXAFS spectra. 

Although the Mn8Ca complex does not contain any Ca···Mn distance below 5 Å, 

we still see a broad shoulder in the peak II region of the FT spectrum (Figure 6-9) in the 

3.5 to 4.0 Å range. This arises because of the presence of Ca···P interactions. The P atoms 

are the second shell for the Ca ion, and there are four Ca···P separations, 2 each at 3.6 Å 

and 3.7 Å in complex 22. A list of the relevant bond and interatomic distances for 

complexes 20-22 is depicted in Table 6-3. For both Mn11Ca4 and Mn13Ca2, the fit quality 
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Table 6-3. Selected interatomic and bond distances (Å) for the Ca and Mn atoms of complexes 20-22. 

20 21 22 

Ca1-O10'  2.296(8) 
Ca1-O43'  2.339(7) 
Ca1-O42  2.346(8) 
Ca1-O1  2.364(9) 
Ca1-O22'  2.396(9) 
Ca1-O3  2.459(8) 
Ca1-O32'  2.771(8) 
Ca1-O2  3.039(7) 
Ca1···Mn5 3.505(3) 
Mn3···Ca1  3.634(3) 
Mn4···Ca1'  3.796(3) 
Mn2···Ca1  3.534(3) 
Mn1···Mn2  2.8961(2) 
Mn5···Mn7  2.822(2) 
Mn5···Mn6  3.007(2) 
Mn4···Mn6  3.016(3) 
Mn4···Mn5  3.067(2) 
Mn4···Mn7  3.199(3) 

Ca1-O14'  2.279(7) 
Ca1-O40'  2.299(6) 
Ca1-O10'  2.343(7) 
Ca1-O19  2.4077) 
Ca1-O37  2.410(6) 
Ca1-O2  2.478(10) 
Ca1-O1  2.598(10) 
Ca1···Mn2'  3.541(2) 
Ca1···Mn3'  3.602(2) 
Ca1···Ca2  3.703(3) 
Ca2-O1  2.313(10) 
Ca2-O6  2.335(6) 
Ca2-O38  2.358(6) 
Ca2-O20  2.420(7) 
Ca2-O4  2.437(8) 
Ca2-O37  2.438(6) 
Ca2-O42  2.695(6) 
Ca2-O19  3.049(6) 
 

Ca-O12  2.288(6) 
Ca-O13  2.313(6) 
Ca-O3  2.397(6) 
Mn1-O18  1.822(5) 
Mn1-O19  1.860(5) 
Mn1-O17  1.883(5) 
Mn1-O2  1.937(6) 
Mn1-O7  1.943(6) 
Mn1-O5  1.956(5) 
Ca···P4  3.711(2) 
Ca···P5  3.593(2) 
Ca···Mn3  5.540(2) 
Ca···Mn4  5.238(2) 
Mn1···Mn4  2.7673(19) 
Mn1···Mn2  2.8580(18) 
Mn1···Mn3  2.9693(19) 
Mn2···Mn3  3.0530(19) 
Mn2···Mn4  3.0860(19) 
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Table 6-4. Least-squares fits of Fourier-filtered peaks I and II of Ca EXAFS data 
compared with structural parameters from the X-ray crystal structures on 
complexes 20 and 21, and the WOC of Photosystem II in the S1 state.  

 Fit 
No. Shell 

R (b) 
(Å) N (a) 

σ2 

(Å2) 
Φ 

/103 
XRD (b) 

R /Å 
XRD 

N 
Mn13Ca2 

I-1 Ca-O
2.37 7.0 0.012 1.3 Peak I 

I-2 Ca-O 
Ca-O 

2.35 
2.83 

6.0 
1.0 

0.010 
0.001 

0.84 

Ca-O 
2.3-2.5 

~2.8 

 
6 
1 

II-1 Ca-Mn
Ca-Mn

3.43 
3.79 

3.0 
2.0 

0.016 
0.019 

1.57 Peak II 

II-2 
 

Ca-O 
Ca-Mn
Ca-Mn

3.06 
3.45 
3.86 

1.0 
3.0 
2.0 

0.003 
0.017 
0.025 

0.26 

Ca-O 
~3.0 

Ca-Mn 
3.5-3.6 
3.8-3.9 

 
1 
 

3 
2 

Mn11Ca4 
I-1 Ca-O 2.39 7.0 0.013 1.36 Peak I 
I-2 Ca-O 

Ca-O 
2.37 
2.85 

6.0 
1.0 

0.011 
0.002 

0.89 
Ca-O 

2.3-2.5 
~2.8 

 
6 
1 

II-1 Ca-Mn
Ca-Mn

3.45 
3.69 

2.0 
1.5 

0.014 
0.011 

3.7 

II-2 
 

Ca-O 

Ca-Mn
Ca-Mn

3.13 
3.46 
3.72 

1.0 
2.0 
1.5 

0.001 
0.022 
0.025 

0.39 

Peak II 

II-2 
 

Ca-O 

Ca-Mn
Ca-Ca 
Ca-Mn

3.07 
3.42 
3.68 
3.76 

1.0 
2.0 
1.0 
1.5 

0.004 
0.012 
0.005 
0.015 

0.47 

Ca-O 
~3.0 

Ca-Mn 
3.46-3.61 
3.72-3.86 

Ca-Ca 
~3.7 

 
1 
 

2 
1.5 

 
1 

Photosystem II S1
(c) 

Peak I 
Ca-O 2.4 5 - 6 - - - - 

Peak II Ca-Mn 3.40 1.0 0.009 0.70 - - 
(a) Bold letter indicates fixed N from XRD data. 
(b) Ca···Mn distances longer than 4.0 Å were not included for the fitting for both 

 Mn13Ca2 and Mn11Ca4. 
(c) The data was taken from reference 25. 
Single value of σ2 is used for all the interactions. σ2, Debye-Waller parameter; Φ, fit-
quality parameter. For details see Appendix C, Physical Measurements.  
 
improves significantly when peak I was fit with two Ca-O distances (R = ~2.4 and ~2.8 

Å) in accord with the XRD data. For Mn13Ca2, one broad FT peak is observed at R’ = 3.0 
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Å in the peak II region, which is primarily the mixture of two Ca···Mn distances at ~3.5 

and ~ 3.8 Å (see Table 6-4). On the other hand, there are no distinctive FT peaks 

observed in the spectrum from Mn11Ca4. This demonstrates a difficulty with EXAFS 

analysis when dealing with very disordered shells and there is no guiding crystal structure 

or any other supporting data (for example, polarized EXAFS data to orientationally 

remove the distance heterogeneity). In the current case, the decreased intensity and 

asymmetry of peak II in Mn11Ca4 is explained by the large distance distribution of the 

 
 

Figure 6-10. (A) k3-weighted Ca K-edge EXAFS spectra of the Mn13Ca2 and Mn11Ca4 
complexes and PS II S1 state, and (B) Fourier transform of the EXAFS 
spectra. 

Ca···Mn vectors across the range of 3.5 to 4.0 Å as observed in the XRD data. In fact, 

peak II of Mn11Ca4 fits well with the XRD data with a high Debye-Waller factor (σ2 

value) of ~ 0.015 Å2 for the Ca···Mn interaction. Addition of the Ca-O contribution to the 

peak II region based on the XRD data significantly improved the curve fitting quality for 

both Mn11Ca4 and Mn13Ca2 (see Table 6-4). 



169 

 

Compared to the model compounds EXAFS spectra (Fig. 6-10), the presence of a 

clear single peak in PS II S1 state suggests a single Ca···Mn distance. In fact, peak II in 

the PS II S1 state has been assigned to Ca···Mn distances of 3.4 Å, with N = 2 (after 

correcting for the stoichiometry of Ca in PS II; two Ca per PS II, one in LHC II and 

another in the WOC) for the Ca atoms in the WOC cluster. 

6.2.4.2 Calcium XANES of complexes 20-22 

The Ca K-edge XANES spectra of the Ca/Mn compounds and PS II in the S1 state 

(2Ca / PS II)124 are shown in Figure 6-11. The XANES spectra of Mn13Ca2 and Mn11Ca4 

showed main edge features similar to that of PS II which has a maximum at 4050 eV, 

while more varied features (shoulder) are observed for the Mn8Ca complex. The 

differences in the edge shape are most likely due to differences in the symmetry, 

coordination numbers, and ligand environments around the Ca atoms in each of the three 

complexes. 

In all three Ca/Mn compounds, the first shell around Ca contains oxygen atoms. 

The Ca atoms in Mn8Ca are in a nearly perfect octahedral environment, while those of 

Mn13Ca2 are in asymmetric eight-coordinate geometry. Mn11Ca4 has a mixed 

environment, where one Ca (Ca1) is seven-coordinate and the O atoms occur in an 

approximately pentagonal bipyramidal geometry, whereas Ca2 is hexa-coordinated and in 

near octahedral geometry. Since all three compounds have similar first coordination 

shells, the difference in the main edge region (1s to 4p transition), especially the unique 

feature (shoulder) in the edge of Mn8Ca that is not present in Mn13Ca2 and Mn11Ca4, is 

most likely due to differences in the second shell. The second shell of Ca is Mn in 

Mn13Ca2 and Mn11Ca4, while it is mainly phosphorus atoms in Mn8Ca. The origin of the 
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Figure 6-11. (Top) Ca K-edge XANES spectra of Ca/Mn complexes 20-22 and PS II in 

the S1 state, and (bottom) their second derivative spectra. (Inset) The pre-edge 
like peaks. The second derivative spectra were derived by analytical 
differentiation of a third-order polynomial fit over a ± 3.0 eV range around 
each point. 

characteristic shoulder feature in the Ca XANES, similar to the one observed in Mn8Ca, 
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was explained in the literature as a contribution from a transition from Ca 1s to O 2p – Ca 

4p hybridized state.127 

Surprisingly and quite unexpectedly, in the Ca K-edge XANES spectra, there is a 

pre-edge feature (Figure 6-11 (inset)) similar to those found in other open-shell 3d 

transition-metal species. The spectrum is unique for each compound, suggesting the 

strong influence of the different oxygen ligand geometries. Since Ca2+ has an empty 3d 

shell and the 1s to 3d transition is forbidden unless there is some d-p mixing, the 

observed pre-edge features in the Ca/Mn compounds can be explained by Ca 3d orbitals 

gaining charge from O valence 2p orbitals.127, 128 Thus, the Ca XANES pre-edge position 

and intensity must be related to the first shell oxygen configuration.  

In case of higher plant PS II, there are two types of Ca; one Ca which is part of the 

Mn4Ca cluster and a second Ca which is bound to the light harvesting complex (LHC II). 

The observed XANES spectrum of PS II is therefore a superposition of spectral features 

from these two Ca atoms (hence 2 Ca per PS II). However, in spite of this, it is possible 

to observe that the PS II spectrum is dissimilar to the Ca/Mn model compounds. This 

suggests that Ca in the WOC in PS II might have a unique ligand environment, possibly 

from an oxo bridge as proposed. It would be interesting to collect Ca XANES from 

cyanobacterial PS II, which contains only one Ca per protein and may serve as a better 

comparison to the model compounds. Small energy shifts (Figure 6-11 (inset)) were also 

observed in the pre-edge region; the energy at the top of the peak is ~ 4041 eV for the 

model compounds, while ~ 4040 eV for PS II. Further investigation is necessary for 

understanding the relation between the Ca pre-edge energy and the geometry of the 

neighboring oxygen configuration around Ca. 
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6.3 Conclusions 

The successful entry and subsequent development of mixed-metal Ca/Mn 

chemistry pertinent to bioinorganic modeling of the WOC of PS II has been 

demonstrated. Complexes 20-22 represent the first family of heterometallic Mn/Ca 

complexes. Complexes 20 and 22 possess a ground state spin of S = 3/2 and 9/2, 

respectively. Magneto-structural correlation provided the exchange-interaction between 

individual MnIIIMnIII and MnIIIMnIV pairs as 24.6 cm-1 and -21.6 cm-1 in complex 22. 

Although the overall nuclearity of complexes 20-22 is larger than the Mn4Ca site of the 

WOC, the Ca provides an analogous range. Hence, the first application of Ca XAS to 

inorganic model complexes was achieved. Ca EXAFS revealed a close similarity between 

the local Ca environment of 20 and the WOC of PS II. In fact, the Ca-EXAFS results on 

20, in conjunction with the Sr-EXAFS on the Mn14Sr complex 19, offer compelling 

evidence that there exists a single-atom O bridge between Mn and Ca/Sr in the WOC; 

these were the features proposed on basis of EXAFS studies of PS II. Of utmost 

importance is the observation that motifs in these complexes are also present in the most 

recently proposed structure of the Mn4Ca site of the WOC on the basis of single-crystal 

EXAFS studies of PS II.129 Figure 6-12 lucidly illustrates the results of the Ca/Sr EXAFS, 

along with the germane Mn4Ca and Mn4Sr sub-units and the relevant Ca/Sr···Mn 

interactions present in complexes 20 and 19, respectively. A very interesting and curious 

result of the Ca XANES of the model complexes was the observance of pre-edge like 

features. A re-examination of the XANES of the WOC revealed that it too had pre-edge 

peaks. There is very clear dichroism of the main-edge and pre-edge peaks in the Mn13Ca2 

complex and thus we are currently studying this in greater detail with orientation-

dependent single-crystal XAS studies. Additionally, efforts are underway to achieve the  
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Figure 6-12. (Top) (A) Ca K-edge EXAFS spectra of the Mn13Ca2 complex (red) and PS 

II S1 state (black), and (B) Sr K-edge EXAFS spectra of the Mn14Sr complex 
(red) and Sr- reactivated PS II samples in the S1 state (black). Note that there 
are two Ca per PS II, including one extra Ca which is bound to the harvesting 
complex. Also, note that the apparent distances (R’) of the FT peaks are 
shorter by ~0.5 Å compared to the actual distances because of a phase shift 
induced by the interaction of the given absorber-backscatterer pair with the 
photoelectron. (Bottom) Mn4Ca and Mn4Sr interactions present in complexes 
20 and 19, containing the relevant Ca/Sr···Mn distances to PS II. Color 
scheme: MnIV dark blue, MnIII cyan, MnII purple, Ca yellow, Sr green, O red. 

smaller nuclearity “holy grail” Mn4Ca complex in discrete form. Once the ideal 

pentanuclearity is achieved the research can be further fortified from speculative 

modeling to a true structural and functional bioinorganic approach, by application of 

other techniques such as EPR, catalytic oxygen evolution activity testing, DFT, FTIR, 

and ENDOR to asses the similarities. 
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All the complexes mentioned in this chapter provide a diversity of Mn/Ca/O 

arrangements and topologies. A selected few geometries are illustrated in Figure 6-13. 

Many of the topologies are reminiscent of the Mn topologies found in MnO2 minerals and 

 

 

 
Figure 6-13. PovRay representations at the 50% probability level of units / sub-units 

present in the Mn/Ca complexes 20-22, and in the Mn14Sr complex 19. Sub-
units of complex 20 in the first row resemble the 3.0 Å26 (left) and 3.5 Å22 
(center) crystal structures of the WOC. Color scheme: MnIV dark blue, MnIII 
cyan, MnII purple, Ca yellow, Sr green, O red, C grey. 

which were proposed as plausible evolutionary origin of the WOC of PS II by Sauer and 

Yachandra.130 Obviously, in the absence of a conclusive crystal structure21, 22, 23, 26 or one 

particular preferred topology based on biophysical studies,131 researchers will have to 



175 

 

keep an open-mind towards this bioinorganic research of the active site of PS II. In 

retrospect, what Mother Nature has achieved through billions of years of evolution 

cannot be replicated in the lab within a couple of years. Nevertheless, the WOC of PS II 

is an intriguing and interesting research area, especially with the recent crystal structure 

reports becoming available. Thus with renewed research vigour in this field, PS II 

definitely promises much more new science as it further matures.  

6.4 Experimental 

6.4.1 Syntheses 

All manipulations were performed under aerobic conditions using chemicals as 

received, unless otherwise stated. (NBun
4)[Mn4O2(O2CPh)9(H2O)] was prepared as 

described elsewhere.55 

[Mn13Ca2O10(OH)2(OMe)2(O2CPh)18(H2O)4] (20·10MeCN). To a stirred solution 

of (NBun
4)[Mn4O2(O2CPh)9(H2O)] (0.25 g, 0.16 mmol) in MeCN/MeOH (20/1 mL) was 

slowly added Ca(NO3)2·4H2O (0.01 g, 0.04 mmol), and this produced a brown solution. 

This was stirred for a further 20 minutes, filtered, and the filtrate slowly concentrated by 

evaporation at ambient temperature, which slowly produced dark orange crystals of 

20·10MeCN over a couple of days. The yield was 40%. The crystals of 20 were 

maintained in the mother liquor for X-ray crystallography and other single-crystal 

studies, or collected by filtration, washed with MeCN, and dried in vacuo. The synthesis 

can also be carried out with Ca(ClO4)2 or Ca(O2CPh)2. Vacuum-dried solid analyzed as 

solvent-free. Elemental analysis (%) calcd. for 20 (C128H106O54Mn13Ca2): C, 46.55; H, 

3.24; found: C, 46.43; H, 3.15. Selected IR data (KBr, cm-1): 3475(br), 1600(m), 

1548(m), 1408(s), 1384(s), 1177(w), 1069(w), 1025(w), 716(s), 677(w), 613(m, br), 

508(w). 
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[Mn4O2(O2CPh)7(bpy)2]2[Mn11Ca4O10(OH)2(OMe)2(O2CPh)20(H2O)2] 

(21·14MeCN·H2O). To a stirred solution of (NBun
4)[Mn4O2(O2CPh)9(H2O)] (0.25 g, 0.16 

mmol) and Ca(O2CPh)2·3H2O (0.06 g, 0.18 mmol) in MeCN/MeOH (20/1 mL) was 

slowly added 2, 2'-bipyridyl (in short bpy) (0.03g, 0.19 mmol). The resulting brown 

solution was stirred for 20 minutes, filtered, and the filtrate concentrated by evaporation 

at ambient temperature to yield orange crystals of 21·14MeCN·H2O over a week. The 

yield was 35%. The crystals of 21 were washed with MeCN, and dried in vacuo. 

Vacuum-dried solid analyzed as fully desolvated. Elemental analysis (%) calcd. for 21 

(C280H214N8O88Mn19Ca4): C, 53.36; H, 3.42; N, 1.78; found: C, 53.35; H, 3.35; N, 1.91. 

Selected IR data (KBr, cm-1): 3375(br), 1602(m), 1558(m), 1400(s, br), 1175(w), 

1069(w), 1025(w), 772(w), 716(s), 688(w), 676(w), 612(m, br), 473(w). 

[Mn8CaO6(O2P(Ph)2)12(O2CPh)2(OMe)2(MeOH)2] (22). To a stirred solution of 

(NBun
4)[Mn4O2(O2CPh)9(H2O)] (0.25 g, 0.16 mmol) and Ca(O2CPh)2·3H2O (0.03 g, 0.08 

mmol) in MeCN/MeOH (20/2 mL) was slowly added diphenylphosphinic acid (0.31g, 

1.42 mmol) which turned the solution to a light orange color. The resulting solution was 

stirred for 20 minutes, filtered, and the filtrate concentrated by evaporation at ambient 

temperature to yield orange crystals of 22 over a couple of days. The yield was 55%. The 

crystals of 22 were washed with MeCN, and dried in vacuo. Vacuum-dried solid 

analyzed as solvent-free. Elemental analysis (%) calcd. for 22 (C162H144O38P12Mn8Ca): C, 

54.81; H, 4.09; found: C, 54.73; H, 4.07. Selected IR data (KBr, cm-1): 3408(w), 

1592(w), 1548(w), 1438(m), 1368(m), 1130(s, br), 1010(s), 991(s), 753(m), 726(s), 

693(s), 556(s, br), 489(w). 



177 

 

6.4.2 X-ray Crystallography 

Data were collected on a Siemens SMART PLATFORM equipped with a CCD 

area detector and a graphite monochromator utilizing Mo Kα radiation (λ = 0.71073 Å). 

Suitable crystal of 20·10MeCN, 21·14MeCN·H2O and 22 were attached to a glass fiber 

using silicone grease and transferred to a goniostat where they were cooled to 173 K for 

data collection. An initial search of reciprocal space revealed a triclinic cell for 20 and 

21, and a monoclinic cell for 22; the choice of space groups P1, P1 and C2/c, 

respectively, were confirmed by the subsequent solution and refinement of the structures. 

Cell parameters were refined using up to 8192 reflections. A full sphere of data (1850 

frames) was collected using the ω-scan method (0.3° frame width).  The first 50 frames 

were re-measured at the end of data collection to monitor instrument and crystal stability 

(maximum correction on I was < 1 %). Absorption corrections by integration were 

applied based on measured indexed crystal faces. The structures were solved by direct 

methods in SHELXTL6,56a and refined on F2 using full-matrix least squares. The non-H 

atoms were treated anisotropically, whereas the hydrogen atoms were placed in 

calculated, ideal positions and refined as riding on their respective carbon atoms.  

The asymmetric unit of 20·10MeCN contains half the cluster and 5 MeCN 

molecules of crystallization.  The latter were disordered and could not be modeled 

properly, thus program SQUEEZE,56b a part of the PLATON56c package of 

crystallographic software, was used to calculate the solvent disorder area and remove its 

contribution to the overall intensity data. A total of 884 parameters were refined in the 

final cycle of refinement using 4146 reflections with I > 2σ (I) to yield R1 and wR2 of 

9.06 and 21.68%, respectively.  



178 

 

The asymmetric unit of 21·14MeCN·H2O consists of a half Mn11Ca4 cluster (-1 

charge), a Mn4 cluster cation (+1 charge), and seven MeCN and a half H2O molecules of 

crystallization. The solvent molecules were disordered and could not be modeled 

properly, thus program SQUEEZE,56b a part of the PLATON56c package of 

crystallographic software, was used to calculate the solvent disorder area and remove its 

contribution to the overall intensity data. A total of 1751 parameters were refined in the 

final cycle of refinement using 42241 reflections with I > 2σ (I) to yield R1 and wR2 of 

8.79 and 19.74%, respectively. 

The asymmetric unit of 22 consists of a half Mn8Ca cluster. There are no solvent 

molecules. The structure is best described as two Mn4 moieties joined by a Ca center. 

There are four disordered phenyl rings, one on P4, one on P5 and both of the phenyl rings 

on P5'. A total of 960 parameters were refined in the final cycle of refinement using 

10624 reflections with I > 2σ (I) to yield R1 and wR2 of 7.48 and 16.33%, respectively. 

6.4.3 XAS Studies 

X-ray absorption spectra were measured on beamline 10.3.2 at the Advanced Light 

Source (ALS) operating at an electron energy of 1.9 GeV with an average current of 300 

mA. The experiments were conducted by Dr. Junko Yano and Dr Yulia Pushkar, 

members of the Yachandra group in the Physical Biosciences Division at Lawrence 

Berkeley Laboratory, Berkeley, CA. The radiation was monochromatized by a Si(111) 

double-crystal monochromator.  Intensity of the incident X-ray was monitored by an N2-

filled ion chamber (I0) in front of the sample.  XAS samples were made by gently 

grinding ~1 mg of compound and sealing in a sample holder with Mylar tape.  

Fluorescence spectra were recorded by using a seven-element Ge detector array.132 

Energy was calibrated by the pre-edge peak of KMnO4 (6543.3 eV) for Mn XAS, and by 
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the edge peak of calcium acetate (4050 eV) for Ca XAS.  All spectra were collected at 

room temperature. Each XANES and EXAFS scan required 17 and 30 minutes to 

complete. From a radiation damage study on each sample prior to data collection,  it was 

considered safe to collect three scans per spot for XANES and two scans per spot for 

EXAFS with a spot size of 100 (H) * 10 (V) μm2 using a defocused beam. 

Spectra were background-subtracted, normalized, and analyzed as previously 

described in the literature.112 After conversion of background-corrected spectra from 

energy space to photoelectron wave vector (k) space, and weighted by k3, a four-domain 

spline was subtracted for a final background removal. Appendix C (Physical 

Measurements) contains details regarding fitting procedures employed.  
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APPENDIX A 
BOND DISTANCES AND ANGLES 

Table A-1. Selected interatomic distances (Å) and angles (º) for 
[Mn8CeO8(O2CMe)12(H2O)4] (4) and [Mn8CeO8(O2CMe)12(py)4] (5) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Complex 4 Complex 5 
Mn1-O3  1.85(2) 
Mn1-O1  1.92(2) 
Mn1-O18  1.94(3) 
Mn1-O5  1.94(3) 
Mn1-O2  2.18(3) 
Mn1-O4  2.28(3) 
Mn2-O3  1.86(2) 
Mn2-O1  1.87(2) 
Mn2-O11  1.93(3) 
Mn2-O17  1.98(3) 
Mn2-O6  2.18(2) 
Mn2-O4  2.26(2) 
 Ce1-O3    2.33(19)
Ce1-O1  2.37(2) 

 
Mn2-O4-Mn1 83.9(8) 
Mn4-O8-Mn3 83.9(8) 

 Mn4-O9-Mn3 117.8(14) 
 

Mn1-O2  1.867(3) 
Mn1-O1  1.874(3) 
Mn1-O6  1.963(4) 
Mn1-O7  1.973(3) 
Mn1-O3  2.150(4) 
Mn1-O4  2.343(4) 
Mn2-O2  1.847(3) 
Mn2-O1  1.872(3) 
Mn2-O8  1.977(3) 
Mn2-O5  1.980(3) 
Mn2-O4  2.245(3) 
Mn2-N1  2.326(4) 
Ce1-O2  2.322(3) 
Ce1-O1  2.369(3) 

 
Mn2-O4-Mn1 82.42(11) 
Mn2-O2-Mn1 121.70(18) 
Mn2-O2-Ce1 105.45(14) 
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Table A-2. Selected interatomic distances (Å) and angles (º) for 

[Mn8CeO8(O2CCHPh2)12(H2O)4] (7). 
 

Ce(1)-O(24)  2.319(7) 
Ce(1)-O(5)  2.321(7) 
Ce(1)-O(14)  2.337(8) 
Ce(1)-O(33)  2.342(8) 
Ce(1)-O(9)  2.395(7) 
Ce(1)-O(28)  2.398(7) 
Ce(1)-O(19)  2.401(8) 
Ce(1)-O(3)  2.413(8) 
Ce(1)-Mn(5)  3.344(2) 
Ce(1)-Mn(2)  3.347(2) 
Ce(1)-Mn(6)  3.351(2) 
Ce(1)-Mn(4)  3.352(2) 
Mn(1)-O(5)  1.859(8) 
Mn(1)-O(3)  1.888(7) 
Mn(1)-O(6)  1.964(9) 
Mn(1)-O(2)  1.984(9) 
Mn(1)-O(4)  2.221(9) 
Mn(1)-O(1)  2.243(9) 
Mn(1)-Mn(8)  3.007(3) 
Mn(1)-Mn(2)  3.225(3) 
Mn(2)-O(5)  1.857(7) 
Mn(2)-O(9)  1.882(8) 
Mn(2)-O(8)  1.964(8) 
Mn(2)-O(10)  1.982(8) 
Mn(2)-O(7)  2.143(9) 
Mn(2)-O(11)  2.298(8) 
Mn(2)-Mn(3)  3.032(3) 
Mn(3)-O(14)  1.847(8) 
Mn(3)-O(9)  1.893(8) 
Mn(3)-O(15)  1.975(9) 
Mn(3)-O(12)  1.979(8) 
Mn(3)-O(13)  2.232(8) 
Mn(3)-O(11)  2.283(8) 
Mn(3)-Mn(4)  3.196(3) 
Mn(4)-O(14)  1.858(8) 
Mn(4)-O(19)  1.891(8) 
Mn(4)-O(17)  1.958(9) 
Mn(4)-O(18)  1.987(9) 
Mn(4)-O(16)  2.167(8) 
Mn(4)-O(21)  2.292(8) 
 

Mn(4)-Mn(5)  3.048(3) 
Mn(6)-O(24)  1.852(7) 
Mn(6)-O(28)  1.891(8) 
Mn(6)-O(27)  1.957(8) 
Mn(6)-O(26)  1.960(8) 
Mn(6)-O(25)  2.134(9) 
Mn(6)-O(29)  2.262(9) 
Mn(6)-Mn(7)  3.034(3) 
Mn(7)-O(33)  1.834(7) 
Mn(7)-O(28)  1.896(8) 
Mn(7)-O(30)  1.951(8) 
Mn(7)-O(32)  1.969(9) 
Mn(7)-O(31)  2.230(8) 
Mn(7)-O(29)  2.270(8) 
Mn(7)-Mn(8)  3.199(3) 
Mn(8)-O(33)  1.872(8) 
Mn(8)-O(3)  1.876(8) 
Mn(8)-O(36)  1.958(9) 
Mn(8)-O(35)  1.979(8) 
Mn(8)-O(34)  2.146(8) 
Mn(8)-O(1)  2.273(9) 
 
O(5)-Ce(1)-O(3) 65.1(2) 
O(14)-Ce(1)-O(3) 159.8(2) 
O(33)-Ce(1)-O(3) 65.6(3) 
O(9)-Ce(1)-O(3) 115.6(3) 
O(28)-Ce(1)-O(3) 114.0(2) 
O(19)-Ce(1)-O(3) 98.8(3) 
O(24)-Ce(1)-Mn(5) 32.04(19) 
O(5)-Ce(1)-Mn(5) 112.94(19) 
O(14)-Ce(1)-Mn(5) 79.8(2) 
O(33)-Ce(1)-Mn(5) 131.45(18) 
Mn(5)-Ce(1)-Mn(6) 57.21(5) 
Mn(2)-Ce(1)-Mn(6) 164.21(5) 
Mn(5)-Ce(1)-Mn(4) 54.16(5) 
Mn(2)-Ce(1)-Mn(4) 91.67(5) 
Mn(6)-Ce(1)-Mn(4) 92.66(5) 
Mn(8)-Mn(1)-Ce(1) 63.33(5) 
Mn(2)-Mn(1)-Ce(1) 61.03(5) 
Mn(1)-Mn(2)-Ce(1) 61.51(5) 
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Table A-3. Selected interatomic distances (Å) and angles (º) for 
[Mn11Gd4O8(OH)8(O2CPh)16(NO3)5(H2O)3] (10). 

 
Gd1-O20  2.361(6) 
Gd1-O21  2.364(5) 
Gd1-O22  2.410(6) 
Gd1-O10  2.417(6) 
Gd1-O24'  2.438(6) 
Gd1-O28  2.501(6) 
Gd1-O26  2.524(5) 
Gd1-O5  2.524(5) 
Gd1-O4  2.551(5) 
Gd1-N2  2.909(7) 
Gd1-Mn3  3.5085(13) 
Gd1-Mn2  3.5498(5) 
Gd2-O14  2.341(6) 
Gd2-O25  2.415(5) 
Gd2-O12  2.431(6) 
Gd2-O9  2.436(5) 
Gd2-O29  2.447(8) 
Gd2-O8  2.456(5) 
Gd2-O32  2.462(8) 
Gd2-O33  2.483(8) 
Gd2-O31  2.492(8) 
Gd2-N3  2.777(17) 
Gd2-N1  2.874(10) 
Gd2-Mn5  3.4401(13) 
Mn1-O3  1.887(5) 
Mn1-O4  1.897(5) 
Mn1-O23'  1.951(6) 
Mn1-O2  1.968(5) 
Mn1-O1  2.238(6) 
Mn1-O24'  2.298(6) 
Mn1-Mn2  2.9324(13) 
Mn2-O3' 1.900(5) 
Mn2-O3  1.900(5) 
Mn2-O4  1.983(5) 
Mn2-O4'  1.983(5) 
Mn2-O5  2.173(5) 
Mn2-O5'  2.173(5) 
Mn2-Mn1'  2.9324(13) 
Mn2-Gd1'  3.5498(5) 
 

Mn3-O10  1.848(6) 
Mn3-O4  1.923(5) 
Mn3-O6  1.982(6) 
Mn3-O9  1.989(5) 
Mn3-O7  2.120(6) 
Mn3-O8  2.201(5) 
Mn3-Mn6  2.8975(17) 
Mn3-Mn4  3.0991(18) 
Mn4-O3'  1.875(5) 
Mn4-O8  1.878(5) 
Mn4-O11  1.919(6) 
Mn4-O12  1.950(5) 
Mn4-O13  2.164(6) 
Mn4-O10  2.468(5) 
Mn6-O10  1.854(5) 
Mn6-O16  1.930(6) 
Mn6-O17  1.945(6) 
Mn6-O9  1.985(6) 
Mn6-O18  2.200(6) 
Mn6-O12  2.260(5) 
 
O20-Gd1-O21 90.84(19) 
O20-Gd1-O22 76.3(2) 
O21-Gd1-O22 73.86(18) 
O20-Gd1-O10 152.1(2) 
O21-Gd1-O10 72.66(18) 
O22-Gd1-O10 77.4(2) 
O28-Gd1-N2 26.36(19) 
O26-Gd1-N2 25.1(2) 
O5-Gd1-N2 145.1(2) 
O4-Gd1-N2 108.8(2) 
O20-Gd1-Mn3 168.36(12) 
O4-Mn1-Mn2 42.03(15) 
O23'-Mn1-Mn2 136.88(17) 
O2-Mn1-Mn2 139.39(18) 
O1-Mn1-Mn2 94.47(16) 
O24'-Mn1-Mn2 88.21(15) 
O3'-Mn2-O3 180.0(4) 
O3'-Mn2-O4 101.1(2) 
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Table A-4. Selected interatomic distances (Å) and angles (º) for 

[Mn11Dy4O8(OH)6(OMe)2(O2CPh)16(NO3)5(H2O)3] (11). 
 

Dy1-O2'  2.336(4) 
Dy1-O4  2.349(4) 
Dy1-O6  2.373(3) 
Dy1-O5  2.385(3) 
Dy1-O8'  2.408(3) 
Dy1-O3  2.466(4) 
Dy1-O1  2.483(4) 
Dy1-O12'  2.504(3) 
Dy1-O7  2.556(3) 
Dy1-N1  2.906(5) 
Dy1-Mn3  3.4908(8) 
Dy1-Mn2  3.5413(3) 
Dy2-O26  2.303(4) 
Dy2-O30  2.34(2) 
Dy2-O27  2.354(8) 
Dy2-O34  2.357(4) 
Dy2-O16  2.383(4) 
Dy2-O17  2.406(3) 
Dy2-O21  2.407(3) 
Dy2-O33  2.43(3) 
Dy2-O28  2.453(8) 
Dy2-O29  2.464(9) 
Dy2-O32  2.51(2) 
Dy2-O31  2.558(17) 
Mn1-O13'  1.891(3) 
Mn1-O7  1.895(3) 
Mn1-O10  1.943(4) 
Mn1-O9  1.944(4) 
Mn1-O11  2.225(4) 
Mn1-O8' 2.290(4) 
Mn1-Mn2  2.9411(8) 
Mn2-O13  1.893(3) 
Mn2-O13'  1.893(3) 
Mn2-O7  2.003(3) 
Mn2-O7'  2.003(3) 
Mn2-O12' 2.158(3) 
Mn2-O12  2.158(3) 
Mn2-Mn1'  2.9411(8) 
Mn2-Dy1'  3.5413(3) 
Mn5-O13  1.879(3) 
 

Mn5-O17  1.883(3) 
Mn5-O22  1.939(4) 
Mn5-O21  1.947(4) 
Mn5-O23'  2.177(4) 
Mn5-O5  2.466(4) 
Mn3-Mn4  2.8798(11) 
Mn3-Mn5  3.1128(11) 
Mn4-O5  1.848(4) 
Mn4-O20  1.931(4) 
Mn4-O19  1.944(4) 
Mn4-O16  1.994(4) 
Mn4-O18  2.204(4) 
Mn4-O21  2.251(4) 
 
O4-Dy1-O1 72.25(13) 
O6-Dy1-O1 129.61(13) 
O5-Dy1-O1 124.74(13) 
O8'-Dy1-O1 73.62(13) 
O3-Dy1-O1 51.37(12) 
O2'-Dy1-O12' 74.14(12) 
O4-Dy1-O12' 140.82(12) 
O6-Dy1-O12' 68.22(12) 
O2'-Dy1-Mn3 169.03(9) 
O4-Dy1-Mn3 99.05(9) 
O6-Dy1-Mn3 99.29(9) 
O5-Dy1-Mn3 30.48(8) 
O8'-Dy1-Mn3 90.75(9) 
O3-Dy1-Mn3 70.48(9) 
O7-Mn1-O8' 79.36(14) 
O10-Mn1-O8' 95.04(15) 
O9-Mn1-O8' 85.90(15) 
O11-Mn1-O8' 167.76(14) 
O13'-Mn1-Mn2 39.01(10) 
O12'-Mn2-Dy1 44.36(9) 
O12-Mn2-Dy1 135.64(9) 
Mn1-Mn2-Dy1 68.594(17 
O15-Mn3-Mn4 141.35(12) 
O14-Mn3-Mn4 97.09(11) 
O17-Mn3-Mn4 86.77(10) 
O5-Mn3-Mn5 52.40(11) 
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Table A-5. Selected interatomic distances (Å) and angles (º) for 
[Mn11Tb4O8(OH)6(OCH2Ph)3(O2CPh)20(PhCH2OH)2(H2O)] (13) 

 
Tb1-O3'  2.374(8) 
Tb1-O29  2.375(7) 
Tb1-O27  2.392(7) 
Tb1-O31  2.406(8) 
Tb1-O1  2.445(8) 
Tb1-O5' 2.447(8) 
Tb1-O11  2.490(7) 
Tb1-O2  2.491(8) 
Tb1-O10'  2.632(8) 
Tb1-Mn2  3.5235(19) 
Tb1-Mn3  3.5573(6) 
Tb2-O20  2.324(8) 
Tb2-O17  2.340(9) 
Tb2-O16  2.361(8) 
Tb2-O24  2.396(10) 
Tb2-O19  2.411(7) 
Tb2-O26  2.412(8) 
Tb2-O14  2.413(8) 
Tb2-O32  2.426(12) 
Tb2-Mn6  3.4147(19) 
Tb2-Mn5  3.4172(18) 
Tb2-Mn4  3.487(2) 
Tb2-Mn2  3.5321(19) 
Mn1-O10  1.891(7) 
Mn1-O6  1.893(7) 
Mn1-O4  1.936(7) 
Mn1-O9  1.937(7) 
Mn1-O12  2.246(9) 
Mn1-O5  2.300(9) 
Mn1-Mn3  2.9088(16) 
Mn3-Tb1'  3.5573(6) 
Mn4-O27  1.875(7) 
Mn4-O14  1.931(8) 
Mn4-O18  1.939(8) 
Mn4-O30  1.945(8) 
Mn4-O7  2.215(9) 
Mn4-O26  2.275(8) 
Mn4-Mn5  3.239(2) 
 

Mn4-Mn5  3.239(2) 
Mn5-O19  1.868(8) 
Mn5-O6  1.870(7) 
Mn5-O26  1.933(7) 
Mn5-O28  1.947(8) 
Mn5-O25  2.161(8) 
Mn5-O27  2.396(7) 
Mn6-O19  1.911(8) 
Mn6-O20  1.915(8) 
Mn6-O21  1.934(8) 
Mn6-O11'  1.963(8) 
Mn6-O22  2.149(8) 
Mn6-O13'  2.469(8) 
Mn4-O21  2.251(4) 
 
O3' -Tb1-O29 73.8(3) 
O3' -Tb1-O27 148.7(3) 
O29-Tb1-O27 76.5(3) 
O3' -Tb1-O31 88.6(3) 
O27-Tb1-Mn2 30.06(18) 
O31-Tb1-Mn2 98.7(2) 
O1-Tb1-Mn2 123.2(2) 
O5' -Tb1-Mn2 89.05(19) 
O11-Tb1-Mn2 95.36(17) 
Mn6-Tb2-Mn5 62.72(4) 
O20-Tb2-Mn4 130.4(2) 
O17-Tb2-Mn4 63.4(2) 
Mn6-Tb2-Mn2 57.30(4) 
Mn5-Tb2-Mn2 52.44(4) 
Mn4-Tb2-Mn2 48.05(4) 
O10-Mn1-Mn3 42.2(2) 
O6-Mn1-Mn3 39.8(2) 
O4-Mn1-Mn3 136.5(2) 
O9-Mn1-Mn3 139.5(2) 
Mn4-Mn2-Mn5 66.10(6) 
O27-Mn2-Tb1 39.5(2) 
O10'-Mn2-Tb1 47.2(2) 
Tb1-Mn2-Tb2 130.13(5) 
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Table A-6. Selected interatomic distances (Å) and angles (º) for 
[Mn10Th6O22(OH)2(O2CPh)16(NO3)2(H2O)8] (16). 

 
Th1-O3  2.376(14) 
Th1-O7  2.393(12) 
Th1-O25  2.425(17) 
Th1-O11  2.455(14) 
Th1-O8  2.479(13) 
Th1-O6  2.501(19) 
Th1-O2  2.514(14) 
Th1-O5  2.538(17) 
Th1-O4  2.54(2) 
Th3-O14  2.354(14) 
Th3-O32  2.384(16) 
Th3-O16  2.397(13) 
Th3-O15  2.424(11) 
Th3-O29  2.484(16) 
Th3-O13  2.491(13) 
Th3-O11  2.547(13) 
Th3-O17  2.584(15) 
Th3-O18  2.59(2) 
Th3-O12  2.655(12) 
Mn1-O3  1.802(13) 
Mn1-O2  1.807(15) 
Mn1-O1  1.820(16) 
Mn1-O24  1.909(16) 
Mn1-O21  1.945(17) 
Mn1-O22  1.984(14) 
Mn3-O7  1.828(14) 
Mn3-O16'  1.831(13) 
Mn3-O12  1.856(14) 
Mn3-O12'  1.900(13) 
Mn3-O13  1.928(13) 
Mn3-O27  1.970(16) 
Mn4-O10  1.800(15) 
Mn4-O15  1.855(15) 
Mn4-O11  1.869(11) 
Mn4-O28  1.899(18) 
Mn4-O8  1.929(17) 
Mn4-O30  1.960(12) 
Mn5-O15  1.809(15) 
Mn5-O14  1.831(11) 
 

Mn5-O10  1.862(15) 
Mn5-O34  1.889(16) 
Mn5-O33  1.943(16) 
Mn5-O31  2.027(14) 
Mn4···Mn5  2.702(6) 
Mn1···Mn2  2.695(4) 
Mn3···Mn3'  2.821(7) 
Mn2···Mn3  2.763(5) 
Mn4···Mn5  2.702(6) 
Th2···Mn5  3.362(3) 
Th2···Mn1  3.420(4) 
Th2···Mn4  3.489(3) 
Th3···Mn5  3.348(3) 
Th3···Mn4  3.400(3) 
Mn3···Th3'  3.460(3) 
 
O2-Th1-Mn4 133.4(4) 
Mn1-Th1-Mn4 104.58(10) 
O3-Th1-Mn2 66.4(3) 
O11-Th1-Mn2 88.0(3) 
O8-Th1-Mn2 134.6(4) 
Mn1-Th1-Mn2 46.35(8) 
Mn4-Th1-Mn2 115.92(9) 
O10-Th2-O1 140.0(5) 
Mn5-Th2-Mn4 46.40(10) 
Mn1-Th2-Mn4 100.92(9) 
Mn5-Th3-Mn4 47.19(10) 
Mn2-Mn1-Th1 70.16(11) 
Mn2-Mn1-Th2 73.42(12) 
Th1-Mn1-Th2 69.06(7) 
Mn1-Mn2-Mn3 127.94(15) 
Mn2-Mn3-Th3 125.43(11) 
Mn3'-Mn3-Th2 77.49(12) 
Th3'-Mn3-Th2 106.87(9) 
Th3-Mn3-Th2 63.24(5) 
Mn3-O13-Th3 107.9(6) 
O11-Th1-Mn1 97.7(3) 
O8-Th1-Mn1 98.9(3) 
O6-Th1-Mn1 140.7(4) 
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Table A-7. Selected interatomic distances (Å) and angles (º) for 

[Mn7O5(OMe)2(O2CPh)9(terpy)] (17). 
 

Mn1-O3  2.048(2) 
Mn1-O2  2.163(2) 
Mn1-O4  2.167(2) 
Mn1-N2  2.243(3) 
Mn1-N1  2.268(3) 
Mn1-N3  2.273(3) 
Mn2-O3  1.842(2) 
Mn2-O17  1.925(1) 
Mn2-O5  1.954(2) 
Mn2-O18  1.984(2) 
Mn2-O8  2.205(2) 
Mn2-O13  2.222(2) 
Mn3-O3  1.840(2) 
Mn3-O17  1.936(1) 
Mn3-O1  1.942(2) 
Mn3-O12  1.987(2) 
Mn3-O6  2.212(2) 
Mn3-O10  2.231(2) 
Mn4-O12  1.892(2) 
Mn4-O19  1.910(2) 
Mn4-O11  1.928(2) 
Mn4-O25  1.946(2) 
Mn4-O24  2.138(2) 
Mn4-O17  2.334(2) 
Mn5-O18  1.894(2) 
Mn5-O14  1.912(2) 
Mn5-O20  1.920(2) 
Mn5-O19  1.938(2) 
Mn5-O15  2.123(2) 
Mn5-O17  2.439(2) 
Mn6-O25  1.913(2) 
Mn6-O7  1.931(2) 
Mn6-O9  1.933(2) 
Mn6-O20  1.939(2) 
Mn6-O22  2.193(2) 
Mn6-O17  2.300(2) 
Mn7-O19  1.840(2) 
Mn7-O25  1.847(2) 
 
 

Mn7-O20  1.860(2) 
Mn7-O16  1.931(2) 
Mn7-O21  1.941(2) 
Mn7-O23     1.959(2) 
Mn4···Mn7  2.7908(7) 
Mn4···Mn5  3.1124(7) 
Mn4···Mn6  3.1740(7) 
Mn5···Mn7  2.7894(7) 
Mn5···Mn6  3.1997(7) 
Mn6···Mn7  2.8127(7) 
Mn2···Mn3  2.7898(7) 
Mn2···Mn5  3.0361(7) 
Mn3···Mn4  2.9958(7) 
 
O3-Mn1-O2 89.96(8) 
O3-Mn1-O4 92.21(8) 
O2-Mn1-O4 177.83(8) 
O3-Mn1-N2 168.47(9) 
O2-Mn1-N2 81.30(9) 
O4-Mn1-N2 96.54(9) 
O3-Mn1-N1 100.48(9) 
O2-Mn1-N1 87.96(10) 
O4-Mn1-N1 91.63(9) 
N2-Mn1-N1 71.85(10) 
O3-Mn1-N3 116.08(9) 
O2-Mn1-N3 89.93(10) 
N2-Mn1-N3 71.69(10) 
N1-Mn1-N3 143.38(10) 
O3-Mn2-O17 84.57(8) 
O3-Mn2-O5 98.74(9) 
O17-Mn2-O5 176.68(9) 
O9-Mn6-Mn4 151.07(7) 
O20-Mn6-Mn4 78.69(6) 
O22-Mn6-Mn4 121.82(6) 
O17-Mn6-Mn4 47.22(5) 
Mn7-Mn6-Mn4 55.172(16) 
Mn7-Mn6-Mn5 54.827(15) 
Mn4-Mn6-Mn5 58.458(15) 
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Table A-8. Selected interatomic distances (Å) and angles (º) for 
[Mn7O5(OCH2Ph)2(O2CPh)9(terpy)] (18). 

 
Mn7-O23  2.035(2) 
Mn7-O25  2.170(3) 
Mn7-O22  2.192(3) 
Mn7-N2  2.249(4) 
Mn7-N3  2.259(4) 
Mn7-N1  2.276(5) 
Mn3-O13  1.887(3) 
Mn3-O4  1.912(3) 
Mn3-O10  1.923(3) 
Mn3-O7  1.926(3) 
Mn3-O6  2.105(3) 
Mn3-O12  2.407(3) 
Mn4-O14  1.896(3) 
Mn4-O3  1.906(3) 
Mn4-O7  1.924(3) 
Mn4-O16  1.934(3) 
Mn4-O9  2.161(3) 
Mn4-O12  2.366(3) 
Mn2-O18  1.910(3) 
Mn2-O4  1.914(3) 
Mn2-O20  1.915(3) 
Mn2-O3  1.940(3) 
Mn2-O2  2.140(3) 
Mn2-O12  2.307(2) 
Mn1-O4  1.856(3) 
Mn1-O7  1.860(3) 
Mn1-O3  1.867(3) 
Mn1-O8  1.926(3) 
Mn1-O1  1.960(3) 
Mn1-O5  1.960(3) 
Mn5-O23  1.846(3) 
Mn5-O12  1.931(3) 
Mn5-O21  1.964(3) 
Mn5-O20  1.994(3) 
Mn5-O15  2.223(3) 
Mn5-O19  2.283(3) 
Mn5-Mn6  2.8013(9) 
Mn6-O23  1.849(3) 
Mn6-O12  1.938(2) 
Mn6-O24  1.949(3) 
Mn6-O13  1.994(3) 

Mn6-O17  2.191(3) 
Mn6-O11  2.222(3) 
Mn1···Mn3  2.7787(8) 
Mn1···Mn2  2.8028(9) 
Mn1···Mn4  2.8090(8) 
Mn2···Mn5  3.0088(8) 
Mn2···Mn3  3.0624(9) 
Mn2···Mn4  3.1528(9) 
Mn3···Mn6  3.0020(9) 
Mn3···Mn4  3.2031(9) 
Mn5···Mn6  2.8013(9) 
 
O23-Mn7-O22 90.90(11) 
O25-Mn7-O22 177.29(13) 
O23-Mn7-N2 172.24(13) 
O25-Mn7-N2 82.71(12) 
O22-Mn7-N2 95.62(12) 
O23-Mn7-N3 104.08(13) 
O25-Mn7-N3 90.89(14) 
O22-Mn7-N3 90.61(13) 
N2-Mn7-N3 71.73(16) 
Mn1-O3-Mn2 94.81(11) 
Mn4-O3-Mn2 110.10(11) 
Mn1-O4-Mn3 95.04(12) 
Mn1-O4-Mn2 96.04(12) 
Mn3-O4-Mn2 106.35(12) 
O21-Mn5-O19 84.19(11) 
O20-Mn5-O19 82.96(11) 
O15-Mn5-O19 167.31(11) 
O23-Mn5-Mn6 40.73(8) 
O2-Mn2-Mn5 145.42(8) 
O12-Mn2-Mn5 39.91(6) 
Mn1-Mn2-Mn5 126.85(3) 
O18-Mn2-Mn3 93.07(10) 
O4-Mn2-Mn3 36.80(8) 
Mn1-Mn2-Mn4 55.91(2) 
Mn5-Mn2-Mn4 73.08(2) 
Mn3-Mn2-Mn4 62.02(2) 
Mn1-Mn3-Mn2 57.10(2) 
Mn6-Mn3-Mn2 86.27(2) 
O13-Mn3-Mn4 85.71(9) 



 

188 

APPENDIX B 
LIST OF COMPOUNDS 

{[Mn(OH)(O2CMe)2]·MeCO2H·H2O}n (1) 

[Mn3O(O2CPh)6(py)2(H2O)] (2) 

(NBun
4)[Mn4O2(O2CPh)9(H2O)] (3) 

[Mn8CeO8(O2CMe)12(H2O)4] (4) 

[Mn8CeO8(O2CMe)12(py)4] (5) 

[Mn8CeO8(O2CPh)12(MeCN)4][Mn8CeO8(O2CPh)12(dioxane)4] (6) 

[Mn8CeO8(O2CCHPh2)12(H2O)4] (7) 

[Mn11Nd4O8(OH)8(O2CPh)16(NO3)5(H2O)3] (8) 

[Mn11Eu4O8(OH)8(O2CPh)16(NO3)5(H2O)3] (9) 

[Mn11Gd4O8(OH)8(O2CPh)16(NO3)5(H2O)3] (10) 

[Mn11Dy4O8(OH)6(OMe)2(O2CPh)16(NO3)5(H2O)3] (11) 

[Mn11Ho4O8(OH)8(O2CPh)18(NO3)3(H2O)7] (12) 

[Mn11Tb4O8(OH)6(OCH2Ph)3(O2CPh)20(PhCH2OH)2(H2O)] (13) 

[Mn2Yb2O2(O2CPh)6(OMe)4(MeOH)4] (14) 

[Mn2Y2O2(O2CPh)6(OMe)4(MeOH)4] (15) 

[Mn10Th6O22(OH)2(O2CPh)16(NO3)2(H2O)8] (16) 

[Mn7O5(OMe)2(O2CPh)9(terpy)] (17) 

[Mn7O5(OCH2Ph)2(O2CPh)9(terpy)] (18) 

[Mn14SrO11(OMe)3(O2CPh)18(MeCN)2] (19) 

[Mn13Ca2O10(OH)2(OMe)2(O2CPh)18(H2O)4] (20) 
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[Mn4O2(O2CPh)7(bpy)2]2[Mn11Ca4O10(OH)2(OMe)2(O2CPh)20(H2O)2] (21) 

[Mn8CaO6(O2P(Ph)2)12(O2CPh)2(OMe)2(MeOH)2] (22)
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APPENDIX C 
PHYSICAL MEASUREMENTS 

Infrared spectra were recorded in the solid state (KBr pellets) on a Nicolet Nexus 

670 FTIR spectrophotometer in the 400-4000 cm-1 range. Elemental analyses (C, H, and 

N) were performed at the in-house facilities of the University of Florida Chemistry 

Department. Variable-temperature DC magnetic susceptibility data down to 1.80 K were 

collected on a Quantum Design MPMS-XL SQUID magnetometer equipped with a  

70 kG (7 T) DC magnet at the University of Florida. Pascal’s constants were used to 

estimate the diamagnetic corrections, which were subtracted from the experimental 

susceptibility to give the molar magnetic susceptibility (χM). AC magnetic susceptibility 

data were collected on the same instrument employing a 3.5 G field oscillating at 

frequencies up to 1500 Hz. Samples were embedded in solid eicosane, unless otherwise 

stated, to prevent torquing. Magnetization vs field and temperature data were fit using the 

program MAGNET, and contour plots were obtained using the program GRID, both 

written at Indiana University by Dr. E. R. Davidson. Low temperature (< 1.8 K) 

hysteresis loop and DC relaxation measurements were performed at Grenoble using an 

array of micro-SQUIDS.50 The high sensitivity of this magnetometer allows the study of 

single crystals of SMMs on the order of 10-500 μm. The field can be applied in any 

direction by separately driving three orthogonal coils. 

X-ray absorption spectroscopy (XAS) was performed at the Stanford Synchrotron 

Radiation Laboratory (SSRL) on beamline 9-3 at an electron energy of 3.0 GeV with an 

average current of 70-90 mA. Synchrotron radiation facilities were provided by the 
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Advanced Light Source (ALS), Berkeley, which is operated by the Department of Energy, 

Office of Basic Energy Sciences. Data reduction of the EXAFS spectra was performed as 

described earlier.25, 106, 112 Curve fitting was performed using ab initio-calculated phases 

and amplitudes from the program FEFF 8.133 

These ab initio phases and amplitudes were used in the EXAFS equation: 

χ(k) = S0
2 Nj

kRj
2

j
∑ feff j (π ,k, Rj )e

−2σ j
2 k 2

e−2R j / λ j (k ) sin(2kRj + φij(k))
 

The neighboring atoms to the central atom(s) are divided into j shells, with all 

atoms with the same atomic number and distance from the central atom grouped into a 

single shell. Within each shell, the coordination number Nj denotes the number of 

neighboring atoms in shell j at a distance of Rj from the central atom. feff
j
(π ,k, Rj )  is the 

ab initio amplitude function for shell j, and the Debye-Waller term e
−2σ j

2k 2

 accounts for 

damping due to static and thermal disorder in absorber-backscatterer distances. The mean 

free path term e
−2Rj / λ j (k )

 reflects losses due to inelastic scattering, where λj(k) is the 

electron mean free path. The oscillations in the EXAFS spectrum are reflected in the 

sinusoidal termsin(2kRj + φij (k)) , whereφij(k)  is the ab initio phase function for shell j. 

This sinusoidal term shows the direct relation between the frequency of the EXAFS 

oscillations in k space and the absorber-backscatterer distance. 

The EXAFS equation was used to fit the experimental data using N, R, and σ2 as 

variable parameters. The coordination numbers, N, are evaluated on a per Sr/Mn/Ca basis. 

Fit quality was evaluated using two different fit parameters, Φ and ε2. Φ is a normalized 

sum of residuals between the data and the simulations. The ε2 error takes into account the 
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number of variable parameters. S0
2 is an amplitude reduction factor due to shake-

up/shake-off processes at the central atom(s).  

Fit-quality Φ is: 

Φ =
1
si

⎛ 

⎝ 
⎜ ⎞ 

⎠ 
⎟ 

2

[χ expt (ki ) − χ calc (ki )]
2

1

NT

∑
 

where NT is the total number of data points collected, χ expt (ki ) is the experimental 

EXAFS amplitude at point i, and χ calc (ki ) is the theoretical EXAFS amplitude at point i. 

The normalization factor si is given by: 

1
si

=
ki

3

kj
3 χexpt (kj )

j

N

∑
 

The ε2 error takes into account the number of variable parameters p in the fit and 

the number of independent data points Nind, as shown in: 

ε 2 =
Nind

Nind − p
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ N
−1Φ

 

N is the total number of data points collected, and the number of independent data 

points Nind is estimated from the Nyquist sampling theorem, as shown in  

Nind =
2ΔkΔR

π  

∆k is the k-range of the data and ∆R is the width of the Fourier-filtered peak in Å. 

Therefore, ε2 provides a gauge of whether the addition of another shell to the fit is 

justified. 
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