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Abstract 

This thesis describes an investigation of the coordination chemistry of the 

potentially chiral bridging, chelating ligand, α-methyl-2-pyridinemethanol (mpmH) with 

select 3d ions for the discovery of polynuclear clusters with single molecule magnet 

(SMM) properties. 

Chapter 1 introduces the theory of molecular magnetism, SMMs and the concepts 

of chiral SMMs, magnetochiral dichroism and multiferroics. 

In Chapter 2, two NiII clusters, {Ni8} and {Ni18} prepared from rac-mpmH are 

reported. The {Ni8} cluster crystallizes in a trapezoidal prismatic topology and contains 

tetrazolate ligands that are formed via a metal-assisted click reaction. The molecular 

structure of the second {Ni18} cluster is highly disordered comprising of eight edge-

sharing cubane subunits. Dc magnetic susceptibility measurements reveal dominant 

ferromagnetic interactions down to  ~18 K, stabilizing spin states with large values, 

whereas at T < 18 K the antiferromagnetic contribution results in the population of smaller, 

but appreciable non-zero spin states. Ac magnetic susceptibility measurements confirm the 

presence of two relaxation processes at two temperature regimes that is extremely rare for 

a 3d-metal based SMM. The first at low temperature (~5 K) is attributed to conventional 

SMM behavior with τ0 = 3.26 × 10-10 s and Ueff = 11 K. The origin of high temperature 

(~15 K) relaxation process with a large Ueff = 381 K and τ0 = 2.7 × 10-15 s is less clear, but 

tentatively assigned to spin-glass properties.  

In Chapter 3, the synthesis and structure of a large mixed-valence 

[MnII2MnIII28MnIV] polynuclear cluster with a closed cage-like conformation is presented. 



 III 

Ac magnetic susceptibility measurements show the compound is an SMM with Ueff of 58 

K, that is large for a 3d cluster, and a τ0 = 3 × 10−8 s.  

Chapter 4 describes the coordination chemistry of racemic and chiral-mpmH with 

CuII and FeIII, where the synthesis and magnetostructural properties of a chiral {Cu4} 

tetramer, a non-chiral 1-D chain, as well as a chiral {Fe6} and a non-chiral{Fe8} cluster are 

reported. Dc magnetic susceptibility measurements on all four complexes reveal the 

presence of dominant antiferromagnetic exchange interactions affording S = 0 spin ground 

states at low temperature that precludes the observation of any SMM behavior. 
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CHAPTER 1 - Introduction 

1.1 Magnetism 

The most fundamental concept in magnetism is the magnetic field produced by the 

motion of electric charges. A solenoid is the most common example of a substance in which 

a magnetic field is generated as a result of an electric current passing through a wrapped 

coil.1, 2 In the macroscopic approach, the magnetization M induced in a solid is measured 

as a function of the applied field, H. In this respect, the magnetic susceptibility 𝜒 denotes 

the extent of change in the magnetization of a solid when it is placed in an external 

magnetic (Equation 1.1).1  

𝜒 = 𝜕𝑀/𝜕𝐻       Equation 1.1 

When the applied field is small then 𝜕𝑀/𝜕𝐻 is approximately constant and we can 

approximate c ~ M/H. The susceptibility is normally scaled to susceptibility per gram (cg), 

or reported as the molar magnetic susceptibility (cM). Magnetochemists typically continue 

to work in c.g.s. units in which cM is given in units of cm3‧mol-1 or emu‧mol-1, where the 

emu is an electromagnetic unit with dimensions of 1 emu = 1 cm3.  It should be noted that 

in the literature chemists often implement the term magnetic susceptibility c, as referring 

to molar susceptibility cM and these expressions are used somewhat interchangeably.1, 2 

1.2 Magnetic Properties of Materials 

Depending on the nature of the interaction with a magnetic field, magnetic materials 

are traditionally divided into several classes. The first two refer to whether the system 

possesses any unpaired electrons. Such systems are referred to as diamagnetic (no unpaired 
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electrons), or paramagnetic (one or more unpaired electrons). If the system is paramagnetic, 

then in certain circumstances they can interact co-operatively, giving a variety of types of 

long-range magnetic order of which ferromagnetism, antiferromagnetism and 

ferrimagnetism are the most common and are discussed below. 

1.2.1 Diamagnetism 

Diamagnets comprise materials which possess pairs of electrons in filled orbitals 

and have no unpaired electrons. In these materials, the magnetic susceptibility 𝜒 is small 

and negative in sign, reflecting the fact that these materials are repelled by a magnetic field 

(Figure 1.1a). The small, negative magnetic susceptibility originates from the reorientation 

of the electron's path around the external field direction in a way that opposes the applied 

field. All compounds containing electron pairs (core electrons, bonding pairs of electrons 

and lone pairs) will exhibit diamagnetism.1-3 

1.2.2 Paramagnetism 

Paramagnetic materials are compounds containing one or more unpaired electrons. 

In the absence of an applied field, the moments are randomly oriented. However, when 

such materials are placed in an external applied magnetic field, the spins of the unpaired 

electrons reorient parallel to the direction of the magnetic field, giving rise to a small 

positive magnetic susceptibility (Figure 1.1b). The magnitude of the paramagnetic 

susceptibility is typically much larger than the diamagnetic susceptibility of the sample. 

Work by Curie showed that the paramagnetic susceptibility of these materials is 

temperature dependent and typically follows the empirical Curie Law (Equation 1.2):1-3 

cM = C/T        Equation 1.2  



 3 

This is now known to arise from changes in the thermal populations of the MS states 

of the paramagnetic centre (a statistical thermodynamics approach), or can be considered 

in terms of thermal fluctuations of the spin alignment away from the applied field (a 

classical approach). A more in-depth discussion of paramagnetism pertaining to the 

magnetic properties of 3d transition metal complexes is presented in section 1.3. 

 

Figure 1.1 Schematic showing the interaction of unpaired spins with a magnetic field. 

Reproduced with permission from reference 4.4 

1.2.3 Ferromagnetism  

Ferromagnets are the most well-known class of magnetic materials and comprise a 

subset of paramagnetic materials. While ferromagnets exhibit paramagnetism at high 

temperature, they exhibit a type of long-range magnetic order below a critical temperature 

known as the Curie temperature, TC. In the magnetically ordered regime the electron spins 

in a ferromagnet align co-parallel across a macroscopic region, known as a domain (Figure 

1.1c). Ferromagnets have found diverse applications as transformers, electromagnets, and 

magnetic tape for recording. The magnetic properties of a ferromagnet are defined by a 

hysteresis loop. In the absence of a magnetic field, the magnetic moments within a domain 

are magnetically aligned, but each domain is randomly oriented leading to zero 

magnetization. When an external magnetic field is applied, the magnetic moments of each 

domain align with the applied magnetic field, with the magnetization increasing non-

linearly with the applied field and saturating at a value, MS. When the applied field is 

Int. J. Mol. Sci. 2013, 14 15980 
 

 

evaluate the underlying factors that influence magnetism at the nanoscale. Explanations about the role 
of atomic and molecular structure upon magnetization are readily available [55]. However, from a 
practical perspective, most of what we need to know to manipulate the effectiveness of these nanoscale 
magnets can be derived from prior experimental observations and an understanding of the role of MNP 
magnetic domain structure.  

Based on the response of the intrinsic MNP magnetic dipole and the net magnetization in the 
presence and absence of an applied magnetic field, MNPs are typically classified as being either 
diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and antiferromagnetic [56,57]. Figure 2 
shows the net magnetic dipole arrangement for each of these types of magnetic materials. For 
diamagnetic materials in the absence of a magnetic field, magnetic dipoles are not present. However, 
upon application of a field, the material produces a magnetic dipole that is oriented opposite to that of 
the applied field; thus, a material that has strong diamagnetic character is repelled by a magnetic field. 
For paramagnetic materials, there exist magnetic dipoles as illustrated in Figure 2, but these dipoles are 
aligned only upon application of an external magnetic field. For the balance of the magnetic properties 
illustrated in Figure 2, the magnetization in the absence of an applied field reveals their fundamental 
character. Ferromagnetic materials have net magnetic dipole moments in the absence of an external 
magnetic field. In antiferromagnetic and ferrimagnetic materials, the atomic level magnetic dipole 
moments are similar to those of ferromagnetic materials, however, adjacent dipole moments exist that 
are not oriented in parallel and effectively cancel or reduce, respectively, the impact of neighboring 
magnetic dipoles within the material in the absence of an applied field.  

Figure 2. Magnetic dipoles and behavior in the presence and absence of an external 
magnetic field. Based on the alignment and response of magnetic dipoles, materials are 
classified as diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, antiferromagnetic. 
Reproduced with permission from [57]. 

 

Research in magnetic nanoparticles typically focuses on developing an optimal response for MNPs 
to an external magnetic field, and the majority of the published research has involved MNPs that are 
typically classified as either ferrimagnetic, ferromagnetic, or superparamagnetic particles (a special 
case of ferro- or ferri-magnetic particles). Below certain critical dimensions (that vary with the 
material parameters), MNPs exhibit magnetic responses reminiscent of those of paramagnetic 
materials, which is a zero average magnetic moment in the absence of an external field and a rapidly 
increasing (as compared to paramagnetic materials) magnetic moment under application of an external 
field in the direction of the field. This phenomenon, observed at temperatures above the so-called 
blocking temperature (see below), arises from the thermal fluctuations within the nanoparticles being 
comparable to or greater than the energy barrier for moment reversal, allowing rapid random flipping 
of the nanoparticle magnetic moments. In the case where the magnetization of the MNP over the 
measurement/observation interval is equal to zero in the absence of an external field, such 

a b c d e
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switched off then the domains remain aligned leading to a remnant magnetization, MR. A 

magnetic field then must be applied in the opposite direction to realign the spins. The 

magnitude of this applied field is known as the coercive field, HC, leading to the 

observation of a hysteresis loop (Figure 1.2).1-3 Figure 1.2 describes the relationship 

between the magnetization and strength of the applied magnetic field in a typical 

ferromagnet. Both the remnant magnetization and the coercive field change as a function 

of temperature, with both MR and HC tending to zero as the temperature approaches the 

Curie temperature on warming.1-3 

                  

Figure 1.2 Hysteresis loop of a typical ferromagnetic material. Reproduced with 

permission from reference 3. 

The shape of the magnetic hysteresis loop determines the type of application of the 

ferromagnet. Materials with a narrow hysteresis loop are known as soft magnets, which 

have small coercive fields and can be easily magnetized and demagnetized, and thus 

require a low-intensity magnetic field. Soft magnets lend themselves to applications in 

devices in which repeated cycles of magnetization and demagnetization are required, such 

as electric motors, transformers, and inductors. In contrast, the hysteresis loop area of hard 

26 1 Magnetism

of the given particle would exceed 100 s, will be called the blocking temperature
TB =KV /25kB. At T <TB, magnetic moments of the particles are in the blocked
state and magnetization is irreversible (hysteresis loop). At T >TB, the particles
are in the superparamagnetic state, magnetization is reversible, and there is no
hysteresis loop. Detailed analysis of the relaxation for an exact system of particles
is a complex task. Different mechanisms of relaxation have to be allowed and the
distribution of particle size, as well as a possible interparticle coupling should be
taken into account.

1.8
Applications and Research

Magnetic materials are used in numerous and miscellaneous applications. The
benchmark for using a given material is the shape of the hysteresis loop mea-
sured at room temperature. Materials with highest ordering temperatures are of
the main interest. Figure 1.14a shows schematically the M(H) dependence for a
ferromagnet (or ferrimagnet), where Ms is the magnetization of saturation, MR
is the remanence, and coercivity Hc is the reverse field needed to bring down
magnetization to zero. The Ms is an intrinsic feature that reveals the spontaneous
magnetization, which exists within a domain of a ferromagnet. The MR and Hc are
the extrinsic properties, which depend on the microstructure of the sample, size
of grains, defects, thermal history, and field-sweeping rate. The area under the full
hysteresis loop is a measure of the energy needed to reverse the magnetization.
Dependent on the shape of the loop, two main categories of magnetic materials
are defined: soft magnets (easy to magnetize and demagnetize, small energy dis-
sipated) and hard magnets (large energy dissipated). Soft magnetic materials have
small magnetocrystalline anisotropy and small coercivity field (Hc < 125 Oe) and

H

Soft
ferrites

Hard
ferrites

NdFeB
SmCo
Alnico

Co-γFe2O3

Co–Cr hard disks

Magnetic recording
125 Oe < Hc <5 kOeNi–Fe heads

Fe–Co

Fe–Si

Fe–Si oriented
Ni–Fe
amorphous

Soft
Hc < 125Oe

Hard
Hc > 5 kOe

CrO2

Ms

MR

M

(a) (b)

Hc

Figure 1.14 (a) Schematic shape of a hysteresis loop: Ms – magnetization of saturation,
MR – remanence, and Hc – coercivity; (b) approximate market share of the main types of
applied magnetic materials. (After [3].)
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magnetic materials is much wider, and these materials once magnetized are hard to 

demagnetize since they strongly retain their magnetization. Hence, a stronger magnetic 

field is needed in order to reverse their magnetization. Hard magnetic compounds are 

particularly suitable as permanent magnets.1-3 

The temperature dependence of the magnetic susceptibility of a ferromagnet reveals 

paramagnetism above the Curie temperature, following a modified version of Curie 

behaviour known as Curie-Weiss behaviour (Equation 1.3): 

        cM = C/(T – q)                                          Equation 1.3  

Where q > 0. However, on passing below TC, the magnetization is non-linear with 

the applied field and c (= 𝜕𝑀/𝜕𝐻) becomes field-dependent with a change in the gradient 

of the cM vs T plot.1-3 

                                 

Figure 1.3 Temperature dependence of the magnetic susceptibility of a ferromagnetic 

material. Reproduced from reference 5.5  

1.2.4 Antiferromagnetism 

In an antiferromagnetic material, the magnetic moments of the individual spins 

align antiparallel to each other, (Figure 1.1e). These compounds show paramagnetic 

Ferromagnetic

Paramagnetic

Tc

c

T
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behavior at room temperature. However, below a certain temperature, known as the Neél 

temperature (TN), antiferromagnetic interactions are observed, hence neighbouring spins 

cancel each other out and the magnetic susceptibility decreases abruptly.1-4 It should be 

noted that the antiferromagnet still has unpaired electrons and while the magnetization 

depends on the anisotropy and along the easy axis of alignment is zero, an applied field 

perpendicular to the easy axis induces a magnetization in the sample. This magnetization 

increases slowly with an applied field, i.e. the magnetism of an antiferromagnet is distinct 

from a diamagnet.1-4 

1.2.5 Ferrimagnetism 

Materials that exhibit ferrimagnetism possess an antiparallel alignment of spins like 

antiferromagnetic compounds, with the major difference being that the magnetic moments 

of their neighbouring spins are unequal (Figure 1.1d). Like ferromagnets, ferrimagnetic 

substances show paramagnetic properties above the Curie temperature and are 

magnetically ordered below TC and exhibit hysteresis.1-4  

Ferrimagnets can typically be distinguished from ferromagnets since the presence 

of antiferromagnetic interactions in the paramagnetic regime give rise to Curie-Weiss 

behaviour with q < 0 and the saturation magnetization for a simple ferromagnet is MS = gS, 

whereas for a ferrimagnet the saturation magnetization is given by MS = gASA – gBSB. 

1.3 Magnetic Properties of 3d Metal Complexes 

Three main factors must be considered when studying the magnetic properties of 

transition metal (TM) complexes with dn electronic configurations namely, the 

coordination geometry and the spin pairing energy P in relation to the crystal field (∆). In 



 7 

this respect, the magnitude of ∆ depends on the 3d ion employed, its structural geometry, 

and the type of surrounding ligands. For first row TM ions, ∆ and P are comparable; hence 

in octahedral geometry, both low- and high-spin configurations are observed, depending 

on the how strong the attached ligands are. However, D is much larger for second and third-

row TMs which tend to form low-spin coordination complexes with a broad range of 

ligands. This is because ∆ increases with increasing principal quantum number, n, i.e.  

∆(3d) > ∆(4d) > ∆(5d). Furthermore, the electron-pair repulsion also decreases in these 

metals since 4d, and 5d orbitals have larger radii compared to 3d ones.  

The total spin of a TM ion in a coordination complex is equal to the sum of 

individual spins, as shown in equation 1.4.3, 6, 7 For example, for a  CrIII ion, the total spin 

S = 3/2, which is the sum of the three individual spins of the unpaired electrons. 

          			𝑆 = Σ𝑀!        Equation 1.4 

In the presence of an applied field, the degeneracy of the spins split into (2S+1) 

microstates (Figure 1.4). For a 3d ion, the energy of each microstate can be calculated via 

the following Equation:  

         𝐸(𝑀!) = 𝑔𝛽𝐻𝑀!      Equation 1.5 

where E(MS) is the energy of the microstate, g is the electron g- or Landé-factor, 𝛽 

is the Bohr magneton constant, and H is the strength of the applied magnetic field.  

For an S = 1 system, the MS = -1 state is lowest in energy and its population can be 

calculated using the Boltzmann distribution. According to the Boltzmann equation, both 

the population and splitting of the MS = -1 state increases as the strength of the applied 

fields increases and as the temperature of the sample decreases.3, 6, 7  
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Figure 1.4 Schematic showing the effects of a magnetic field on the three MS levels of an 

S = 1 ion in a spherical field. Redrawn from reference 8.8 

The magnetization of the sample can subsequently be calculated from the Brillouin 

function, defined in Equation 1.6:8 

           𝑀 = 𝑁𝑔𝛽𝑆. 𝐵!(𝑥)      Equation 1.6 

where 𝐵!(𝑥) = 6(#!$%)
#!

7 cot{(#!$%)'
#!

} − ( %
#!
) cot{ '

#!
} and 𝑥 = 𝑔𝛽𝑆𝐻/𝑘𝑇).  

The resulting M vs. H/T plot is shown in Figure 1.5 which demonstrates that the 

magnetization is linear in a small applied magnetic field and so is equivalent to the 

magnetic susceptibility, 𝜒. 

MS=0

MS=+1

MS=-1

Field(H)
En

er
gy
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Figure 1.5 (left) the Brillouin function for an S = 1 system with magnetization saturation 

at gS. The gradient of the linear part shows the magnetic susceptibility χ; (right) the 

Brillouin function for S =1/2, 3/2, 5/2 and 7/2 ions. Reproduced with permission from 

reference 8. 

The observed susceptibility comprises diamagnetic and paramagnetic components. 

Therefore, a small correction to the observed susceptibility must be made in order to obtain 

the susceptibility associated with the paramagnetic component. The correction for the 

diamagnetism of a sample is typically determined by applying Pascal's constants, which 

take into consideration the average diamagnetic susceptibility of different groups and 

elements. Normally, the diamagnetic susceptibility is very small when compared to the 

paramagnetic component. As susceptibility is proportional to the magnetization, it can be 

deduced that 𝜒 is inversely proportional to temperature according to Curie law: 

                 𝜒 = (
)
        Equation 1.7 

   

population of the MS = −1 state is larger than the population of the MS = 0 and MS = +1 states. Since the 
magnetization follows a Boltzmann distribution then it is clear that the magnetization depends upon (a) 
the magnitude of the applied field H and (b) the temperature. Thus the magnetization is largest in a large 
applied field and at low temperature when there is little thermal population of excited states. The sample 
magnetization for a spin‐only paramagnet has been shown to follow the Brillouin function (Eqn. 3) and 
the expected M vs H plot for an S = 1 paramagnet is shown in Figure 3 (left).  

M = NgES∙BS(x)                  

where Bs(x) = [(2S+1)/2S]coth{(2S+1)x/2S} – (1/2S)coth{x/2S}  and x = gESH/kT    Eqn 3 

           

Figure 2  The effect of a magnetic field on the MS levels of an S = 1 ion; (left) in the absence of zero 
field splitting (D = 0); (right) including the effect of zero field splitting (D < 0).   
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Here C is the Curie constant (emu∙K∙mol‐1) and T is the temperature (K). Therefore, 

a plot of 1/𝜒 vs T should be linear with a gradient equal to 1/C. The Curie constant is related 

to S through Equation 1.8.2, 3, 8 

       𝐶 = *+!,!

-.
𝑆(𝑆 + 1)      Equation 1.8 

Although some materials obey Curie law, most paramagnetic transition metal 

complexes deviate from Curie law and their magnetic properties are better described by the 

Curie-Weiss law: 

        𝜒 = (
)/0

                        Equation 1.9 

where C is the Curie constant, which is a non-zero value, and 𝜃 is the Weiss 

constant, which can be obtained from the intercept of the plot of 1/𝜒 vs T . Such deviation 

from ideal Curie behavior can be due to zero-field splitting, spin-orbit coupling and/or the 

presence of magnetic exchange interactions. In order to determine which of these factors 

is most likely, the electronic configuration of the metal, structural geometry of the complex 

as well as the possibility of spin-orbit coupling (𝜆) must be carefully considered. Typically 

for first row transition metal ions, the magnitude of the crystal field splitting is large enough 

to quench the spin-orbit coupling; therefore, in most cases they behave as single-ions with 

Curie-Weiss behavior. For those complexes for which a contribution from spin-orbit 

coupling exists, since the magnitude of 𝜆 is similar to the zero-field splitting (D) and the 

Jahn-Teller distortion (𝛿), the determination of each factor is not always possible.2, 3, 8  

Magnetochemists typically plot dc susceptibility data in one of three ways, Figure 

1.6. A 	𝜒𝑇 vs T plot (c) is the most typically employed to provide information about the 

temperature dependence of 𝜒. For compounds that obey Curie law, the  𝜒𝑇 vs T plot is 
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linear and passes through the origin as 𝜒𝑇 = 𝐶. However as previously mentioned, many 

paramagnetic coordination complexes display Curie-Weiss behavior, where a deviation of 

the plot from zero is observed upon cooling, depending on the sign of 𝜃 (Figure 1.6b).3 

 

Figure 1.6 The three most common plots of dc susceptibility data for paramagnetic 

complexes. Reproduced with permission from reference 3. 

1.3.1 Magnetic Coupling in Transition Metal Complexes 

Unpaired spins in a 3d TM complexes interact with each other through a magnetic 

exchange process defined by the symbol J. As previously described, the exchange 

interaction can result in a parallel or antiparallel alignment of spins. The magnitude of J 

represents the strength of magnetic coupling between spins, and the sign indicates the 

ferromagnetic (J > 0) or antiferromagnetic (J < 0) nature of the interaction. It has been 

shown that if the overlap between the magnetic orbitals is weak, the magnitude and sign of 

J can be calculated via Equation 1.11, where K is the potential exchange integral, S is the 

extent of orbital overlap, and 𝛽 is the resonance integral.3 

           2𝐽 = 2𝐾 − 4𝑆𝛽      Equation 1.11 

From the above equation, it can be deduced that if the overlap integral S is zero, 

then J is positive. However, for a large non-zero value of S, antiferromagnetic interactions 

are more likely.3 

1.7 Collective Magnetic State 21

the long-range magnetic order disappears at the Néel temperature, TN, which is
expressed as

TN =
gJ!B(J + 1)|"|Ms

3kB
. (1.51)

Furthermore, expression for magnetic susceptibility in the molecular field
approach is similar to that of a ferromagnet (Eq. 1.46) with the difference that
−TC is replaced by + TN. The Curie–Weiss formula for the susceptibility in the
paramagnetic state is common for ferromagnets and antiferromagnets, which is
expressed as

# = C
T − $ , (1.52)

where $ > 0 for ferromagnets and $ < 0 for antiferromagnets.
Figure 1.10 presents the Curie–Weiss law in three forms, i.e. the temperature

dependence of # , #−1 and #T, where the last function in the high temperature
range (T–$) is proportional to the square of the effective magnetic moment (see
Eq. (1.18)).

Equation (1.52) should be completed with the diamagnetic contribution,
especially important for organometallic substances, and with the temperature-
independent paramagnetic (TIP) term, allowing for excited states of the system
(van Vleck paramagnetism) and/or contribution from free electrons (Pauli
paramagnetism). All of these are small and nearly independent on temperature,
one uses therefore the modified Curie–Weiss law:

# = C
T − $ + #0. (1.53)

Magnetic susceptibility of antiferromagnets depends on the direction of the
applied field. Field H perpendicular to the sublattice magnetization invokes rota-
tion of M1 and M2 against the molecular field and the susceptibility #⊥ does not

0
(a) (b) (c)

Tt T

1/χχ
χT

0 Tt T 0 Tt

θ = −Tt

θ = −Tt

θ = −Tt
θ = Tt

θ = Tt

θ = Tt

θ = 0

θ = 0
θ = 0

T

Figure 1.10 Three forms of the Curie–Weiss
law for paramagnets: (a) magnetic suscep-
tibility # , (b) reciprocal susceptibility 1/# ,
(c) #T . Data of noninteracting moments
($ = 0), ferromagnetic (FM, $ = T t > 0), and

antiferromagnetic (AFM, $ = −T t < 0) interac-
tion are shown. Transition to the long-range
order occurs at the temperature T t, only
paramagnetic region is shown.
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1.3.1.1 Direct Exchange 

In the direct exchange, or face-to-face mechanism, the magnetic orbitals (orbitals 

containing unpaired electrons) of metal ions can directly overlap, affording weak magnetic 

exchange interactions.3 Since the 3d and 4f orbitals are contracted, sufficient spatial overlap 

between these orbitals is not possible unless the metal‧‧‧metal distances are 3Å or less. Thus, 

the direct exchange mechanism is rarely observed in transition metal and lanthanide 

complexes.8 

1.3.1.2 Superexchange 

In most metal coordination clusters, the M‧‧‧M interactions tend to be longer than 

3Å. Nevertheless, relatively strong magnetic coupling between metal centers in these 

complexes is observed. It is believed that exchange interactions in these compounds occurs 

via a superexchange mechanism, which considers some degree of covalency in the metal-

ligand bonds of these coordination complexes. This leads to an overlap between the 

magnetic orbitals of the metal ions and the orbitals of the bridging ligands. The idea of 

superexchange coupling was first introduced by Anderson,9  after which time a set of 

empirical criteria were developed known as the Goodenough–Kanamori rules.10, 11 

According to these rules: (i) if the arrangement of the metal and ligands orbitals  supports 

parallel overlap between the magnetic orbitals so that S > 0, antiferromagnetic coupling is 

favored; (ii) if the orientation of the orbitals is such that there is no overlapping of orbitals, 

(i.e. they are orthogonal) and S = 0, then ferromagnetic exchange is preferred; (iii) magnetic 

coupling through 𝜋-orbitals is weaker when compared to the 𝜎-framework. For transition 

metal complexes with octahedral geometry, the t2g orbitals are generally considered to have 

𝜋-character and the eg set s-character. Examples of superexchange coupling through 
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orthogonal and non-orthogonal orbitals are shown in Figure 1.7. In this respect, for singly 

occupied M1 and M2 3d orbitals bridged by oxygen, if the M1-O-M2 angle is 180°, a 

strong antiferromagnetic interaction is observed. However, for an M1-O-M2 angle of 90°, 

then a weak ferromagnetic interaction is dominant. Therefore, the bridging angle plays a 

crucial role in the sign of the magnetic interaction between neighbouring metal ions and is 

one of the reasons why the characterization of the molecular structures of new 3d 

complexes by single crystal X-ray diffraction studies is so critical to understanding their 

magnetic properties.3 

              

Figure 1.7 Superexchange magnetic coupling resulting in a) antiferromagnetic, and b) 

ferromagnetic interactions due to the non-orthogonality and orthogonality of magnetic 

orbitals. Reproduced with permission from reference 3. 

1.3.1.3 Double exchange 

A double exchange mechanism is typically observed in mixed-valence systems 

such as V2+/V3+, Fe2+/Fe3+, and Mn3+/Mn4+. In this case, coupling is achieved through real 

delocalization of an electron e.g. from Mn3+ to the empty orbital of a neighboring metal 

center e.g. Mn4+. This delocalization takes place without a spin-flip of the hopping electron 

as shown in Figure 1.12.3, 12 

1.6 Mechanisms of Magnetic Interactions 13

M1

(a)

(b)

M1

3dz2 3dz22pz

M2

M2

O

O

x

y

Figure 1.4 Superexchange interaction between metal ions mediated by the oxygen ligand.
Dependent on the M1–O–M2 angle, the resulting coupling is antiferromagnetic (a) or weak
ferromagnetic (b).

a nonmagnetic ligand (e.g., oxygen) located in between. It is the superexchange
interaction, which is responsible for the magnetic properties of the most of
magnetic materials, especially nonmetallic compounds, for example, oxides or
fluorides. Like in the direct exchange, the mechanism of superexchange has
two contributions: the weaker, potential one, which stabilizes ferromagnetic
ground state through the orthogonal orbitals, and the kinetic one, preferring the
antiferromagnetism, due to overlap of metal orbitals with ligand orbitals. The
energy of the coupling depends on the electron configuration of magnetic ions
and on the M1–O–M2 bond angle. The rules framed by Goodenough, Kanamori,
and Anderson help predict the resulting coupling. In the case of singly occupied
M1 and M2 3d obitals, one has (i) strong negative coupling when M1–O–M2
angle is equal to 180∘ (see Figure 1.4a); (ii) weak positive coupling for M1–O–M2
angle equal 90∘ (Figure 1.4b); and (iii) weak positive coupling occurs also if there
is an empty orbital of M2 of other symmetry than that of M1 [5]. The Hubbard
model describes the superexchange with energy U of Coulomb repulsion and
with a matrix element t for the virtual hopping of the oxygen 2p electrons. If
U ≪ t, then one gets a metallic state, while in the case of a large metal–ligand
distance, the ground state of the system is nonconducting (Mott–Hubbard
insulator).

1.6.4
Indirect Exchange – Double Exchange

In compounds in which magnetic ion occurs in two oxidation states, for example,
Fe2+ and Fe3+ or Mn3+ and Mn4+, magnetic coupling may be realized by means
of a real electron delocalization to the empty orbital of the neighbor. The hop-
ping of an extra electron of Fe2+ or of Mn3+ via the O-2p orbital proceeds without
the spin-flip of the hopping electron and results in the ferromagnetic coupling of
the two centers. This mechanism, called the double exchange, operates in Fe3O4,
La1− xSrxMnO3, or in the Prussian blue, and is associated with increase of conduc-
tivity. Such correlation of electric conductivity and ferromagnetism may result in
a significant magnetoresistivity.
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Figure 1.8 Double exchange mechanism in an oxo-bridged MnIII/MnIV system. Redrawn 

from reference 12. 

1.4 Magnetic Properties of Lanthanides 

Lanthanides have been employed in the magnetism field for more than four decades 

as hard magnets. They tend to form trivalent ions with a [Xe] 4fn electronic configuration. 

Ln3+ are mostly paramagnetic (with the exception of La3+ and Lu3+, which are diamagnetic) 

thanks to the unpaired electrons in their 4f orbitals. As the 4f orbitals are relatively shielded 

by the 5s and 5p orbitals, when compared to the 3d ions, they are less affected by the 

coordination environment of the ion. Unlike transition metals, spin-orbit coupling has a 

large contribution on the electronic configuration of lanthanides, which is expressed by the 

Russell-Saunder coupling. Here, each electronic state of a 4f ion is specified by a term 

symbol in the form of 2S+1LJ, in which S is the total spin quantum number, L is the total 

orbital quantum number, and J is the total angular momentum quantum number. For 

example, the S, L, and J values for the ground-state electron configuration of a DyIII ion, 

which has nine electrons in its 4f orbitals, are found to be 5/2, 5, and 15/2, respectively.  

The role of spin-orbit coupling is to split the electronic configurations based on their J 

value. The energy difference between these electronic configurations equals lJ, where l is 

related to the spin-orbit coupling constant, x, through the following equation: 

         𝜆 = ∓ 1
#!

        Equation 1.11 

High-spin ground states via electron delocalization
in mixed-valence imidazolate-bridged
divanadium complexes
Bettina Bechlars1, Deanna M. D’Alessandro1, David M. Jenkins1, Anthony T. Iavarone1,
Starla D. Glover2, Clifford P. Kubiak2 and Jeffrey R. Long1*

The field of molecular magnetism has grown tremendously since the discovery of single-molecule magnets, but it remains
centred around the superexchange mechanism. The possibility of instead using a double-exchange mechanism (based on
electron delocalization rather than Heisenberg exchange through a non-magnetic bridge) presents a tantalizing prospect
for synthesizing molecules with high-spin ground states that are well isolated in energy. We now demonstrate that
magnetic double exchange can be sustained by simple imidazolate bridging ligands, known to be well suited for the
construction of coordination clusters and solids. A series of mixed-valence molecules of the type [(PY5Me2)VII(m-Lbr)
VIII(PY5Me2)]41 were synthesized and their electron delocalization probed through cyclic voltammetry and
spectroelectrochemistry. Magnetic susceptibility data reveal a well-isolated S 5 5/2 ground state arising from double
exchange for [(PY5Me2)2V2(m-5,6-dimethylbenzimidazolate)]41. Combined modelling of the magnetic data and spectral
analysis leads to an estimate of the double-exchange parameter of B 5 220 cm21 when vibronic coupling is taken
into account.

Since the discovery of magnetic bistability in the molecular
cluster [Mn12O12(CH3CO2)16(H2O)4], widespread research
effort has been devoted to understanding the behaviour of

such single-molecule magnets and to generating new clusters with
higher blocking temperatures1–4. This effort is driven in part by
the potential for applications of these molecules in information
storage, quantum computing and spin-based molecular elec-
tronics5–7. It is interesting to note, however, that although the
high-spin ground states for all single-molecule magnets discovered
to date arise as a result of magnetic superexchange, most permanent
magnets with high ordering temperatures are instead based on
magnetism developed via itinerant electrons8,9. A key step in advan-
cing molecular magnets towards technological viability may there-
fore involve the introduction of methods for establishing facile
electron exchange within high-spin molecules. We envision a chem-
istry in which the tremendous strides recently made in the assembly
of transition metal coordination clusters10–14 are applied in creating
mixed-valence species showing a stable high-spin ground state as a
consequence of electron delocalization.

Mixed-valence complexes, as exemplified by the Creutz–Taube
ion [(NH3)5Ru(m-pyz)Ru(NH3)5]5þ (pyz¼ pyrazine; ref. 15),
contain two or more metal ions in different formal oxidation
states, and provide a powerful probe of intermetal electron transfer
processes through the analysis of their intervalence charge transfer
(IVCT) transitions16–21. Depending on the extent of electron deloca-
lization, the systems may be classified as localized (Class I), weakly
localized (Class II) or fully delocalized (Class III)22. In cases where
the mixed-valence compounds contain metal ions with more than
one unpaired electron, an intriguing phenomenon known as
double exchange may be observed in the magnetic properties of
the system due to the additional electronic contribution to the
exchange coupling. This spin-dependent electron delocalization

phenomenon was first proposed by Zener in 1951 to explain the
properties of mixed-valence manganites with perovskite structure23.
The simultaneous occurrence of ferromagnetism and electronic
conductivity at room temperature in these Class III compounds is
understood by considering indirect coupling of the incomplete d-
shells via the conduction electrons.

In a simplified picture, the conduction electrons are transferred
between octahedral manganese centres, but retain their spin direc-
tion, thereby inducing a parallel alignment of the spins for all the
incomplete d-shell electrons, as required to achieve the lowest
energy configuration. Locally, two electrons are transferred simul-
taneously, one from a bridging O22 anion to the MnIV centre and
one from a MnIII centre to the O22 anion (Fig. 1). This concept
of double exchange has been applied predominantly in the
context of extended solids such as Heusler alloys24, but in 1983 it
was also introduced to molecular chemistry25,26. Despite a number

MnIII MnIVO2–

Figure 1 | Double-exchange mechanism in mixed-valence manganites. Two
electrons are transferred simultaneously, one from a bridging O22 anion to
the MnIV centre and one from a MnIII centre to the O22 anion. The
transferred electron that originates from MnIII replaces that which was
located on the O22 anion, such that their spins are identical, in accordance
with the Pauli principle. For the ground state, the spins of all unpaired
electrons at the metal centres will then align parallel to the spin of the
transferred electrons in accordance with Hund’s rules.

1Department of Chemistry, University of California, Berkeley, California 94720-1460, USA, 2Department of Chemistry and Biochemistry, University of
California, San Diego, California 92093-0332, USA. *e-mail: jrlong@berkeley.edu
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It should be noted that l is negative for less than half filled f orbitals and positive 

for more than half filled f orbitals.13-16  

Although the effect of the crystal field on the overall electronic structure of the 

lanthanide ions is negligible, it plays an important role in the magnetic properties of the 

lanthanide complexes. Indeed, when a lanthanide ion is placed in a ligand field with non-

spherical symmetry, the electronic energy levels are further split to 2J+1 microstates by 

the crystal field.  In the case of DyIII this splitting leads to mJ = ±15/2, ±13/2, ±11/2, ±9/2, 

±7/2, ±5/2, ±3/2, and ±1/2 microstates. The resulting mJ levels can be singly or doubly 

degenerate depending on the non-Kramers vs Kramers nature of the LnIII ion. Kramers ions 

have an odd number of electrons and non-Kramer ions contain an even number of electrons 

in their valence orbitals. Kramer’s principle states that the multiple states of a Kramers ion, 

such as DyIII are not removed by the crystal field, which affords Kramers doublets.13-16  

In the presence of an external magnetic field, these microstates further split, where 

the population of the states follows a Boltzmann distribution. At low temperature, only the 

few first energy levels are populated; thus, the magnetic behaviour of lanthanides show 

deviation from Curie law. Magnetic susceptibility of Ln(III) ions is a function of J value 

(in contrast to TM ions in which c is related to S) and is calculated via the following 

equation: 

        𝜒2 =
*"+#

!,!

-.)
𝐽(𝐽 + 1)     Equation 1.12  
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1.5 From Conventional Magnets to Molecule-Based Magnets 

Traditional magnets have been used for a diverse range of applications over the 

years. Conventional magnets are typically made up of two- or three-dimensional arrays of 

transition metal or lanthanide ions (in the form of metal oxides), where their magnetic 

properties rely on the arrangement of the unpaired spins of electrons in magnetic domains. 

They are classified into several categories, each possessing different properties. 

Ferrites (BaFe12O19 or SrFe12O19) comprise of strontium or barium carbonate and iron 

oxide (Fe2O3). These magnets are the most commercially used magnets due to their low 

production costs. Despite being magnetically weaker when compared to their rare earth 

counterparts, they are still broadly used in industry because of their resistance to 

demagnetization and high coercivity. Samarium cobalt (SmCo5) magnets are another class 

of magnetic materials that exhibit good thermal stability and are typically used for high 

temperatures applications, although one of the major disadvantages is associated with their 

high production costs.  

Neodymium iron boron magnets (NdFeB) are the strongest commercially available 

magnets. They display both high saturation of their magnetization and resistance to 

demagnetization. The low Curie temperatures associated with these materials have 

restricted their use for high-temperature applications. This limitation can be overcome by 

the addition of Co or Dy, although it increases their manufacturing costs. These magnets 

are particularly important when miniaturization is an essential design criterion. Alnico are 

alloys made based on the combination of aluminum (Al), nickel (Ni), and cobalt (Co). After 

rare earth magnets, alnico magnets are the second strongest commercially available 



 17 

magnets . They display high Curie temperatures, which are particularly useful for operating 

at high temperatures. 

Information storage is one of the main applications of magnetic materials. Since the 

demand for more capacity on memory cards is growing, efforts are currently in progress 

worldwide to develop new magnetic materials that are smaller in size but store much larger 

amounts of data. 

1.5.1 Single Molecule-Magnets (SMMs) 

SMMs are coordination complexes of paramagnetic metal ions that exhibit 

superparamagnetic properties below their blocking temperature (TB). The term single-

molecule magnet comes from the fact that the magnetic properties of these compounds are 

ascribed to the atomic spins of individual molecules, rather than long-range ordering 

observed in the magnetic domains of bulk magnets. In other words, the molecules in these 

materials are magnetically isolated from each other, and there are no significant magnetic 

interactions between the molecules in the solid-state. Although the magnetic properties 

originate from individual molecules, there are many thousands of identical molecules 

within the crystal lattice giving the same overall magnetic response. SMM properties are 

confirmed experimentally by several techniques such as variable temperature ac 

susceptibility, as well as dc M vs H measurements. SMMs display slow relaxation of 

magnetization below their TB’s due to the energy barrier between their spin-up and spin-

down states, as shown by the double-well potential in Figure 1.9. The magnitude of the 

energy barrier (U) depends on the ground state spin (S) and the magnetic anisotropy (D) of 

the complex, which is described by Equations 1.13 a and b for integer or half integer values 

of S, respectively. Above their TB’s, SMMs typically behave as paramagnets.3, 8  
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       𝑈 = |𝐷|𝑆#      Equation 1.13-a              

 𝑈 = |𝐷|(𝑆# − %
3
)                 Equation 1.13-b 

SMMs relax between the two (spin up and spin down) magnetic states through 

different pathways, which are discussed later on in section 1.4.2.3, 17  

                 

Figure 1.9 Double-well potential for a negative D (left) and a positive D (right). 

Reproduced with permission from reference 20.  

The first family of SMMs were polynuclear clusters of transition metal ions, whose 

magnetic anisotropy originates from zero-field splitting (ZFS).  In this respect, zero-field 

splitting (ZFS) describes the splitting of the MS states in the absence of an external 

magnetic field that arises from magnetic anisotropy. The magnetic anisotropy typically 

comes from a deviation from perfect octahedral or tetrahedral symmetry of the first 

coordination sphere of the metal ion. For example, in the idealized trans-ML4O2 complex 

the symmetry is reduced from Oh to D4h, leading to a preferential direction for its magnetic 

moment, as shown in Figure 1.10.17  

their magnetisation of purely molecular origin. When
a complex exhibits such behaviour, but contains only a single
metal ion, they are oen referred to as single-ion magnets
(SIMs). Or, alternatively, mononuclear single-molecule magnets
(MSMMs).2 We advance no argument in favour of the use of
either term, it is strictly for the sake of clarity and readability
that we have chosen to adopt the former. These systems
continue to be at the forefront of nanomagnetic materials
research and have been proposed for use in a variety of appli-
cations, including molecular spintronics,3 high-density infor-
mation storage,4 and qubits for quantum information
processing.5 Practical applications aside there is an inherent
academic interest in the study of such materials, with SMMs/
SIMs representing ideal model systems with which to discover
and probe fascinating new physics, particularly at the interface
between the classical and quantum regimes.6 SMMs/SIMs are
superparamagnets, which display magnetic hysteresis below
their blocking temperature (TB). These materials are magneti-
cally bi-stable, exhibiting an energy barrier to spin reversal from
+Ms to!Ms.7 This concept is best illustrated using a double-well
potential energy diagram, where the two wells represent the
lowest energy " Ms levels (Fig. 1). The nature of the energy
barrier separating the two wells continues to be the subject of
debate within the molecular magnetism community (vide infra),
but nevertheless is oen quoted as Ueff ¼ S2|D| and Ueff ¼ (S2 !
1
4)|D| for integer and non-integer spin systems respectively.8 In
these equations, S is the total spin of the complex and D is the
axial zero-eld splitting parameter, which can be positive or
negative. The former describes a system in which the smallest
Ms states are lower in energy than the largerMs states; the latter,
where the largest Ms states are lowest in energy. With some
notable exceptions, SMMs are characterised by the presence of
a negative value of D. When D is negative, the energy difference
between Ms ¼ 0 and Ms ¼ "S, denoted U, represents an energy
barrier to thermal inversion of the magnetic moment. This
means that if the thermal energy of a system (KBT) is less than U,
the system will be unable to randomly reorientate its magnetic

moment and will thus remain trapped in a potential energy
minimum. Under such circumstances, if the system is magne-
tised under an applied eld, upon removal of this eld it can
retain this magnetisation (provided KBT never becomes greater
than U). This gives rise to a magnetic hysteresis effect at low
temperatures of purely molecular origin, which is the dening
feature of a SMM/SIM.

The magnitude of the energy barrier to relaxation of the
magnetisation in SMMs is normally determined by temperature
dependent alternating current (ac) susceptibility measure-
ments. In simple terms, the inability of the magnetisation of
a given system to follow progressively larger oscillating
magnetic elds is indicative (but not conclusive proof) of some
energy barrier to relaxation of the magnetisation. This mani-
fests itself as frequency dependent signals (c0

m and c0 0
m) in the

in-phase and out-of-phase components respectively, of the ac
susceptibility. Because the peak maximum in c0 0

m is the
temperature at which the angular frequency (u) of the oscil-
lating magnetic eld is equal to the rate of spin reversal (1/s),
the experiment is effectively a source of kinetic data and permits
construction of a simple plot based on an Arrhenius rate law.
For a thermally activated process over a single energy barrier
a plot of ln(1/s) vs. (1/T) should be linear according to the
following relationship:

!
1

s

"
¼

!
1

s0

"
exp

#
!Ueff

KT

$

(1)

where s0 is the relaxation rate. Of course, implicit in its use is
the assumption that the system under study exhibits Arrhenius
physics and that the relaxation observed arises solely from
a thermal process. This is rarely the case, particularly for poly-
metallic systems in the weak exchange limit, and the inade-
quacy of eqn (1) in capturing the rich physics of SMMs is well
documented in the literature.9 The intricacies of relaxation
dynamics is a specialist topic outwith the scope of this current
perspective. In simple terms though, it is helpful to think of
SMM systems as being composed of two parts, the spin system
and the lattice system, with interactions between spin and
lattice vibrations (phonons) offering additional relaxation
pathways to the system, which ‘‘shortcut’’ the thermal one. It is
these additional relaxation pathways (Fig. 2) that cause experi-
mentally observed deviations from linearity in Arrhenius

Fig. 1 Double-well energy diagram for negative (left) and positive
(right) D.
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Figure 1.10 Representation of the reduction in symmetry from Oh to D4h for a trans-ML4O2 

complex. Redrawn from reference 18.18 

Jahn-Teller distortion can also lower the symmetry of a coordination complex, 

resulting in magnetic anisotropy. In addition to geometrical distortions, asymmetry in the 

crystal lattice can also contribute to anisotropy.8 

The magnitude of zero-field splitting in a TM-based SMM is determined by the 

zero-field splitting parameter D, which is defined as the difference between the 

magnetization along the z-axis (easy axis) and the corresponding xy plane. Considering 

ZFS, the energy of the MS states can be obtained as follows:8 

       	𝐸(𝑀!) = 𝑔𝛽𝐻𝑀4 + 𝐷𝑀4
#     Equation 1.14 

From Equation 1.14 it can be deduced that for a positive value of D , the 𝑀! = 0 

will be the lowest energy. However, if D is negative, for 𝑆 = 1  the 𝑀4 = ±1  states lie 

lowest in energy affording a bistable ground state, which is a prerequisite for SMM 

properties,19 as highlighted in Figure 1.9.20 

The first SMM was discovered in 1993 by Christou and Sessoli and is the mixed 

valence cluster [Mn12O12(OAc)16(H2O)4] (1.1) (Figure 1.11). The core structure of this 

cluster can be divided into two layers comprising eight MnIII (S=2) and four MnIV (S=3/2) 

ions respectively, that are antiferromagnetically coupled. Spin ground state calculations 

Jahn-Teller distortion

z-axis z-axis

Oh D4h
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using variable-field magnetization and high-frequency electron paramagnetic resonance 

(HFEPR) spectroscopy confirm an S = 10 spin ground state. Furthermore, the axial zero-

field splitting parameter D = -0.50 cm-1, affording an effective energy barrier U = 70 K.21-

23 

                        

Figure 1.9 Schematic representation of the core structure of Mn12 and the energy levels 

resulting from the spin multiplicity of an S= 10 spin ground state.10 Color code: MnIV 

(green), MnIII (red), Oxygen (blue).Reproduced with permission from reference 23.  

1.5.2 Relaxation Processes in SMMs 

The relaxation of magnetization in SMMs typically occurs via two processes: (i) 

classical thermal relaxation over the energy barrier U and (ii) quantum tunneling of the 

magnetisation (QTM). At higher temperatures, thermal relaxation of the spins is dominant. 

However, in the low-temperature regime, QTM is much more likely. At temperatures 

where the thermal relaxation process is dominant, 𝜏 is strongly temperature dependent. 

However, at low temperature when QTM is dominant, 𝜏 is temperature independent and 

the process follows first order kinetics as described by the Arrhenius equation, which can 

afford both the effective energy barrier DE (or Ueff) and the relaxation rate, more commonly 

referred to as the pre-exponential t0 (Equation 1.15).3, 24, 25 

7468 Chem. Soc. Rev., 2012, 41, 7464–7478 This journal is c The Royal Society of Chemistry 2012

analyze the properties of this family. The electron-transfer
integral, calculated from the ab initio calculations, plays the
key role in the macroscopic AF properties of these MV
polyoxovanadates, while both the structural effect of removing
electrons from the initial spin-localized cluster on the ampli-
tude of the magnetic coupling and the effect of alleviating the
spin frustration only play a minor role.31

In conclusion, POMs are model systems to study the inter-
play between electron delocalization and magnetic exchange in
high-nuclearity clusters. Their highly symmetric structures
facilitate the development of exact quantum-mechanical
models from which a clear picture of the local parameters
involved in the magnetic properties can be extracted.

2.2. Recent advances: single-molecule magnets based on POMs

Very recently the interest for these two classes of magnetic
POMs has moved from their use as model systems in mole-
cular magnetism towards the design of single-molecule magnets
(SMMs) and their use as molecular spin-qubits in nanospin-
tronic devices. In this section we will summarize the major
breakthroughs achieved in the area of molecular nanomagnets,
while the aspects related with the spin-qubits will be presented
in a final section specifically devoted to the discussion of the
relevance of POMs in spintronics and quantum computing.

The magnetic behavior of SMMs is characterized by the
presence of slow-relaxation of the magnetization at low
temperatures (superparamagnetic blocking) giving rise to a
magnetic memory effect similar to that found in hard magnets,
together with quantum tunneling effects. The most quoted
example, which dates back to the early nineties, is
[Mn12O12(O2CMe)16(H2O)4] (Mn12),

32 a molecule that com-
bines a high axial anisotropy and a high spin ground state.9

This molecule has been the subject of many magnetic and
structural studies.33–35 The magnetic cluster is formed by eight
Mn3+ ions ferromagnetically coupled (external ring) and four
Mn4+ ions in the central cube also ferromagnetically coupled.
Coupling between these two moieties is antiferromagnetic,
leading to a total ground spin of S = 10. Thus, owing to
the uniaxial anisotropy of Mn12, characterized by a negative D
value, this S splits into its Ms components in such a way that
the Ms doublet = !10 is stabilized and becomes the ground
spin state of the cluster, while the rest of spin sublevels
becomes more and more excited as |Ms| decreases (Fig. 5).
Such a spin structure creates an energy barrier of about 50 cm"1

that needs to be overcome to reverse the orientation of the

magnetic moment (from Ms = +10 to Ms = "10). That
explains the superparamagnetic blocking observed at low
temperatures in these nanomagnets and the occurrence
of a magnetic hysteresis. At the same time, the presence of
quantum-tunneling effects allows the spin reversal to occur
without the need of overcoming the barrier.
Shortly after the magnetic characterization of Mn12, an

octanuclear iron complex ([Fe8O2(OH)12(tacn)6]
8+ with tacn

representing 1,4,7-triazacyclononane)36 was also found to
display SMM properties with more pronounced quantum
effects.37,38 Later, a rising number of lower nuclearity cluster
systems were reported to behave as SMMs, for instance, the
tetranuclear complex [Mn4(O2CMe)2(pdmH)6](ClO4)2, where
pdmH2 is pyridine-2,6-dimethanol.39 The major synthetic
challenge in this field was to increase the energy barrier and,
consequently, the blocking temperature TB, by designing
molecules having the maximum values of S and D. In this
context, many examples of magnetic clusters with larger and
larger nuclearities were reported40–43 in an attempt to increase
the spin state of the cluster and hence, the superparamagnetic
barrier. However, the success of this approach has been very
limited as demonstrated by the fact that Mn12 is still among
the systems exhibiting the highest effective barriers (ca. 45–50 cm"1)
and hysteresis up to 4 K. More recently magnetic clusters
containing highly anisotropic lanthanoid ions have also been
synthesized.44–48 These complexes have shown effective
barriers as high as 100 cm"1 and hysteresis up to 8 K.
In the POM area some examples of magnetic clusters

exhibiting a SMM behavior have recently been described.
Thus, a small number of high-spin, high-anisotropy POMs have
been characterized as, for instance, the [MnIII4MnII2O4(H2O)4]

8+

cluster embedded in a POM,49 a couple of iron(III) with
hexa and nonanuclearity, [Fe4(H2O)2(FeW9O34)2]

10" and
[(Fe4W9O34(H2O))2(FeW6O26)]

19", respectively,50 a cobalt(II)
with hexadecanuclearity, [{Co4(OH)3PO4}4(PW9O34)4]

28",51

and a heptanuclear manganese(III)–manganese(IV) cluster,
[(a-P2W15O56)MnIII3MnIVO3(CH3COO)3]

8".52 Although, these
magnetic clusters add some new examples to the hundreds of
already known SMMs, their novelty in the field of SMMs is
very limited due to the very low energy barriers (10–12 cm"1)
they exhibit and to the lack of other interesting effects coming
from the POM ligand.

Fig. 4 (a) Structure of [V18O48]
n" cluster and (b) temperature depen-

dence of wT for the spin-localized n = 12 and delocalized n = 4 (from

ref. 30).
Fig. 5 Schematic structure of the Mn12 core and energy level scheme

for the ground S = 10 multiplet of the Mn12 SMM. Two routes are

possible between the wells, either the thermal route above the barrier,

or a quantum tunneling shortcut.
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           𝜏 = 𝜏5	exp	(
∆7
.)
)      Equation 1.15 

In the absence of an applied magnetic field, ∆𝐸 = 𝑈 for thermal relaxation which 

is faster at higher temperatures. Since the energies of the MS sub-levels of 3d-clusters 

depend on the strength of the magnetic field, when an external field is applied in one 

direction (with the exception of MS = 0), the energy of the MS states change according to 

Equation 1.6. Therefore, in the presence of an external magnetic field the effective energy 

barrier decreases, (Figure 1.12) and one spin state is significantly lowered in energy that as 

a consequence is much more highly populated.24, 25 When the applied field is subsequently 

removed, the spins are trapped in this MS state since they do not have enough thermal 

energy to relax back over the energy barrier. 

                                      

Figure 1.10 Energy level of an SMM with S =10 in the presence of an external magnetic 

field. Reproduced with permission from reference 25. 

At low temperature where only a few spins have enough energy to overcome the 

energy barrier, QTM is the dominant relaxation process. Quantum tunnelling occurs via a 

transverse relaxation process between energetically degenerate MS states. In the direct 

process, the tunnelling takes place through degenerate ±MS ground states and is thermally 
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Quantum tunneling of magnetization in single molecular magnets coupled to
ferromagnetic reservoirs

Maciej Misiorny1 and Józef Barnaś1,2, ∗
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2Institute of Molecular Physics, Polish Academy of Sciences, 60-179 Poznań, Poland

(Dated: November 1, 2018)

The role of spin polarized reservoirs in quantum tunneling of magnetization and relaxation pro-
cesses in a single molecular magnet (SMM) is investigated theoretically. The SMM is exchange-
coupled to the reservoirs and also subjected to a magnetic field varying in time, which enables
the quantum tunneling of magnetization. The spin relaxation times are calculated from the Fermi
golden rule. The exchange interaction of SMM and electrons in the leads is shown to affect the spin
reversal due to quantum tunneling of magnetization. It is shown that the switching is associated
with transfer of a certain charge between the leads.

PACS numbers: 75.47.Pq, 75.60.Jk, 71.70.Gm, 75.50.Xx

Introduction Single molecular magnets (SMMs) form
a class of systems whose permanent magnetic moments
stem from their molecular structure [1, 2]. Generally,
SMMs are characterized by a large ground state spin
number S and a relatively large uniaxial-type magnetic
anisotropy. As a result, an energy barrier appears for
switching SMM’s spin between the two stable spin states
|±S⟩. At higher temperatures SMMs behave like param-
agnetic or superparamagnetic particles with a large mag-
netic moment. When temperature is lowered, the ther-
mal energy is not sufficient to reverse spin orientation of
the molecule.
It has been recently predicted that the molecule’s spin

can be reversed by a spin current [3, 4]. This method al-
lows magnetic switching without any external magnetic
field and is of great interest from the point of view of
future applications in spintronics and information tech-
nology [5, 6]. Another way to switch spin of the molecule
relies on the phenomenon of quantum tunneling of mag-
netization (QTM) [7], which occurs in a magnetic field
varying (linearly) in time. The quantum tunneling takes
then place between the energetically matched levels on
the opposite sides of the barrier, and leads to successive
steps observed in hysteresis loops [8].
An important problem associated with the phe-

nomenon of QTM is the spin relaxation. Such a relax-
ation can take place for instance via spin-orbit or spin-
spin couplings. In this paper we consider spin switching
via QTM, associated with the spin relaxation due to cou-
pling of the molecule with two reservoirs of spin polarized
electrons. More specifically, the system under consider-
ation consists of a SMM located in a junction, and sep-
arated from two ferromagnetic leads by tunnel barriers,
see fig. 1(a). For simplicity, we take into account only
collinear (parallel and antiparallel) magnetic configura-
tions of the leads. Moreover, the magnetic easy axis of
the molecule is parallel to the magnetic moments of the
leads. To allow the QTM, an external time-dependent
magnetic field is applied to the molecule along its easy
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FIG. 1: (color online) (a) Schema of the system under consid-
eration for parallel (black solid arrows) and antiparallel (grey
solid arrows) magnetic configurations. (b) Energy levels cor-
responding to different spin states of the SMM. The grey dots
represent the occupancy of the molecular spin states when the
third resonant field is reached.

axis, see fig. 1(b). We assume that the field has no
influence on the magnetic configuration of the system,
which can be controlled by different means (exchange
anisotropy, for instance). In addition, we assume a signif-
icantly weaker magnetic field perpendicular to the mag-
netic easy axis.

Theoretical description In a recent paper [3] we con-
sidered the situation when a bias voltage was applied be-
tween the two external ferromagnetic leads, and the spin
reversal was due to the associated spin current. Here,
we consider a different situation, i.e. the system is un-
biased but instead an external magnetic field is applied
to switch the molecule owing to the QTM phenomenon.
The switching is accompanied by a current impulse be-
tween the leads, which is a consequence of the spin relax-
ation processes. This, in turn, is associated with transfer
of a certain charge between the leads.

The simplest model Hamiltonian describing the SMM
takes the form [9, 10, 11]

HSMM = H0 +HQTM +HI . (1)
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independent, whereas competing Orbach and Raman relaxation processes are thermally 

activated (Figure 1.13).26, 27  

Both Orbach and Raman processes involve spin-lattice transitions. The Orbach 

process is a two-phonon process in which a high energy phonon is absorbed by the spin 

system, resulting in the excitation from the ground-state doublet level to an excited state, 

followed by emission of a phonon and transition to the other level of the ground-state 

doublet. The Raman process involves a similar process however, in Raman the excited spin 

system goes to a short-lived virtual excited state before relaxing back to the ground state, 

(Figure 1.13, left). In both processes, the temperature dependence of the relaxation rate 

follows the Arrhenius law. A plot of lnt vs 1/T therefore in the low temperature regime is 

typically utilized to determine the energy barriers and relaxation rates of these processes, 

Figure 1.13 (right).26-30 

 

Figure 1.11 (left) Schematic diagram showing direct, Orbach, and Raman relaxation 

processes. (right) Temperature dependence of the relaxation times; direct (green), Orbach 

(blue), and Raman (purple). Reproduced with permission from references 25 and 26. 

One way to confirm SMM behaviour is the observation of a hysteresis loop in a 

plot of M vs H below the TB, since as for bulk ferromagnets, hysteresis loops are also 

This journal is©The Royal Society of Chemistry 2015 Chem. Soc. Rev., 2015, 44, 2135--2147 | 2137

wM
00, which depend on the angular frequency with which the

magnetic field oscillates.1 The inability of the magnetisation to
follow the progressively faster switching field causes a decrease
of the in-phase component and an increase of the out-of-phase
component. The out-of-phase component will reach a maximum
in wM

00 before decreasing again with the highest frequencies of
switching fields. At this maximum, the angular frequency (o) can
be related to the relaxation time, t, through:

ot = 2pnt = 1 (3)

This relaxation may occur through several possible processes.7

Quantum tunnelling of the magnetisation (QTM) allows the
spin to flip by tunnelling from an MS state on one side of the
barrier to a resonant MS state on the other side; for example,
from the MS= +2 level to the MS=!2 level in Fig. 1.8 When QTM
is particularly efficient, the barrier may be bypassed completely,
and no signal in the out-of-phase susceptibility will be
observed. QTM can arise from lower than ideal symmetry in a
molecule, which induces a transverse component (E and/or
allowed higher order terms) to the anisotropy. The relationship
between symmetry and the presence of transverse anisotropy,
which dramatically reduces Ueff, is one of the driving forces
behind attempts to control the topology of single-molecule
magnets.9 Alternatively, the relaxation can be phonon-assisted
in either a two phonon process (Orbach, Raman) or a one
phonon process (direct). Orbach processes involve absorption
of a phonon causing excitation to a real state, before emission of
a phonon and relaxation. A Raman process sees the absorption
of a phonon causing the excitation of a spin to an imaginary
level, before relaxation and emission of a phonon. A direct
process involves the spin of the molecule flipping with emission
of a phonon.

By scanning the frequency to measure the dynamic susceptibility
at several different temperatures, the relationship between t and
T may be determined through an Arrhenius plot of ln(t) vs. 1/T.
At higher temperatures, a linear fit will normally be possible,
corresponding to eqn (4)

ln t = ln t0 + Ueff/kBT (4)

and thus Ueff may be derived from the gradient of the Arrhenius
plot, where t0 is the microscopic attempt time, i.e. the relaxa-
tion attempt time for reversal at T = N (or it may be considered
as (1/t0) which corresponds to the intrinsic relaxation rate, with
units of s!1: see ref. 36), and kB is the Boltzmann constant.10

The t0 value for Mn12ac is B10!7 s and this is typical for SMMs,
although values from B10!6 to B10!11 s are commonly
reported. This case corresponds to Orbach relaxation, because
Ueff is related to the energy difference between real states.
Raman or direct processes will be manifested through curva-
ture of the plot, indicating more complex relationships between
the relaxation time and the barrier to relaxation, because they
have different temperature dependencies. Direct processes
show a very slight temperature dependence in an Arrhenius
plot, while Raman processes may be thought of as intermediate
between Orbach and direct processes. Such a case is illustrated
in Fig. 2, for the compound Na[(tpat-Bu)Fe]"THF (vide infra).11

2.2 Increasing Ueff

The relationship between the barrier to relaxation of the
magnetisation and the ground spin state Sled to a vast effort
towards building the compounds with the highest possible
nuclearity, in an attempt to maximise Ueff.2 However, the
stumbling block encountered was that D was found to be
inversely proportional to S2.12 Therefore, incorporating large
numbers of paramagnetic transition metal ions in a compound
may be antagonistic to generating a large magnetic anisotropy.
Often, this is because the anisotropy axis for a given ion within
a polymetallic complex is not aligned with that of another ion
within the same complex, leading to a diminished overall
anisotropy.13 By employing a single ion, this scenario would
be avoided, but leads to a clear limiting factor: MS can only
ever be as large as the maximum spin of the single ion. The
challenge thus presented is how to achieve the greatest possible

Fig. 2 Top: variable-frequency out-of-phase ac susceptibility data for
Na[(tpat-Bu)Fe]"THF, under a 1500 Oe dc field at various temperatures.
Bottom: Arrhenius plot constructed from data. Dashed lines represent data
fits to an Orbach (blue), Raman (purple), and direct (green) process. The
solid red line represents a fit to the three processes simultaneously.
Reprinted with permission from ref. 11. Copyright (2010) American
Chemical Society.
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Fig. 2. Schematic diagram to introduce the processes of spin-lattice relaxation (slr). The states !a!, !b!,
and !c! represent, for example, triplet substates of metal–organic compounds. The corresponding
zero-field splittings lie in the energy range from 0.1 to about 102 cm−1.

higher lying state (for example by a process of intersystem crossing from S1) or by
an excitation of just this electronic state.

2.1. Direct process

A relaxation from state !b! to state !a! may occur by an emission of just one
phonon with the energy !Eb,a, which is transmitted to the lattice. This process is
called direct process of spin-lattice relaxation. The corresponding rate kb,a

slr (direct)
is usually dominant at low temperature T and exhibits only a weak temperature
dependence. For this rate one obtains (e.g. see the Refs. [10,14,15,26,27]):

kb,a
slr (direct) =

3
2!"4"!5 · !"b !V !a#!2 · (!Eb,a)3 · coth(!Eb,a/2kBT) (1)

Here, " is the mass density of the matrix material, ! the (average) velocity of sound
of the matrix, and kB the Boltzmann constant.

2.2. Orbach process

With temperature increase, the relaxation may also proceed indirectly by the two
phonon Orbach process (Fig. 2b). Schematically, in this process, one phonon of the
energy !Ec,b is absorbed, while a second phonon of the energy !Ec,a is emitted. The
rate of this process has been determined recently also for a general pattern of
zero-field splitting, as one finds often for the compounds being of interest here. The
general result is presented in Ref. [[26] Eq. (16)]. Here, we use a slightly simplified
low-temperature approximation [26]:

Direct
process

Orbach
process

Raman
process
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observed in the magnetisation vs field data of many SMMs, although their origin is quite 

different. As previously discussed in bulk ferromagnets, magnetic hysteresis originates 

from energy stored within the domain wall boundaries. In contrast, hysteresis in SMMs 

comes from the energy barrier towards flipping the direction of the spins within a single 

molecule. Often steps are observed in the hysteresis loops of SMMs due to quantum 

tunnelling between degenerate Ms levels as shown in Figure 1.14, although in some SMMs 

these steps are smoothed out and thus not visible. 

 

Figure 1.12 Steps in the hysteresis loops of an SMM due to quantum tunneling between 

degenerate Ms levels. Reproduced with permission from reference 17.17 

In addition to hysteresis loops in the dc data, alternating current (ac) magnetic 

susceptibility measurements are also commonly used to study slow relaxation phenomena 

in SMMs. In ac magnetic susceptibility measurements, an oscillating magnetic field with 

frequency f is applied to the sample and the differential magnetic susceptibility, dM/dH is 

measured. The frequency of the applied ac field can vary between 1 Hz to 10 kHz. AC 

susceptibility comprises real and imaginary components, related to each other by the 

following Equation: 

            𝜒8( =	𝜒9 −	𝑖𝜒99      Equation 1.16 
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chemistry to modify SMMs, it is clear that
chemistry will permit a systematic study
of the physical phenomena associated
with these molecular nanomagnets.

Quantum Tunneling and
Quantum Coherence

The magnetization of nano-sized par-
ticles can in principle also relax through
an under-barrier mechanism via quantum
admixing of the “up” and “down” states.
Macroscopic quantum tunneling (MQT)
has long been sought, following theoreti-
cal predictions of its presence in nano-
sized magnetic particles.13 However, MQT
must be a rare event, for a macroscopic
particle is by definition a system that is
large enough to behave classically during
most of the time it is being observed. In
1996,14–16 MQT of the magnetization was
first reported for a sample of 1. In fact, the
hysteresis loop, shown in Figure 3, is not
smooth. Steps can be observed at regular
intervals in the plot of magnetization ver-
sus magnetic field. The observed steps in
the hysteresis loop correspond to an in-
crease in the rate of change in magnetiza-
tion occurring when there is an energy
coincidence of the levels on the opposite
parts of the double-well potential. For
these critical field values, tunneling of the
magnetization is allowed, and therefore a
noticeable increase in the relaxation rate
is seen.

The origin of magnetization tunneling
in SMMs is still a matter of active research.
As illustrated in Figure 4, tunneling occurs
between two levels that have the same en-
ergy if some admixing of the two states oc-
curs. The transverse interaction that mixes

the states and gives rise to the so-called
“tunnel splitting” can be provided by low-
symmetry components of the crystal field,
or by a magnetic field provided either by
magnetic nuclei or by the neighboring
molecules. The larger the value of ms, the
smaller the admixture of the two wave
functions and the lower the tunneling
rate. For 1, no direct evidence of tunneling
between the ms ! !10 levels has been ob-
tained, while tunneling between smaller
ms levels is indicated by the appearance of
steps on the magnetization hysteresis loop
(Figure 3).

Detailed studies7 of the Fe8 Complex 2
(Figure 5) using HFEPR17 and inelastic neu-
tron scattering (INS)18 data clearly indicate
that the transverse magnetic anisotropy of
the Fe8 Complex 2 is much larger than that
of the Mn12 Complex 1. This means that
tunneling between the lowest ms states
can be observed. In fact, the Fe8 Complex 2
exhibits a temperature-independent mag-
netization relaxation rate below 0.35 K,
which is only explicable in terms of a tun-
neling of the magnetization occurring in
the lowest energy levels, that is, between
the ms ! "10 and ms ! #10 levels.19 Re-
cently, the very small tunnel splitting in
the Fe8 Complex 2 (i.e., the matrix element
that couples the ms ! "10 and ms ! #10
levels) has been measured.20 Its depend-

ence on the magnetic field applied along
the axis of hard magnetization has also
been measured. The application of a field
along the hard axis does not necessarily
increase the tunneling rate, but gives rise
to oscillations, with quenching of the tun-
neling for critical values of the field where
a destructive interference between the
tunneling pathways occurs. The tunneling
rate oscillates with a period that is simply
related to the zero-field splitting parame-
ter(s).21 By applying a transverse magnetic
field, it is therefore possible to control the
tunneling rate of the axial magnetization
and consequently the coercivity in the hys-
teresis loops. This phenomenon, which
has potential technological applications, is
a characteristic feature of SMMs and their
intrinsic quantum nature.

In 2, the tunnel splitting in zero field
was found to be of the order of 10"8 K.
Any axial field that splits the two ground
levels by an energy exceeding this value
suppresses the tunneling mechanism. In
order to rationalize the observation of tun-
neling, the magnetic field of the nuclei,
which is still fluctuating at low tempera-
ture, has been considered a source of level
broadening and, therefore, of tunneling.

The role of the nuclear magnetic field was
very recently definitively established22 for
the Fe8 Complex 2. The magnetization re-
laxation rate of the standard Fe8 sample
was compared with those of two isotopi-
cally modified samples: (a) 56Fe replaced
by 57Fe and (b) a fraction of the 1H atoms
replaced by 2H atoms. The 56Fe atoms had
no nuclear spin (I ! 0), whereas 57Fe had a
spin of I ! 1/2. Similarly, 1H had I ! 1/2,
while 2H had I ! 1, but with a much
smaller gyromagnetic factor. A strong in-
fluence of nuclear spins on resonant mag-
netization tunneling was observed, where
the tunneling rate was found to be larger
when the hyperfine field was stronger.
Manganese-containing SMMs are not
suited to this kind of experiment, as the
hyperfine field is dominated by the only
stable 55Mn isotope (I ! 5/2).

The interplay of nuclear and electron
spins in the dynamics of the macroscopic
magnetization seems very appealing for
potential use in quantum computing. In
fact, the use of the nuclear magnetization
through modified nuclear magnetic reso-
nance experiments has been suggested as
a model of quantum computing.

The S ! 9/2 Mn4 Complex 3 has also
been shown to have a temperature-
independent magnetization relaxation
rate.11 This complex has a well-isolated
S ! 9/2 ground state with D ! "0.53 cm"1.
Magnetization relaxation rates have been
determined in the 0.394–2.00 K range.
Below 0.60 K, the rate becomes temperature-

Figure 3. Magnetization versus
magnetic field hysteresis loop for
Mn12-acetate Complex 1. Data were
recorded on a single crystal with the
magnetic field applied along the
tetragonal axis of each Mn12 molecule.
The vertical parts of the “steps”
correspond to critical values of the field
where resonant magnetization
tunneling is allowed.

Figure 4. Drawing showing how the
potential-energy diagram of an SMM
changes as the magnetic field is swept
from H ! 0 to H ! nD/g$B. Resonant
magnetization tunneling occurs when
the energy levels are aligned between
the two halves of the diagram.
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The real component stays in-phase with the oscillating magnetic field and is 

associated with the reversible magnetization process. In contrast, the imaginary 

susceptibility is correlated with the irreversible magnetization process and stays out-of-

phase with the ac magnetic field due to a phase shift between the magnetization and the 

applied ac field.31  

Above the TB of an SMM, if an oscillating (ac) magnetic field is applied (in the 

absence of any dc field), the spins can flip fast via thermal relaxation over the energy barrier 

and follow the ac field and in this case, the magnetic susceptibility keeps in phase with the 

oscillating applied field. However, at low temperature, the thermal relaxation process is 

blocked and so when an ac magnetic field is applied the spins cannot follow the magnetic 

field perfectly, affording slow relaxation of the magnetization. Therefore, the out-of-phase 

component of the magnetic susceptibility becomes non-zero (Figure 1.15).31 

                    

Figure 1.13 AC magnetic susceptibility data for (NEt4)3[Mn5O(salox)3(N3)6Cl2]. The onset 

of an out‐of‐phase signal in the ac magnetic susceptibility data reflects the onset of slow 

relaxation. Inset: Arrhenius plot constructed from the ac data. Reproduced with permission 

from reference 32.32 
To identify the ground state, magnetization (M) data were

collected in the 2.0-4.0 K and 10-70 kG ranges (inset of Figure
2). The results were fitted by using the program ANISOFIT12 that
assumes only the ground state is populated, includes axial zero-
field splitting (D) and Zeeman interactions, and incorporates a full
powder average. The best and equally good fits to the data are
obtained with S ) 11, g ) 1.90, and D ) -0.22 cm-1 (-0.32 K),
E ) -0.071, and thus, the calculated energy barrier to relaxation
(|D|Sz2) is 26.6 cm-1 (38.3 K). Attempts to fit the data by using S
) 10 resulted in unreasonable value of g ) 2.12.
To investigate whether 2 might be a SMM, AC susceptibility

measurements were performed in a 3.5 G AC field oscillating at
250-1500 Hz and with a zero-applied DC field. The frequency
dependent amplitude of the in-phase (!MʹT) signal increased as the
temperature was lowered, reached a maximum value at 4.0-5.0
K, and finally approached zero (Figure 5S). The out-of-phase (!Mʹʹ)
signals showed clear frequency and temperature dependences
(Figure 3). As the frequency of the AC field was changed from
1500 to 250 Hz, the !Mʹʹ peak shifted from 4.1 to 3.5 K. This
frequency dependence of the AC signals suggests that complex 2
is a SMM. Additional relaxation versus time measurements were
obtained at a temperature below 3.2 K by the DC magnetization
decay versus time measurements (Figure 10S). This gave a set of
relaxation times which were combined with the AC data and used
to construct an Arrhenius plot. Good fits of the combined AC and
DC data allowed us to obtain τ0 ) 2.6 × 10-7 s and Ueff ) 40.3 K
(inset of Figure 3).
In order to probe the anisotropy and quantum tunneling of

magnetization (QTM) of complex 2, single-crystal hysteresis loops
and relaxation measurements were performed by using a micro-
SQUID setup.13 Figure 4 presents magnetization (M) versus H
measurements. The hysteresis loops were strongly sweep rate and
temperature dependent and showed steps indicative of QTM. The
hysteresis loops become temperature independent below 0.8 K,
establishing tunneling between ground state levels. The anisotropy
of the spin ground state is obtained from ∆H between the zero-
field step and the first step at 1.1 T yielding a |D|/g value of 0.51
cm-1 (Figure 9S). This extreme large anisotropy |D|/g ) 0.51 cm-1

is coming from the almost parallel arrangement of JT axes of MnIII
ions in the equatorial triangular plane. At temperatures above about
1 and 1.5 K, other steps appears at 1.2 and 0.6 T, respectively,
which are probably due to tunneling via the first excited state being
rather close to the spin ground state. The steps at 0.6 and 1.2 T
suggest |D|/g ) 0.28 cm-1 for the first excited spin state. Because
the latter is very close to the spin ground state, the maximal barrier
of |D|S2 is strongly reduced to Ueff ) 40.3 K.

In conclusion, complex 2 represents a new example of SMMs,
with the anisotropy energy Ueff of 40.3 K. QTM was observed and
allowed us to estimate the anisotropy parameter of the two lowest
spin states.
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Figure 3. Plots of out-of-phase (!Mʹʹ) AC susceptibility versus T in 3.5 G
AC field oscillating at indicated frequencies for 2. Inset: Arrhenius law fit
of the combined AC and DC data.

Figure 4. Magnetization hysteresis loops for a single crystal of 2; (top)
from 3.0 to 0.04 K at 0.14 Ts-1 scan rate; (bottom) for different scan rates
at T ) 0.04 K.
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By plotting 𝜒99vs T, the temperature dependent relaxation time (t) can be obtained. 

At the maxima, 𝜏 = 1/2𝜋𝜔, where 𝜔 is the acceleration frequency. In this regime a plot 

of ln𝜏 vs 1/T is linear and as previously discussed, the gradient affords the effective energy 

barrier Ueff, and 𝜏5 is determined from the intercept on the y-axis where 1/T = 0. In many 

cases the ac data show a frequency dependency to the out-of-phase component, but no 

maxima are resolved due to the presence of QTM. In these cases, the smallest optimal dc 

field is applied in order to mismatch the degeneracy of the MS states and suppress QTM; 

these compounds are referred to as field induced SMMs.  

1.5.3 Progress in the Field of Single-Molecule Magnets    

Since the initial discovery of Mn12, a significant amount of research has been 

carried out on SMMs worldwide and to-date, many new families have been studied. 

Initially, the main objectives were focused on developing large polynuclear 3d clusters 

with large spin ground states. In this regard, several high nuclearity clusters have been 

reported. Among these, the mixed valence cluster [MnIII12MnII7(µ4-O)8(µ3,h1-N3)8(HL)12-

(MeCN)6]Cl2×10MeOH×MeCN (1.2; H3L = 2,6-bis(hydroxymethyl)-4-methylphenol), 

reported by Powell et al. is significant since despite possessing a very large spin ground 

state S = 83/2, it does not display SMM properties.33 Such behaviour is attributed to the 

absence of any magnetic uniaxial anisotropy (D) due to the centrosymmetric arrangement 

of the Mn ions within the cluster. A second example highlighting this problem is the Mn6 

cluster (Me2dbmH = 4,4′-Dimethyldibenzoylmethane) reported by Christou et al.34 

Although this cluster  has an appreciable S = 12 spin ground state the ZFS was found to be 

negligible i.e. D≈0 due to its virtual Td symmetry. The results of these studies serve to 

highlight the importance of magnetic anisotropy for increasing the energy barrier of 
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magnetization reversal. Furthermore, they also reveal that preparing multinuclear clusters 

with large negative D values is extremely challenging, since increasing the nuclearity of 

the clusters also tends to increase the overall crystallographic symmetry of the molecules 

in the solid-state, which destroys the magnetic anisotropy. 

Despite these challenges, much research has been done worldwide to develop 

compounds possessing both large spin ground states and significant magnetic anisotropy. 

In 2007, Brechin et al. reported the Mn6 cluster, [MnIII6O2(Et-sao)6(O2CR)2(EtOH)6] (1.3) 

(where Et-saoH2 = 2-hydroxyphenylpropanone oxime and R = 3,5- dimethylphenyl) with 

an effective energy barrier of 86 K. Recently, Long et al. developed a mixed-valence 

CoII/CoI complex, [Co4(NPtBu3)4][B(C6F5)4] (1.4) with an energy barrier of 125 K, which 

to the best of our knowledge is the highest energy barrier reported for a 3d-metal based 

SMM to-date.35, 36 

 

Figure 1.14. Molecular structure of 1.2 (Color code: MnIII (dark pink), MnII (pale pink),O 

(red), N (blue), C (gray), H (white)); 1.3 (Color code: Mn (red) O (green), N (blue)) and 

1.4 (Color code: Co (violet), N (blue), P (pink), C (gray)). Reproduced with permission 

from references 33,35, 36.  

The crystal structure of compound 1
(Figure 1) reveals that the aggregate is
mixed-valent and contains seven
MnII centers and twelve MnIII centers,
as derived from the metric parameters
and BVS (bond valence sum) calcula-
tions.[5] The core of compound 1 (Fig-
ure 2a) can be described as being based
on two Mn9 fragments that are linked
through a central MnII center, Mn1,

which is coordinated to six m-O and two m4-O donor atoms.
Each half of the molecule is derived from an almost perfect
cube in which the vertices consist alternately of MnII centers
and central N atoms of the terminally coordinating m3-N3

units. Thus, the MnII centers define a tetrahedron in each
half. At the center of each of the faces of the cube there is a
MnIII center defining an octahedron such that the faces of the
octahedron are capped alternately by m3-N3 and m4-O ligands,
the latter of which is linked to the MnII centers. Closer
inspection of the MnIII geometries reveals that the Jahn–
Teller elongation axes are those involving the two azido
ligands (Figure 2b, c) which result in a trigonal arrangement
for each MnIII octahedron. The resulting nanosized particle
has a structural arrangement corresponding to that found in
Chevrel phases.[6]

The magnetic properties were measured on a polycrys-
talline sample of 1. At room temperature, the c’T product
(Figure 3a) is 93 cm3Kmol!1, which is higher than the
expected value (66.625 cm3Kmol!1 taking gav= 2) for twelve
MnIII centers (S= 2) and seven MnII centers (S= 5/2). Owing
to the large magnetic susceptibility of the molecule and in
order to stay below the upper limit of detection of our SQUID
magnetometer, the mass of the sample had to be decreased
from 17.79 mg to 6.38 mg, and the temperature dependence of
susceptibility had to be measured in zero field by using the
ac technique. On decreasing the temperature, the c’T product
continuously increases to reach 894 cm3Kmol!1 at 1.8 K, thus
indicating dominant ferromagnetic interactions in the poly-

nuclear complex. This value is close to the one expected when
all the spins composing theMn aggregate are parallel, thus for
a ground spin state of ST= 83/2 (881.875 cm3Kmol!1 taking
gav= 2). The presence of strong ferromagnetic interactions
easily explains the high c’T product at room temperature.
Indeed, this unusually large magnetic susceptibility allows
crystals of 1 to be moved easily at room temperature by using
only a simple permanent magnet of 0.35 T. At 1.8 K, the field
dependence of the magnetization saturates very fast above
1.5 T to reach about 84.5 mB (inset of Figure 3a), a value in
good agreement with the expected value of 83 mB (with gav=
2) for a ground spin state of ST= 83/2. At this temperature, the
linear part of the plot of M versusH does not exceed 300 Oe,
thus justifying the use of the ac technique.

Figure 1. Molecular structure of 1 in the crystal (MnIII dark pink,
MnII pale pink, O red, N blue, C gray, H white). Carbon-bound hydro-
gen atoms and noncoordinated solvent molecules have been omitted
for clarity.

Figure 2. a) Polyhedral representation of the core of 1 with emphasis
on the cubic-derived symmetry (same color scheme as above).
b) Highlighted Jahn–Teller axes (yellow) on the MnIII centers within the
core. c) The trigonal arrangement of the Jahn–Teller axes as viewed
along the crystallographic c axis.
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Magnets have fascinated humans for millenia, playing a promi-
nent role in the development of modern society, science, and
technology, and making up a multi-billion-dollar-per-year industry.
Classical or atom-based magnets, for example, metals, metal alloys,
and metal oxides, are composed solely of a high density of d- or
f-orbital metal spin sites and are prepared by high-temperature
metallurgical methods. The development of molecule-based mag-
nets1 enabled the specific alteration of the magnetic properties by
established organic or coordination chemistry techniques and the
combination of magnetic properties with other mechanical, electrical
and/or optical properties in harmony with simplicity of fabrication.2,3
Current trends in the research field of molecular magnetism mainly
involve activities in three classes of molecular materials, namely,
multifunctional magnetic materials, nanostructured magnetic materi-
als, and molecular nanomagnets.4 As far as molecular nanomagnets
are concerned, the past few years have witnessed an explosive
growth in the interest in single-molecule magnets (SMMs).5 The
first and still best studied SMMs are the mixed-valent [Mn12O12(O2-
CR)16(H2O)4] (Mn12; R ) various) family with an S ) 10 ground
state, which are the SMMs with the highest blocking temperatures
(TB ≈ 3.5 K) and Ueff values (up to 74 K).6 The first example of
a Mn12 SMM was the RdMe derivative [Mn12O12(O2CMe)16-
(H2O)4]‚2MeCO2H‚4H2O (Mn12OAc) with D ) -0.72 K (-0.50
cm-1), U ) 72 K (50 cm-1), and Ueff ) 60-64 K. After almost a
decade and a half of intense research in this area, complex Mn12-
OAc and its carboxylate-substituted derivatives still remain the
molecules that can function as magnets at the highest temperatures.
This is despite the preparation of many SMMs of different structural
types.5 Herein we demonstrate that the deliberate use of bulky
organic bridging ligands that can cause targeted structural distortions
to the cores of (known) polymetallic cluster complexes can provide
a new pathway toward obtaining high-spin molecules with enhanced
blocking temperatures. Specifically we show that the deliberate
structural distortion of the core of the hexametallic complex
[MnIII6O2(sao)6(O2CPh)2(EtOH)4] (saoH2 ) salicylaldoxime or
2-hydroxybenzaldehyde oxime) switches the dominant magnetic
exchange interactions among metal centers from antiferromagnetic
to ferromagnetic resulting in a molecule with S ) 12 and D )
-0.43 cm-1 in the ground state and an effective energy barrier to
magnetization reversal of 86.4 K, ∼12 to 13 K higher than that of
the Mn12 family.
The complex [MnIII6O2(sao)6(O2CPh)2(EtOH)4] (1) is character-

ized by an S ) 4 spin ground state as a result of the ferromagnetic
exchange between two antiferromagnetically coupled [MnIII3]
triangles.7 We previously showed that when the sao2- bridging
ligands are deliberately replaced with their larger, bulkier derivative

Et-sao2- (Et-saoH2 ) 2-hydroxyphenylpropanone oxime) to give
the analogous complex [MnIII6O2(Et-sao)6(O2CPh)2(EtOH)6] (2)
there occurs a significant structural modification of the core of the
complexsa severe twisting of the Mn-N-O-Mn moieties (i.e.,
the oximate linkage) within each [Mn3] subunit and a change in
the binding mode of the carboxylate from µ-bridging to monoden-
tate, which results in a switch in the dominant magnetic exchange
interactions from antiferromagnetic to ferromagnetic and thus the
stabilization of an S ) 12 ground state in 2.8 However, the weak
exchange (approximately +0.90 cm-1) present in 2 results in the
population of low-lying excited states, and tunneling involving
excited-state multiplets gives rise to a dramatic reduction in the
energy barrier to magnetization relaxation from a theoretical upper
limit of 89 K to an effective barrier Ueff ) ∼53 K.8 Replacement
of the benzoate in 2 with 3,5-dimethylbenzoate via a simple
metathesis type reaction produces the analogous complex
[MnIII6O2(Et-sao)6(O2CPh(Me)2)2(EtOH)6] (3, Figure 1). The core
of 3 is identical to that seen for 2, except that the Mn-N-O-Mn
torsion angles have increased still further from an average of Rv )
36.5° in 2 to Rv ) 39.1° in 3. A comparison of the susceptibility
data (Figure 2) shows that the exchange in 3 appears to be somewhat
stronger, with a simulation of the data assuming a simple one-J
model (see Supporting Information for details) suggesting an almost
2-fold increase from J ) +0.9 cm-1 in 2 to J ) +1.6 cm-1 in 3.
Magnetization data for 3 (Figure 2) obtained at low temperatures
and high fields confirm the S ) 12 ground state, with g ) 1.99
and D ) -0.43 cm-1. These parameters are consistent with those
observed for 2 and suggest a barrier for magnetization reorientation
with an upper limit of S2|D| ) 89 K. For powdered microcrystalline
samples of complex 3, fully visible, frequency-dependent out-of-
phase (!Mʹʹ) ac susceptibility signals are seen below ∼10 K with
the peak at 1500 Hz occurring at∼7 K (Figure 3). These data afford
an energy barrier to magnetization relaxation of 86.4 K. Confirma-
tion of the barrier height comes from combining this data with that
obtained from single-crystal dc relaxation measurements performed

† University of Edinburgh.
‡ University of Florida.
§ Laboratoire Louis Néel-CNRS.
|University of Patras.

Figure 1. The molecular structure of 3 with the central core highlighted
in black. Color code: Mn, red; O, green; N, blue.
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1.2 1.3

Co4(NP
tBu3)4 to 162(2)° for 1. The crystal structure of 1 reveals

that the cationic cluster is disordered over two positions,
although the two disordered components exhibit similar
structural features (Table S2). The Co···Co distances in 1 are
shorter than those found in Co4(NP

tBu3)4 and range from
2.321(4) to 2.380(2) Å, values that are within the appropriate
range for direct metal−metal interactions (Figure 1). The sum of
the four Co−Co−Co angles is 360° within error, indicating that
the four cobalt centers remain coplanar. It should be noted that,
based on the Co−N bond distances, the diffraction data cannot
be used to distinguish the oxidation state of each Co center.
The cyclic voltammogram of 1 in 1,2-difluorobenzene (DFB)

exhibits the expected one-electron reversible [Co4(NP
tBu3)4]

+/0

redox couple occurring at−2.44 V vs [FeCp2]
+/0, as well as a one-

electron reversible oxidation at −1.03 V assigned to the
[Co4(NP

tBu3)4]
2+/+ couple (Figure S3). The large compropor-

tionation constant of 5.2 × 1023 for the mixed-valence species
[Co4(NP

tBu3)4]
+ suggests a delocalized electronic structure for

complex 1, a consequence of direct orbital overlap through short
Co···Co contacts. Similar electrochemical behavior was observed
in hexanuclear [(HL)2Fe6(L′)m]n+ complexes possessing direct
metal−metal orbital overlap.12

Variable-temperature dc magnetic susceptibility data collected
on a microcrystalline solid sample of 1·2DFB at 1000 Oe reveal a
χMT product of 20.46 cm3 K/mol at 300 K, a value that is much
higher than the 4.875 cm3 K/mol expected for three Co(I)
centers and one Co(II) center that are magnetically isolated
(Figure 2, red circles). This value corresponds to an S = 9/2
ground state with giso = 2.57, suggesting complete delocalization
of electrons via direct orbital overlap among the four Co centers.
The result is consistent with the unpaired electrons residing in a
single valence orbital manifold of a weak-field cluster.13 Similarly,
Co4(NP

tBu3)4·2THF (THF = tetrahydrofuran) exhibits a well-
isolated high spin ground state with a χMT product of 10.68 cm3

K/mol at 300 K, corresponding to an S = 4 ground state with giso
= 2.07 (Figure 2, blue circles). With decreasing temperature, the
χMT product of Co4(NP

tBu3)4·2THF decreases until a plateau at
∼50 K that is suggestive of a spin crossover transition, the details
of which are under ongoing investigation. The downturn in χMT

below ∼50 K for Co4(NP
tBu3)4 and below ∼100 K for 1

indicates the presence of magnetic anisotropy.
Variable-temperature, variable-field reduced magnetization

data collected for 1·2DFB exhibit nonsuperimposable isofield
lines, thus supporting the presence of magnetic anisotropy in the
system (Figure S4). The data were fit to the following
Hamiltonian

μ̂ = ̂ + ̂ − ̂ + ·H DS E S S g S H( )z x y B
2 2 2

(1)

where D and E are the axial and transverse zero-field splitting
parameters, respectively, Sx/y/z is the electron spin projection
onto the x/y/z axis, μB is the Bohr magneton, g is the Lande ́ g-
factor, and H is the magnetic field. The fit yields a surprisingly
large negative D value of −12.34 cm−1, with E = 3.49 cm−1, g∥ =
2.48, and g⊥ = 2.82.
The relaxation dynamics of compound 1 were explored by

carrying out ac magnetic susceptibility measurements on a
powdered, microcrystalline sample of 1·2DFB in the presence of
a 4-Oe ac field and zero dc field. The in-phase (χM′) and out-of-
phase (χM″) susceptibility data were fit satisfactorily to a bimodal
distribution by assuming the presence of two temperature-
dependent relaxation processes with corresponding relaxation
times τ1 and τ2 (see Equation S3 and Figure S9). We ascribe this
behavior to the relaxation of the two disordered components
observed in the crystal structure (see Supporting Information).
In order to mitigate any crystal packing effects on the structural
disorder, ac susceptibility data were also collected on a 10 mM
frozen solution of 1·2DFB in the glassing solvent 2-
methyltetrahydrofuran (2-MeTHF). For this sample, χM″ curves
could be fit relatively well to a broad unimodal distribution
(αaverage = 0.43), which possibly suggested that 1 might exist as a
distribution of conformations in solution (Figure 3a).
Slow relaxation in molecular systems occurs as a result of

energy exchange between the crystal lattice and spin system via
lattice vibrations known as phonons. When the magnitude of the
energy exchanged is equivalent to a real excited state within a
molecule, relaxation occurs via an Orbach process,14 and the
corresponding relaxation times exhibit an Arrhenius-type
temperature dependence, as shown in the first term in eq 2.
The zero-field Arrhenius plot for 1 measured in 2-MeTHF
exhibits a significant divergence from linearity at low temper-
atures (Figure 3b, open circles). This curvature suggests that
through-barrier relaxation processes are operative at these
temperatures, as commonly observed for mononuclear sys-

Figure 1. Crystal structure of the [Co4(NP
tBu3)4]

+ cation in 1·2DFB.
Violet, blue, pink, and gray spheres represent Co, N, P, and C atoms,
respectively; H atoms, solvent molecules, the [B(C6F5)4]

− counter-
anion, and disordered components are omitted for clarity. Selected
distances (Å) and angles (deg) for the first disordered component: Co−
N(avg) 1.872(19); Co···Co 2.3394(14), 2.3480(14), 2.3556(13),
2.3791(16); Co···Co(diagonal) 2.661(5), 3.887(5); N−Co−N(avg)
162(2).

Figure 2. Variable-temperature molar magnetic susceptibility data for 1·
2DFB andCo4(NP

tBu3)4·2THF collected under an applied field of 1000
Oe.
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1.6 Rational Design of SMMs 

Polynuclear metal clusters are complexes containing three or more metal ions, a 

class of bridging ligands, and various terminal ligands. As mentioned above, increasing the 

nuclearity of metal clusters was the first approach towards achieving SMMs with large spin 

ground states. In recent years however, studies have shown that molecular anisotropy is 

also an important consideration and that the rational design of polynuclear 3d-SMMs with 

higher blocking temperatures remains a challenge.35, 37 

Generally, there are two main synthetic approaches for the synthesis of polynuclear 

metal clusters: (i) serendipitous self-assembly and (ii) a rational step-by-step method. In 

the latter, a metal complex with potential receptor groups is treated with another metal 

complex with potential donor moieties that when combined result in the self-assembly of 

a polynuclear cluster with known nuclearity and a pre-designed structure. In contrast, 

serendiptious self-assembly is based upon the addition of a suitable metal salt together with 

bridging and terminal ligands that facilitate the aggregation of a polynuclear species with 

unpredicted nuclearity and geometry. Most of the large metal clusters have been 

synthesized using the second method. However, regardless of whether serendipitous self-

assembly or a step-by-step molecular approach is employed, the choice of appropriate 

bridging and terminal ligands is critical.3, 37 

1.6.1 The Effects of the Bridging Ligands 

Monoatomic ligands such as O2-, S2-, F-, Br- and Cl- and polyatomic ligands such 

as alkoxides, carboxylates, CN-, and N3- are the most common bridging ligands employed 

to connect metal ions in polynuclear 3d clusters. Due to their low steric hindrance, they can 
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bridge more than two metal centers and thus facilitate aggregation. For example, O2- can 

link up to 6 metals; however, bridging between three metal ions is more common. In the 

case of OR- ligands, R can be a wide range of organic groups; thus, the bridging ability of 

these ligands can be adjusted by employing groups with different donor abilities and steric 

effects.3, 37 

In addition to their essential role in mediating the formation of metal clusters, 

bridging ligands also facilitate the magnetic interactions between metal centers by 

providing sufficient overlap between the magnetic orbitals of the metal ions. Since 

magnetic interactions are distance dependent, short bridging groups such as oxo, azido, and 

cyano are preferred. Generally, the strength and type of magnetic interactions depends 

strongly on the local structural properties of the cluster and the M-X-M angle. Weihe and 

Güdel studied a wide range of homo- and heteronuclear metal-oxo bridged clusters. Their 

studies revealed that in a [Cr-O-Cr] unit with one oxo bridge, the value of J from the 

ferromagnetic pathway increases when the Cr-O-Cr angle is large. Another example is the 

MnII-O-MnIII unit with two oxo bridges. In this case, for Mn-O-Mn angles smaller than 

110°, a ferromagnetic interaction is observed due to the accidental orthogonality of the 

magnetic orbitals.3, 38 

The azide ion is one of the most successfully explored bridging groups in the 

coordination chemistry of polynuclear metal clusters and polymers. In its monoatomic 

bridging mode (end-on, EO), azide can bridge up to four metal centers. However, in the 

end-to-end (EE) coordination mode, it can link two metal ions. When a combination of 

both bridging modes is present (EE/EO) it can link up to six metal ions (Scheme 1.1). For 

a wide range of M-N-M angles, the EO coordination mode provides ferromagnetic 
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exchange interactions between metal sites. The space requirements for the EO mode is 

therefore minimal compared to EE. Hence, steric hindrance determines the favored 

coordination mode of the azide.39-41 

              

Scheme 1.1 Schematic representation of the possible coordination modes of the azide 

bridging ligand. 

1.6.2 The Role of the Terminal Ligands 

Terminal or capping ligands are essential to block available coordination sites on 

3d metal ions of a metal cluster to prevent further growth. Their effect on the magnetic 

properties of the resulting complexes can also be critical since minor structural 

modifications to the coordination spheres of the metals can dramatically change the nature 

of the magnetic exchange interactions. The role of terminal ligands in the structural 

modulation of metal complexes has been previously explored by Christou et al. They 

showed that magnetic exchange coupling between metal centers of 

[Mn3O(O2CMe)3(mpko)3]+ (1.5) 42-44 can be switched from anti- to ferromagnetic when a 
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tridentate oximate ligand is introduced into the magnetic core of the cluster, solely due to 

the structural distortion imposed by the ligand (Figure 1.17).37 

                                         

Figure 1.15 Molecular structure of [Mn3O(O2CMe)3(mpko)3](ClO4)‧3CH2Cl2 (1.5) (where 

mpkoH = methyl 2-pyridyl ketone oxime). Color code:  Mn (brown), O (blue), N (green), 

C (gray). Reproduced with permission from reference 42. 

Among the variety of terminal ligands that have been used in the field of 3d-cluster 

based SMMs, hydroxy alkyl pyridines have attracted a significant amount of attention since 

they are versatile chelating agents, capable of acting as both bridging and chelating ligands. 

Moreover, due to having both oxygen and nitrogen donors, they are suitable for the 

assembly of both homo- and heteronuclear 3d/4f clusters since oxygen and nitrogen are 

favored by both TM ions and lanthanides. It is also well recognized that short alkoxide 

bridges can provide strong magnetic interactions. To-date, a wide range of hydroxy alkyl 

pyridines ligand have been successfully employed in this field, including hmpH, pdmH2, 

dmhmpH, hepH, and mpmH (Scheme 1.2).43 
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Single-molecule magnets (SMMs) are individual molecules that
function as nanoscale magnetic particles.1,2 They derive their
properties from the combination of a large ground-state spin (S)
and a magnetoanisotropy of the Ising-type (negative zero-field
splitting parameter, D).1 They also display quantum tunneling of
magnetization (QTM)3 and quantum phase interference,4 properties
of the microscale. SMMs of various types and metal topologies
are now known, with most being Mn species. There are, however,
no triangular SMMs; numerous oxide-centered triangular [M3O(O2-
CR)6L3]n+ (n ) 0, 1) complexes are known for many transition
metals,5a but antiferromagnetic exchange interactions within the
[M3O] core lead to small S values, and they are therefore not
SMMs.5 It is thus tempting to conclude that this common triangular
[M3O] structural topology can never lead to SMMs, but we show
in the present work that relatively small, ligand-imposed structural
distortions can alter the sign of the exchange interactions and
“switch on” the SMM property.
We have been exploring the use of 2-pyridyl oximes6 in the

synthesis of 3d metal clusters, and we can now report that methyl
2-pyridyl ketone oxime (mpkoH) has yielded a new triangular
[MnIII3O] product. This is very unusual in being ferromagnetically
coupled with a resultant S ) 6 ground-state spin and is indeed the
first triangular SMM.
The reaction of [Mn3O(O2CMe)6(py)3](ClO4) (1) with mpkoH

(3 equiv) in MeOH/MeCN (1:2 v/v) gave a dark-brown solution.
This was evaporated to dryness under reduced pressure, and the
residue was dissolved in CH2Cl2 and layered with n-hexane. After
2 days, dark-brown crystals of [Mn3O(O2CMe)3(mpko)3](ClO4)-
‚3CH2Cl2 (2‚3CH2Cl2) were isolated in 80-90% yield. The structure7
of 2‚3CH2Cl2 (Figure 1) consists of a near-equilateral MnIII3 triangle
capped by µ3-O2- ion O61. Each edge is bridged by an η1:η1:µ-
MeCO2- group and an η1:η1:η1:µ-mpko- group, whose pyridyl ring
is bound terminally to a Mn. O61 is 0.295 Å above the Mn3 plane.
The MnIII oxidation states and O2- protonation level were estab-
lished by bond valence sum (BVS) calculations,8,9 charge consid-
erations, and the presence of MnIII Jahn-Teller elongation axes
(O1-Mn1-O31, O11-Mn2-O51, O21-Mn3-O42). The isos-
tructural propionate analogue was prepared in an identical manner.
Variable-temperature DC magnetic susceptibility data were

collected on dried 2 in the temperature range of 5.0-300 K in an
applied field of 1 kG (0.1 T). "MT is 13.01 cm3 mol-1 K at 300 K,
increasing on cooling to a maximum of 19.39 cm3 mol-1 K at 30.0
K, and then decreasing to 17.41 cm3 mol-1 K at 5.00 K.9 This
indicates ferromagnetic exchange interactions within 2 to give an
S ) 6 ground state, which is consistent with the 30.0 K value (spin-

only (g ) 2) value for S ) 6 is 21 cm3 mol-1 K). The low
temperature decrease is assigned to Zeeman effects, zero-field
splitting, and/or weak intermolecular interactions. The data were
fit to the theoretical expression for a 3MnIII isosceles triangle.9,10
To confirm the ground state of 2, magnetization (M) data were

collected in the 0.1-7 T and 1.8-10.0 K ranges, and these are
plotted as M/NµB versus H/T in Figure 2. The data were fit by
matrix-diagonalization to a model that assumes only the ground
state is populated, includes axial zero-field splitting (DŜz2) and the
Zeeman interaction, and carries out a full powder average; the spin
Hamiltonian is given by eq 1, where µΒ is the Bohr magneton and
µ0 is the vacuum permeability, Ŝz

is the easy-axis spin operator, and Hz is the applied field. The fit
(solid lines in Figure 2) gave S ) 6, g ) 1.92, and D ) -0.34
cm-1.11

† University of Patras.
‡ University of Florida.
§ NCSR “Demokritos”.
# Laboratoire Louis Néel-CNRS.

Figure 1. Molecular structure of 2. Color code: brown, manganese; blue,
oxygen; green, nitrogen; gray, carbon.

Figure 2. Plot of M/NµB versus H/T for complex 2 at 7 (black dot), 6
(dark green dot), 5 (magenta dot), 4 (orange dot), 3 (light green dot), 2
(yellow dot), 1 (blue dot), 0.5 (red dot), and 0.1 (open dot) tesla. The solid
lines are the fit of the data.

H ) DŜz
2 + gµBµ0ŜzHz (1)

Published on Web 10/18/2005
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Scheme 1.2 Molecular structures of the commonly employed hydroxy alkyl pyridine 

ligands in 3d-cluster chemistry. 

The first 3d-SMM containing a pyridyl alkyl alkoxide ligand is the Mn4 system 

{[Mn4(O2CMe)2(pdmH)6] (ClO4)2} (1.6) (Figure 1.18), reported by Christou et al. in 

1999.44 The Mn4 metal core contains two MeCO2- and six pdmH ligands. Here, the 

deprotonated pdmH2 ligand binds to the metal ions via two different coordination modes 

as shown in Figure 1.18. AC magnetic susceptibility studies reveal that the complex is an 

SMM with an S = 8 spin ground state.45 

 

Figure 1.16 Molecular structure of 1.6. b) Plot of c¢¢ vs T for 1.6 showing the frequency 

dependence consistent with an SMM. Color code: O (red), N (blue), Mn (green). 

Reproduced with permission from reference 44. 

Since then, pdmH2 has been widely employed in the SMM field. Recently, Du et 

al.  synthesized a pair of homochiral {CoII6CoIII4} clusters with a butterfly-like structure. 

The clusters are the second largest homochiral Co clusters prepared from chiral ligands. 

N
OH

N
OH

N
OH OH

N
OH

N

OH
hmpH mpmH pdmH2 dmhmpH hepH

Complex 1 appeared a good candidate for ac susceptibility
studies to determine if it displays the slow magnetization
relaxation characteristic of a single-molecule magnet; data were
thus collected in the range 1.8–6.4 K range in a 1 G ac field
oscillating at 50–1000 Hz. The barrier to thermally activated
magnetization relaxation is S2|D| for an integer spin system,

which is 16 cm21 for S = 8 and D = 20.25 cm21, a value that
is significant compared with thermal energy at low temperature.
Indeed, the in-phase cMAT signal (Fig. 3) shows a frequency-
dependent decrease at T < 3.5 K indicative of the onset of slow
relaxation, and this was confirmed by the appearance of an out-
of-phase (cMB) signal showing that 1 cannot relax fast enough
at these temperatures to keep in phase with the oscillating field.
The cMB signal is strong, with a peak evident at ca. 2 K at a 1000
Hz ac frequency; the peak position corresponds to the
temperature at which the relaxation rate is equal to the ac
oscillation frequency. A preliminary analysis of the cMB data
indicates that the barrier for magnetization relaxation is 12(2)
cm21, in keeping with the presence of magnetization tunnelling.
Complex 1 is only the third structural type to show such a strong
cMB signal with a peak at T ! 2 K, the others being the
complexes [Mn12O12(O2CR)16(H2O)4]0,2 and [Mn4O3X(O2C-
Me)3(dbm)3], and this indicates 1 to be a particularly welcome
new addition to this small but growing class of molecules. It
also emphasizes that oxide (O22) bridged clusters are not the
sole source of the SMM family of complexes. Efforts are in
progress to fit the meff vs. T data for 1 by a matrix
diagonalization approach to determine the individual pairwise
exchange interactions, as well as extending studies to T < 1.8
K to investigate the degree of hysteresis exhibited by 1.

This work was supported by the National Science Founda-
tion.

Notes and references
† The complex analysed satisfactorily (C, H, N) as solvent-free. Crystals
were kept in contact with mother liquor to avoid solvent loss and were
crystallographically identified as 1·2MeCN.xEt2O.
‡ Crystal data: C50H60Cl2Mn4N8O24 (excl. solv.), Mr = 1447.75, triclinic,
space group P1̄ a = 11.914(3), b = 15.342(4), c = 9.660(3) Å, a =
104.58(1), b = 93.42(1), g = 106.06(1)°, U = 1626(3) Å3, Z = 1, T = 105
K. Residuals R and Rw were 0.0871 and 0.0679, respectively, from
refinement on F using 3038 unique data with F > 2.33s(F). The solv
group(s) comprised a total of seven peaks (of occupancy ca. 50%) assigned
to a badly disordered Et2O molecule. CCDC 182/1203. See http://
www.rsc.org/suppdata/cc/1999/783/ for crystallographic files in .cif for-
mat.
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Fig. 2 Plot of reduced magnetization vs. H/T for complex 1. The solid lines
are fits of the data to an S = 8 state with g = 1.85 and D = 20.25 cm21.
Data were measured at 20 (-), 30 (5), 40 (:) and 50 kG (!).

Fig. 3 Plots of the in-phase (cMA) signal as cMAT and out-of-phase (cMB)
signal in ac susceptibility studies vs. temperature in a 1 G field oscillating
at the indicated frequencies.

784 Chem. Commun., 1999, 783–784
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Figure 1. (a) Molecular structure of 1; (b) two coordination-types of pdmH− ligand; (c) χM′T and χM″ vs. T for 1. Color schemes: Mn, 
green; N, blue; O, red; C, gray.

Figure 2. (a) Molecular structure of 2; (b) metal core of 2; (c) the hysteresis loops for 2. Color schemes are the same as figure 1.

(b)
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Magnetic measurements on [CoII6CoIII4-(μ3-OH)(μ3-X)(S-pa)4(pdm)6(pdmH)2](ClO4)4 

(1.7) (paH = phenylalaninol, X= OH or OMe) reveal that the complex is an SMM below 8 

K (Figure 1.19).46 

 

Figure 1.17 a) Molecular structure of 1.7. b) The core structure of 1.7. c) Coordination 

modes of octahedral Co ions. d) AC magnetic susceptibility data for 1.7. Color code: O 

(red), N (blue), CoIII (green), and CoII (pink and turquoise). Reproduced with permission 

from reference 46. 

HmpH is another hydroxy pyridine ligand that has been successfully employed as 

a terminal ligand in 3d cluster chemistry. In contrast to pdmH2, hmpH contains only one 

hydroxyl group. In addition to its blocking role, hmpH can also function as a bridging 

ligand, facilitating the formation of Mn, Ni, and Fe clusters.43 Examples of these complexes 

include [Mn13O8(O2CCH3)12(hmpH)2(hmp)2(H2O)2(dpkd)2].(ClO4)·6H2O (1.8); (where 

dpkd = dianion of the gem-diol form of the dpk; dpk = di-2-pyridylketone), 

[Ni4(O2CMe)4(hmp)4 (H2O)2].2.25H2O.0.5(1,4-dioxane) (1.9), and [Fe4(Ph-

sao)4(hmp)4]·6MeCN (1.10) (where Ph-saoH2 = phenyl-salicylaldoxime), Figure 1.20.48-

50 

could not be obtained as immediate precipitation happened
upon the addition of Et3N.

Description of crystal structures

Single crystal X-ray structural analyses show that S-1 and R-1
both crystallize in the chiral space group of P21 with the Flack
parameters of −0.0041 and 0.0159, respectively, indicating the
enantiomeric purity of the single crystal (Table S1†). Because
the structure of R-1 (Fig. S4†) is essentially the same as that of
S-1, only the structure of S-1 is discussed in detail.

The asymmetric unit of S-1 contains ten crystallographically
independent cobalt ions, four S-pa−, two pdmH−, six pdm2−,
one μ3-OH− and one μ3-X− (X = OH or OMe) ligands, four
ClO4

− anions and three and a half lattice water molecules
(Fig. 1a). The X group in both complexes is disordered and can
be split into half OH– and half OMe–. The Co–O/N bond dis-
tances and Co–O/N–Co angles, ranging from 1.848(6) to 2.289(4)
Å and 72.70(16) to 156.96(17)°, respectively, are normal for
this type of cluster complex (Table S2†). Based on the bond
valence sum (BVS) calculations,14 Co5, Co6, Co8 and Co9 are
assigned the oxidation state of +3, whereas Co1, Co2, Co3,
Co4, Co7 and Co10 are assigned the oxidation state of +2
(Table S3†). The ten Co ions in S-1 are in an approximately
octahedral geometry with different coordination environments
(Fig. 1c). The Co(III) ions each adopts a CoN2O4 configuration,
tris-chelated by one pdm2− ligand, chelated by one S-pa−

ligand and bonded to one O atom from another pdm2−. One
type of Co(II) ions adopts a CoNO5 configuration: Co2 and Co3
are tris-chelated by one pdm2− ligand, coordinated by one O
atom from another pdm2− ligand and one O atom from a
S-pa− ligand, and bonded to one μ3-OH−/OMe− (for Co2) or
one μ3-OH− (for Co3) oxygen atom, while Co7 and Co10 are
tris-chelated by one pdmH− ligand, coordinated by two O
atoms from two different pdm2− ligands and one O atom from
a S-pa− ligand. The other type of Co(II) ions (Co1 and Co4)
has a CoO6 sphere completed by one μ3-OH− anion and one
μ3-OH−/OMe− anion, and four oxygen atoms from two
different pdm2− ligands, a pdmH− ligand and a S-pa− ligand,

respectively. Two of the four S-pa− ligands adopt a [2.21]
coordination mode, while the other two have a [3.31] coordi-
nation mode. The pdmH2 ligands adopt [4.321] and [2.211]
coordination modes (Scheme S1†). The μ3-OH− anion connects
to Co1, Co3 and Co4 ions while the μ3-OH−/OMe− bridge links
to Co1, Co2 and Co4 ions. The metal core of S-1 can be con-
sidered as a fusion of eight edge-sharing triangles, with the
distances of adjacent Co atoms varying from 2.730 to 3.800 Å
(Fig. 1b). It is interesting to note that S-1 features a butterfly-
like geometry that has rarely been observed for cobalt cluster
complexes (Fig. 1a).15 The Co10 clusters are further linked by
hydrogen bonding, resulting in a 3D supramolecular archi-
tecture with left-handed helixes (Fig. S5†).

Solid-state circular dichroism spectrums

Solid-state circular dichroism (CD) spectra of S-1 and R-1 are
measured in a KCl pellet to observe the absolute configur-
ations and optical activity of the enantiomers. Complex S-1
exhibits a strong negative Cotton effect at 508 nm, two negative
dichroic signals centered at 331 and 571 nm and a positive
Cotton effect at 428 nm, while R-1 shows Cotton effects with
opposite signals at the same wavelengths as S-1 (Fig. 2b). This
result is in agreement with the structures obtained by single
crystal X-ray diffraction analysis.

X-ray diffraction and thermal stability analysis

The powder X-ray diffractions (PXRD) are performed to test the
purity of S-1 and R-1 (Fig. 3). The experimental results match
well with the simulated XRD patterns, indicating the phase
purity of the as-synthesized samples. Thermogravimetric ana-
lysis (TGA) measurements are conducted in the temperature
range of 30–1000 °C under a flow of nitrogen with a heating
rate of 10 °C min−1. The TGA curve of S-1 indicates that the
first step from 40 to 200 °C with a weight loss of 2.31% is due
to the loss of 3.5 lattice water molecules (calcd 2.26%), and
then it begins to decompose upon further heating. The TGA
curve of R-1 is very similar to that of S-1 (Fig. S6†).

Magnetic property

The dc magnetic susceptibility measurement is performed on
the crystalline sample of S-1 in the temperature range of
300–2 K at the field of 1000 Oe. The χmT value of S-1 at room
temperature is 18.02 cm3 K mol−1, which is significantly larger

Fig. 1 (a) The butterfly-like structure of S-1. (b) The core structure of
the {CoII

6Co
III
4} cluster. (c) The coordination mode of the CoIII ion

(green) and two different kinds of coordination modes for CoII ions
(pink and turquoise) in S-1. Oxygen (red), nitrogen (blue).

Fig. 2 (a) Chiral R- and S-paH ligands (up and down). (b) The solid-
state CD spectra of R-1 and S-1.
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than the spin-only value of six high-spin Co(II) ions (11.25 cm3

K mol−1).16 This is a common phenomenon for Co(II) com-
plexes because of the significant orbital contributions of the
distorted octahedral Co(II) ions.17 Upon lowering the tempera-
ture, the χmT value decreases continuously and reaches a
minimum of 13.15 cm3 K mol−1 at 18.39 K. Below 18.39 K, the

χmT increases slightly to a value of 14.65 cm3 K mol−1 at 3.96 K
and then falls rapidly to 13.06 after cooling to 2 K (Fig. 4a). In
the range of 300 to 18.39 K, the decrease is mainly due to the
single ions effect of Co(II), and the information about the con-
tributions of exchange interactions to the temperature-
dependent behavior is impossible to obtain. Below 18.39 K,
the ferromagnetic coupling between the effective spins S′i of
Co(II) ions overcomes the effect of spin-orbital coupling and
compensates the decrease of χmT, leading to a sharp increase
of χmT.

In order to determine the spin ground state for S-1, the
field dependence of magnetization in different magnetic fields
(0.5–7 T) is collected in the temperature range 2–30 K and are
plotted as reduced magnetization (M/Nβ) vs. H/T (Fig. 4b).
These data show that saturation occurs at a value lower than
8.40Nβ and the various isofield lines do not superimpose, indi-
cating the presence of low-lying excited states in a strong mag-
netic field.16 Further evidence can be observed in a variable-
field magnetization curve in Fig. S7,† where the magnetization
increases rapidly with the increase of the magnetic field, and
does not reach saturation even at H = 7 T.17d

To characterize the low-temperature behaviour of S-1, the
temperature dependencies of field-cooled (FC) and zero-field
cooled (ZFC) magnetization were performed under a field of 50
and 100 Oe (Fig. S8†). The FC curves are consistent with the

Fig. 3 Simulated and experimental XRD powder patterns of S-1 and
R-1.

Fig. 4 (a) The plots of χmT vs. T for S-1. (b) Plots of reduced magnetiza-
tion (M/Nβ) vs. H/T in the ranges 2–30 K and 0.1–7 T of S-1.

Fig. 5 Ac susceptibility measured in zero dc fields and plotted as χ’mT
vs. T (a) and χ’’m vs. T (b) for S-1.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2014 Dalton Trans., 2014, 43, 3238–3243 | 3241
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Figure 1.18 Molecular structure of a) 1.8 (Color code: MnII (yellow), MnIII (teal), N (blue), 

O (red), and C (gray)), b) 1.9 (Color code: NiII (green), N (blue), and O (red)), and c) 1.10 

(FeIII (olive green), N (blue), O (red), and C (gold)). Reproduced with permission from 

references 48-50.  

In 2012, the high-nuclearity mixed valence cluster, 

{[CoII10CoIII4(OH)2O6(hmp)10(pdm)4(CH3OH)2]} (1.11, Figure 1.21)44 was synthesized, 

containing both deprotonated hmpH and pdmH2 ligands. This complex has a shield-like 

planar structure with an S = 6 spin ground state and displays SMM properties.51 

 

Figure 1.19 a) The partially labeled molecular structure of 1.11. b) Different representation 

of the Co core. c) AC susceptibility data for 1.11. Color code: CoIII (light pink), CoII (dark 

pink) and O (red). Reproduced with permission from reference 51. 

Fig. 1 Molecular structure of 1, H atoms have been omitted for clarity.
MnII yellow, MnIII teal, N blue, O red, C gray. The bold black lines represent
the JT directions of the MnIII. Symmetry code: A, 1 - x, 1 - y, 1 - z.

Fig. 2 Molecular structure of 2, H atoms have been omitted for clarity.
MnII yellow, MnIII teal, N blue, O red, C gray. The bold black lines represent
the JT directions of the MnIII. Symmetry code: A, 1 - x, 2 - y, 1 - z.

and the protonation of some O atoms were determined by
bond-valence sum (BVS) calculations.8,9 The results indicate that
Mn5, Mn7, Mn8 and their related symmetrical ions are MnII

(Table S1 in ESI†), and others are MnIII and all ligands are
deprotonated. All Mn atoms are near-octahedrally coordinated,
except pentacoordinate Mn8 and Mn8¢, which show the distorted
square pyramidal geometry with the trigonality index t = 0.22.10

The Mn–O bond distances range from 1.821 to 2.876 Å, while the
Mn–N bond distances range from 2.015 to 2.361 Å.

As expected for high-spin 3d4 ions in near octahedral geometry,
all MnIII ions of 1 and 2 show the Jahn–Teller (JT) distortion,
taking the form of an axial elongation. The JT axes are emphasized
with bold black lines as shown in Fig. 1 and 2 for complexes 1 and
2, respectively. For 1, the JT axes of all Mn atoms are overall
perpendicular to an approximate plane, which is built up of Mn2,
Mn5, Mn6, Mn7 and their symmetrically related ions. For 2, the
JT axes of the MnIII atoms are almost parallel to each other, except
for Mn1 and Mn1A, which are nearly perpendicular to that of the
other MnIII. The almost identical direction arrangement of JT axes
may lead to a relatively large D value of these complexes.

The magnetic susceptibilities for complexes 1 and 2 were mea-
sured in the 1.8–300 K range in an applied field of 2 kOe. The data
are plotted as the cMT versus T in Fig. 3. The cMT values at 300 K
are 28.89 and 37.36 cm3 K mol-1 for 1 and 2, respectively, are much
lower than the spin-only (g= 2) values of 44.5 and 56.25 cm3 K
mol-1 expected for a [Mn4

IIMn9
III] unit of 1 and a [Mn6

IIMn10
III] unit

of 2. For both complexes, the cMT values steadily decrease upon
cooling, indicating overall antiferromagnetic interactions between
Mn ions in both complexes.

Fig. 3 cMT vs. T plots for complexes 1 and 2.

To determine the nature of the ground states for both complexes,
the magnetization (M) data were collected in 1–7 T and in the 1.8–
5.0 K range, and were plotted as M/NmB versus H/T (Fig. S1
in ESI†). The magnetizations saturate at 7.86 and 8.30 NmB for 1
and 2, respectively, at the highest field and the lowest temperature.
So, the data were fitted using ST = 4 for 1 and ST = 5 for 2 by
matrix diagonalization to a model with axial zero-field splitting
(DŜz

2) and the Zeeman interaction (with the program ANISOFIT
2.011) assuming that only the ground state is populated. However,
we have obtained inconsistent parameters of gand D for 1 and
2 for each datum from 1 T to 7 T. Alternative fits with S = 3 for
1 and S = 2 or 3 for 2 have been done but no improved result
was obtained. This problem widely exists in high-nuclear clusters
containing Mn2+ ions due mainly to the electron population in
low-lying excited states.12

The alternating current (AC) susceptibilities of 1 and 2 (see
elemental analysis in ESI†) were measured in the 1.8–10.0 K range
in a zero DC field and a 1.0 Oe field oscillating at frequencies in
the 1–1488 Hz range (Fig. S2 in ESI†). The out-of-phase (cM¢¢)
magnetic susceptibilities of both complexes show the frequency
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fact that complexes 1 and 2 both contain MeCO2
! groups and neu-

tral (1) or anionic (2) 2-(hydroxymethyl)pyridine ligands (the dif-
ference being in the number of ligands per NiII ion) led us suspect
that 1 could be transformed into 2 by reacting with an excess of
a base; this has indeed turned out to be the case. Treatment of a
blue aqueous solution of 1 with 2 equiv. of NaOH led to a green
solution and subsequent precipitation of 2 in low yields (<20%)
upon slow evaporation of H2O at room temperature over a period
of several days, see Eq. (3); due to the low yield, the preparation
of 2 using this method is not given in Section 2. Addition of 1,4-
dioxane or Me2CO in the reaction solution increases the yield, but
the product is contaminated with NaO2CMe and Na(hmp) [IR evi-
dence, presence of colourless microcrystals on the surface of the
blue precipitate].

4½NiðO2CMeÞ2ðhmpHÞ2%
1

þ 8NaOH

!H2O ½Ni4ðO2CMeÞ4ðhmpÞ4ðH2OÞ2%
4

þ 4NaO2CMe þ 4NaðhmpÞ þ 6H2O ð3Þ

The IR spectra of 1 and 2'2.25H2O'0.5(1,4-dioxane) exhibit medium
intesity broad bands in the region 3500–3350 cm!1 assignable to
the m(OH) vibration of hmpH [24] and coordinated/lattice H2O,
respectively. The broadness and relatively low frequency of these
bonds are both indicative of hydrogen bonding. The in-plane defor-
mation band of the 2-pyridyl ring appears at 674 and 672 cm!1 for
1 and 2, respectively; the high wavenumber for this vibration con-
firms the involvement of the ring-N atom in coordination [24]. The
strong bands at 1600 and 1416 cm!1 in the spectrum of 1 are as-
signed [12,25] to the mas(CO2) and ms(CO2) vibrations, respectively,
of the acetato ligands, both having also a ring stretching character.
The difference D, where D = mas(CO2) ! ms(CO2), is 184 cm!1, more
than that for NaO2CMe (164 cm!1), as expected for the monoden-
tate mode of the carboxylate ligation [25]. Owing to the presence
of two different types of carboxylate ligation (monodentate, biden-
tate bridging; vide infra) in 2, two mas(CO2) and two ms(CO2) bands
appear in its spectrum; the modes are strongly coupled with ring
stretching vibrations and the proposed assignments should be re-
garded as approximate descriptions of the vibrations. The 1590,
1418 cm!1 pair (D = 172 cm!1) are assigned to the monodentate
acetates, while the 1562, 1435 cm!1 pair (D = 127 cm!1) to the
bidentate bridging carboxylate groups [25].

3.2. Description of structures

Partially labeled plots of the mononuclear molecule present in
complex 1 and the tetranuclear cluster present in complex
2'2.25H2O'0.5(1,4-dioxane) are shown in Figs. 1 and 2, respec-
tively. Selected interatomic distances and angles for the two com-
plexes and hydrogen bonding details for 2'2.25H2O'0.5(1,4-
dioxane) are listed in Tables 2–4.

Complex 1 crystallizes in the triclinic space group P!1. Its struc-
ture consists of well-separated [Ni(O2CMe)2(hmpH)2] molecules,
with the metal ion lying on an inversion center. The NiII center is
coordinated by two monodentate MeCO2

! groups (1.10 adopting
the Harris notation [26]) and two N,O-chelating (1.11, Scheme 1)
hmpH ligands. The hmpH donor atoms are the oxygen atom of
the –OH group and the nitrogen atom of the 2-pyridyl group. The
coordination sphere of the NiII ion exhibits a distorted octahedral
geometry; the distortion is a consequence of the relatively small
bite angle of the chelating ligand [O(1)–Ni–N(1) = 80.9(1)!]. The
Ni–(N,O) bond lengths agree well with values observed for bonds
of the some nature in octahedral complexes [24a,27]. There is a
very strong intramolecular H-bond between the –OH group and
the unbound acetate oxygen [O(3)]. The dimensions are: O(1)–

HO(1)' ' 'O(3) 2.493 Å, HO(1)' ' 'O(3) 1.480 Å, O(1)–HO(1)' ' 'O(3)
167.9!. There are neither intermolecular H-bonds nor p–p stacking
interactions. Complex 1 joins a very small family of [NiX2(hmpH)2]
[24a,28] and [Ni(H2O)2(hmpH)2]2+ [29] complexes, where X is a

Fig. 1. Partially labeled plot of the molecule present in complex 1. H atoms have
been omitted for clarity. Primes are used for the symmetry-related atoms.

Fig. 2. Partially labeled plot of the tetranuclear cluster molecule present in complex
2'2.25H2O'0.5(1,4-dioxane). H atoms have been omitted for clarity.

Table 2
Selected interatomic distances (Å) and angles (!) for complex 1.a

Ni–O(1) 2.074(1) Ni–N(1) 2.047(2)
Ni–O(2) 2.097(1)

O(1)–Ni–O(10) 180.0(1) O(2)–Ni–O(20) 180.0(1)
O(1)–Ni–O(2) 91.3(1) O(2)–Ni–N(1) 92.2(1)
O(1)–Ni–O(20) 88.7(1) O(2)–Ni–N(10) 87.8(1)
O(1)–Ni–N(1) 80.9(1) N(1)–Ni–N(10) 180.0(1)
O(1)–Ni–N(10) 99.2(1)

a Symmetry code: (0) = !x, !y, !z.

3376 C.G. Efthymiou et al. / Polyhedron 28 (2009) 3373–3381

(a) (b)
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trans angles of 152.32(1)-175.39(1)°. There is an inter-
molecular H-bond to the co-crystallised Et-saoH2 molecule 
in the lattice, between the phenolic O-atom of the coordi-
nated oxime ligand and the oximic O-atom of the non-
coordinated Et-saoH2 molecule (O…O, 2.691(4) Å). The 
closest cluster…cluster interactions are of the order of 3.4 Å 
between C-atoms on neighbouring Et-sao2- ligands. Complex 
6  crystallises in the tetragonal space group I41/a with one 
molecule in the asymmetric unit and four within the unit cell 
(Fig. 4). The cluster is isostructural with complex 5, differing 
only in the identity of the R-saoH2 ligand. Symmetry now 
forces all of the Fe…Fe distances to be equivalent (3.451(1) 
Å) and the Fe-Fe-Fe angles are 86.33(2)˚ - again describing a 
distorted, non-planar [Fe4] square. The octahedral FeIII ions 
have cis angles in the range 80.25(1)-104.6(1)° and trans 
angles in the range 154.89(1)-173.52(1)°. There are a num-
ber of inter-molecular interactions within the crystal lattice, 

most notably !-! stacking between two neighbouring hmp- 
ligands (C···C, ~3.3 Å), with the shortest inter-molecular dis-
tance being between a phenolic O-atom and the pyridyl C-
atoms of an hmp- ligand (O···C 3.208(6) Å). Clusters with the 
[FeIII

4] square topology are very rare – indeed a search of the 
CCDC database returns only 8 hits when all bridges are the 
same (47 total). Interestingly however, complexes 5 and 6  
are very similar to the complex [Fe4F4(Ph-sao)4(py)4] which 
we reported recently [15]. A comparison of the structures is 
given in Fig. (4). It is easy to see that the µ-F- and the termi-
nally bonded pyridine in the latter complex have simply been 
replaced by the hmp- ligand in 5 and 6  which combines both 
coordination modes. 

 Complex 7  crystallises in the orthorhombic space group 
Pna21 (Fig. 5). The metallic skeleton consists of six fused 
[FeIII

4] tetrahedra with each tetrahedron sharing a face with 

 

Fig. (4). The molecular structures of complexes (a ) 5 and (b) 6  viewed perpendicular to the [Fe4] face. (c) The structure of 6  viewed parallel 
to the [Fe4] face highlighting the non-planar nature of the square. (d) The structure of the previously published complex [Fe4F4(Ph-
sao)4(py)4]. 

 

Fig. (5). a ) The molecular structure of 7 . b) The core of the molecule with black bonds highlighting the coordination of the O2- ions. c) The 
metallic skeleton of complex 7 . d) Triangular and tetrahedral building blocks based on oxide centres. Colour code: Fe = olive green; O = red; 
N = blue; C = gold. H-atoms have been removed for clarity. 

A B 

C D 

A B 

C D 

(c)

maximum of 22.92 cm3 mol−1 K at 100 K, before dropping to
22.56 cm3 mol−1 K at 54 K. Below 54 K, the value of xmT
increases sharply to a maximum of 30.67 cm3 mol−1 K at 7 K,
and then drops sharply to 17.32 cm3 mol−1 K at 2.0 K. In the
range of 300 to 54 K, the magnetic behavior is generally associ-
ate with the competitive effect of ferromagnetism as well as
spin–orbital interactions of Co(II) ions in 1.7a However, the
increase below 54 K is due to the ferromagnetic coupling
between the effective spins S′i of Co(II) ions that overcomes the
effect of spin–orbital coupling. In fact, each Co(II) can be treated
as an effective spin, S′i = 1/2 with anisotropic g values,17 and the
effective spin of molecule may be equal to 5. The data above
10 K obeys the Curie–Weiss law with C = 22.62 cm3 mol−1 K
and θ = +1.19 K, which clearly suggests ferromagnetic inter-
actions between the Co(II) ions within the cluster.

The field dependence of magnetization at 2 K increases
rapidly at low field and reaches to a saturation value of 17.49 Nβ
at H = 8 T (Fig. S2†). This saturation magnetization at 8 T
approximates to 1.75 per Co(II) ion which is close to the expect
value of gS for g = 3.5 and S= 1/2. Therefore, it is reasonable to
conclude that the magnetic moments of all the Co(II) atoms are
aligned parallel.18 No magnetic hysteretic behavior was observed
at 2 K.

In order to determine the spin ground state, the field depen-
dence of magnetization in different magnetic fields (0.1–7 T)
were collected in the temperature range 2–20 K, and they are
plotted as reduced magnetization (M/Nβ) vs. H/T in Fig. 3.
The deviations of magnetization from the saturation value
clearly indicate the presence of the exiting state spin and zero-
field splitting in this cluster. The curves can not be fitted by the
ANISOFIT method19 due to the shield-like core ferromagnetic
interactions resulting from ten highly anisotropic Co(II) ions.20

Ac magnetic susceptibility measurements for 1 were further
carried out in a 3.0 Oe ac field oscillating at the indicated fre-
quencies (311–9311 Hz) and with a zero dc field in the tempera-
ture range of 2–50 K. The in-phase signal x′mT and out-of-phase
signal x′′m vs. T plots are shown in Fig. 4. Both the in-phase and
out-of-phase signal display a very small frequency dependence
below 4.5 K, indicating the onset of slow magnetization (M)
relaxation. At the 2.0 K limit of our magnetometer, no peaks in
x′′m vs. T curves are seen. Accordingly, the energy barrier which
is well known to be relevant to the relaxation time (τ0) in a
SMM21 can not be derived by fitting the peak temperature to an
Arrhenius expression. Although ac signals were observed above
2.0 K, no hysteresis was detected in the M vs. H data obtained
using a traditional SQUID magnetometer, which may be caused
by the presence of a relatively fast zero-field relaxation.22

In summary, we have reported a novel mixed-valent
{CoII10Co

III
4} cluster with a planar shield-like architecture that

has not been seen for the polynuclear Co clusters. The seven Co
ions in the asymmetry unit adopt different coordination configur-
ations from each other, and are connected by five dmp− ligands,
two hmp2− ligands and four oxide/hydroxide atoms. The use of
a mixture of hmpH and dmpH2 is shown here to be a promising
method for preparing new high-nuclearity Co clusters. Further-
more, the characterization of 1 provides a new structural motif
that was absent in the growing list of polynuclear Co-based clus-
ters. Magnetic studies indicate that 1 displays slight frequency
dependence at static zero field below 4.5 K, suggesting that it
might be a single molecule magnet (SMM). Further work is
underway to obtain new cobalt clusters by using other mixed
pyridine–alcoholate ligands.

We thank the financial support from National Basic Research
Program of China (973 Program, 2012CB821702), the National
Natural Science Foundation of China (21173221 and 20903096),
the State Key Laboratory of Structural Chemistry and

Fig. 3 Plots of reduced magnetization (M/Nβ) vs. H/T in the ranges
2–20 K and 0.1–7 T of 1.

Fig. 4 Ac susceptibility measured in zero dc field and plotted as x′mT vs. T (left) and x′′m vs. T (right).
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cobalt clusters, the planar polytriangular arrangements of Co
atoms are less known,5d,14 and were commonly observed in a
series of {Co7} clusters whose structures feature a hexagon of
six edge-sharing Co3 triangles.15 In fact, the core structure of 1
can also be regarded as two edge-sharing {Co7} hexagons with
two further Co vertices (Fig. 1b right). This unusual shield-type
structure is similar to the core of [Co14(OH)4(chp)20(O3PCH2-
Ph)2(H2O)2] reported by Winpenny et al.5d

Each Co atom is in an approximately octahedral geometry.
The coordination sites of the seven Co atoms in the asymmetric
unit are chemically non-equivalent. Co1 adopts a CoN2O4

configuration tris-chelated by one pdm2− ligand, chelated by one
hmp− ligand and coordinated by one methoxy oxygen atom
from another hmp− ligand. Co2 adopts a CoNO5 configuration
chelated by one hmp− ligand and coordinated by one μ3-oxide/
hydroxide atom and three methoxy oxygen atoms from a pdm2−

ligand and another two hmp− ligands, respectively. Co3 is bound
to two different chelating hmp− ligands, two methoxy oxygen
atoms from another one hmp− ligand and a dpm2− ligand,

respectively. Co4 is bound to a tris-chelating pdm2− ligand, a
chelating hmp− ligand and a μ3-oxide/hydroxide atom. Co5
adopts a CoO6 coordination sphere completed by a terminal
MeOH molecule, two μ3-oxide/hydroxide atoms and three
methoxy groups from one hmp− and two different pdm2−

ligands. Co6 is bound to one methoxy oxygen atom from a
hmp− ligand and five μ3-oxide/hydroxide atoms. Co7 is sur-
rounded by two methoxy oxygen atoms from two different hmp−

ligands and four μ3-oxide/hydroxide atoms. The Co–N/O–Co
angles range from 91.28(18) to 107.2(2)°, and the adjacent
Co⋯Co distances from 3.09 to 3.19 Å. Each pdm2− ligand che-
lates to one Co ion with N and two methoxy O atoms, then
bridges to a second Co through one of the methoxy O atoms.
The five hmp− ligands adopt two coordination modes: two of
them chelate to one Co ion through the N and methoxy O atoms,
and then bridge to a second Co through the methoxy O atoms;
the remaining three hmp− ligands chelate to one Co ion through
the N and methoxy O atoms, and further bridge to two other Co
ions through the methoxy O atoms. Such coordination modes are
typical for these ligands. All the oxide/hydroxide oxygen atoms
assume a μ3-bridging coordination style.

An analysis of the Co–O and Co–N bond lengths (Table S1†),
which are shorter for Co1 and Co4 (1.828–1.969 Å) than for
Co2, Co3, Co5, Co6 and Co7 (1.981–2.372 Å) suggests that
Co1 and Co4 are in a higher oxidation state than Co2, Co3, Co5,
Co6 and Co7. Thus, the +3 valence state is attributed to Co1 and
Co4 and the +2 valence state to Co2, Co3, Co5, Co6 and Co7, as
also confirmed by the bond valence sum (BVS) calculations.16

Considering the oxidation state of Co atoms, charge balance will
work best if two of the eight single oxygen atoms are hydroxide,
which gives [CoII10Co

III
4(OH)2O6(hmp)10(pdm)4(CH3OH)2]·

5H2O. However, assigning the single oxygen atoms in the struc-
ture is difficult as they are all μ3-coordinated with quite similar
Co–O bond lengths.15

The variable-temperature dc susceptibility data of polycrystal-
line 1 was measured in an applied field of 1 kOe in the tempera-
ture range of 2–300 K (Fig. 2). The xmT value at 300 K is
22.71 cm3 mol−1 K, which is higher than the spin-only value of
18.75 cm3 mol−1 K, expected for ten magnetic isolated Co(II)
ions, indicating significant orbital contributions of the distorted
octahedral Co(II) ions.17 The xmT value rises gradually to a local

Fig. 1 (a) Partially labeled tetradecanuclear structure of complex 1.
The carbon and hydrogen atoms, together with solvent molecules have
been omitted for clarity. (b) The core of the structure of 1 showing only
Co and bridged O atoms (left) and the Co core of 1 (right). Color code:
light pink (CoIII), dark pink (CoII), red (O).

Fig. 2 Plot of xmT vs. T and x−1m vs. T for complex 1.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 4740–4743 | 4741
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HmpH and dmhmpH are other members in this family of ligands that have been 

recently investigated by the Christou group. In 2018 they reported a family of isostructural, 

heterometallic Ln/Mn clusters [Ln2Mn10O8(O2CPh)10(hmp)6(NO3)4] (LnIII = Nd, Sm, Gd 

Tb, Dy, Ho, Er, Pr) with a [LnIIIMnIII ] core, several of which display SMM properties 

(1.10, Figure 1.22).52  

                  

Figure 1.20 Molecular structure of 1.10. Select pyridine and phenyl rings as well as H 

atoms are omitted for clarity. Color code: GdIII (yellow), MnIII (green), O (red), N(blue), 

and C (grey). Reproduced with permission from reference 52.  

In recent years, Pilkington and Stamatatos have conducted extensive research on 

the pyridyl alkoxide ligand mpmH, where the quaternary carbon that carries the alkoxide 

arm has been suitably functionalized to introduce a chiral centre into the ligand framework. 

In this respect, the introduction of chirality into a coordination complex provides the 

opportunity for developing dual property materials displaying both chirality and 

magnetism which could potentially open new avenues for the development of ferroelectric 

materials and complexes with magnetochiral dichroism (MChD). 
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1.7 Chiral Single-Molecule Magnets 

1.7.1 Magnetochiral Dichroism (MChD)  

In 1811, Arago observed that when polarized light passes along the optical axis of 

a quartz crystal, it decomposes, forming a colored spectrum (optical activity).53, 54 Biot's 

experiment in 1812 revealed that the optical activity is a consequence of two main 

phenomena: an optical rotation that is the rotation of the plane of polarization of linearly 

polarized light and optical rotatory dispersion that is an unequal rotation of the plane of 

polarization of light of different wavelengths. Shortly after Biot published his results, 

optical rotation was observed in organic liquids such as turpentine, an alcoholic solution of 

camphor, and aqueous solutions of sugar and tartaric acid. It was clear that the optical 

rotation in quartz arises from its crystal structure, however, in solution it comes from the 

individual molecules regardless of their orientation. Eventually, it was found that the 

source of this optical activity is chirality or the handedness of the molecules or crystals 

which is a result of the low symmetry of the structure that makes it non-superimposable on 

its mirror image.53, 55 

In 1825, Fresnel realized that linearly polarized light can be attributed to the 

superposition of two right- and left-handed circularly polarized light with equal amplitude. 

He then deduced that the optical rotation is due to the difference between the velocity of 

right- and left-handed components of linearly polarized light when it passes through a 

transparent chiral medium. Considering the fact that velocity (v) is related to the refractive 

index (n) by the equation: 𝑛 =𝑐 /𝑣, where c is the speed of light in vacuum, it can be deduced 

that the optical rotation depends on the circular birefringence of the medium that is the 

difference between the refractive indices of the right- and left- circularly polarized light 
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when it passes through a transparent chiral medium.53, 56 Since the refractive index and 

absorption are closely related, the absorption of right- and left- circularly polarized light 

by the chiral medium must therefore be different. This difference in the absorption indices 

of right- and left-circularly polarized light is referred to as the circular dichroism of the 

medium.53 

Magnetic optical activity was first observed by Faraday (1846) when he was 

studying the relationship between electromagnetism and light. Faraday discovered that the 

plane of a linearly polarized light beam is rotated when it passes through matter placed 

between poles of an electromagnet. He also found that the rotation takes place in any 

medium, isotropic, or oriented. Magnetic optical rotation can be ascribed to the difference 

in refractive indices of right- and left- circularly polarized light under the influence of a 

magnetic field.53, 56 In 1982, Wagniere and Meier predicted that a magnetic field must 

impact the absorption coefficient of the light while it traverses a chiral medium, depending 

on whether the propagation of light is parallel or antiparallel to the magnetic field. The 

effect is independent of the polarization of the light, which means it occurs in unpolarized 

light. Altering either the relative direction of the propagation of the light and magnetic 

field, or the absolute configuration of the chiral medium causes the sign of the absorption 

coefficient shift. The source of this effect is that the dielectric constant of a chiral material 

is related to the propagation vector of the light beam and the external magnetic field.53, 56, 

57 Barron and Vrbancich (1984) named this cross-effect magnetochiral dichroism, defined 

as the difference in absorption of light via a chiral medium when the propagation of the 

light beam is parallel and antiparallel to the magnetic field.53 In other words, an unpolarized 

light beam contains right- and left-circularly polarized components, which can generate a 
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circular component while the light passes through the chiral medium, and the resulting 

circular light is absorbed differently depending on whether the propagation direction of the 

light is parallel or antiparallel to the applied magnetic field (Figure 1.22). 53, 56, 58 

               

Figure 1.21 Magnetochiral dichroism in a chiral medium. Reproduced with permission 

from reference 56. 

The corresponding difference in refractive indices is called magnetochiral 

birefringence.57 It seems that the influence of a static magnetic field on chiral matter leads 

to a spontaneous time-reversal followed by space-reversal symmetry breaking.58  

1.7.2 Multiferroics 

Multiferroics are materials that display more than one type of ordering, e.g., electric 

(ferroelectricity), magnetic (ferromagneticity), and elastic (ferroelasticity).59-61 The co-

existence of magnetic and electric order in a single molecule is an important challenge 

because of its potential applications for information storage, processing and transmission, 

since it permits the control of magnetic order with an electric field. In this case, reading 

and writing of a bit of information could be achieved utilizing an electric rather than a 

magnetic field (Figure 1.24).62, 63 

his writings, yet even to the present day 
we frequently find the chiral rotation and 
the magnetic rotation classed together in a
manner against which Faraday’s original
description of his discovery of the magnetic
polarization contains ample warning.”3 Lord
Kelvin’s admonition was largely ignored, and
the next hundred years saw many other futile
attempts to use magnetic fields to induce chi-
rality in chemical processes4,5, often motivat-
ed, like Pasteur’s experiment, to find the
source of homochirality in the molecules of
life and perhaps even of life’s origins.

A new twist to the story appeared in 1982.
Wagnière and Meier6 predicted that light
would be absorbed slightly differently by a
solution of chiral molecules if the light beam
travelled parallel to an external magnetic
field, than if it travelled antiparallel to the
field. This small difference in absorption is
completely independent of the polarization
state of the light beam and so should work
with unpolarized light (Fig. 1). This effect,
subsequently christened ‘magnetochiral
dichroism’7, depends on a subtle interplay of
chiral and magnetic effects on the molecular
optical properties, and was observed in 1997
at the Grenoble High Magnetic Field Labo-
ratory by Rikken and Raupach8.

Rikken and Raupach1 have now used
magnetochiral dichroism to favour the pro-
duction of one enantiomer in a photochemi-
cal reaction. Their experiment uses the chiral
Cr(III)tris-oxalato complex, which is unsta-
ble in solution and spontaneously dissoci-
ates and re-associates. So at equilibrium
there are always equal concentrations of the
right- and left-handed enantiomers. This
dissociation is accelerated by the absorption
of light. The authors show that, in the pres-
ence of an unpolarized laser beam travelling
parallel to a static magnetic field, a small
excess of one enantiomer is produced and
maintained, and that, on reversing the 
magnetic field direction, an equal concentra-

tion of the mirror-image enantiomer results.
Their experiment finally achieves Pasteur’s
aim, albeit in a more subtle fashion than 
originally conceived by the great scientist.

This work confirms the value of a new
definition of chirality that goes beyond Lord
Kelvin’s original definition (based on mirror
reflection) to include time reversal4,5,9, so as
to incorporate motion-dependent chirality.
This definition provides a rigorous state-
ment of the fundamental symmetry charac-
teristics that external physical fields and
forces must have in order to induce absolute
enantioselection in all circumstances. Inc-
luding situations where a chemical reaction
has reached thermodynamic equilibrium.
According to this new definition, a magneto-
chiral influence possesses ‘true chirality’ and

so has the same status as circularly polarized
light and the electroweak interaction in its
ability to induce absolute enantioselec-
tion4,5. These are currently the most favoured 
explanations for the homochirality of life,
and enantioselective photochemistry with
circularly polarized light has already been
observed experimentally.

On both experimental and theoretical
grounds, we now have to seriously consider
magnetochiral photochemistry in discus-
sions of the possible origins of biological
homochirality10. This is especially pertinent
to fashionable theories suggesting that 
complex organic molecules could evolve 
in the ice mantles of dust grains in inter-
stellar space11, because magnetic fields and
unpolarized light are more common in the
cosmos than circularly polarized light. 
Furthermore, cosmic magnetic fields lead 
to partial orientation of the dust grains12,
which may enhance any associated enantio-
selective chemistry. ■
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Figure 1 Favouring a lopsided solution. An unpolarized light beam passes through a solution of
resolved chiral molecules (represented by small helices) in a static magnetic field either parallel 
B(( ) or antiparallel B( ) to the propagation direction. The absorption coefficients !( ) and !( )
are slightly different owing to magnetochiral dichroism. Rikken and Raupach1 have now exploited
this effect to favour the production of one enantiomer, making it a serious candidate for the source 
of handedness in nature.

! !! !! !! !

Unpolarized
light beam

ε(  )–ε(  ) ≠ 0

B(  )

B(  )

These are exciting times for biologists
studying the fruitfly Drosophila
melanogaster. In March came the

announcement that the DNA sequence of the
fly’s genome has been almost completely
determined1. Now, also in Science, comes a
paper from Rong and Golic2 that gives
Drosophilageneticists the tantalizing prospect
of being able to change that DNA sequence
almost at will. After nearly a century of classi-
cal ‘forward’ genetics, Drosophila now has the
necessary gear for ‘reverse’ genetics as well.

Genetics seeks to bridge the gap between
genotype and phenotype. Forward genetics
asks which changes in genotype lead to a 
specific phenotype, while reverse genetics
asks how the phenotype responds to specific
changes in genotype. Reverse genetics has

long been possible in organisms such as 
yeast and mice. In these systems, researchers 
can edit the genome specifically with the 
aid of linear DNA fragments prepared in 
vitro. These fragments contain the desired
sequence changes, flanked by ‘homologous’
regions, which match the targeted genetic
site. Once inside the cell, this exogenous
DNA triggers the cellular machinery that
normally repairs broken chromosomes or
recombines them during meiosis (the for-
mation of eggs and sperm). Directed by the
regions of homology, the repair machinery
‘recombines’ the exogenous DNA into the
corresponding chromosomal site. The effect
of this sequence change on phenotype can
then be assessed.

Why has it been possible to exploit this

Genetics

Reverse gear for Drosophila
Barry J. Dickson

© 2000 Macmillan Magazines Ltd
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Figure 1.22 Schematic representation of multiferroicity. Reproduced with permission from 

reference 63. 

Like magnetic order that comes from exchange interactions between magnetic 

dipoles, electric order originates from the ordering of local electric dipoles. For a 

ferroelectric material, the breaking of spatial inversion symmetry is necessary and in order 

to have switchable magnetic ordering, time-reversal symmetry must also be broken. 

Therefore, having both properties within an individual compound requires the 

simultaneous breaking of both inversion and time-reversal symmetry.64 In addition to the 

co-existence of two ferroic properties within a molecule, the other issue to address here is 

the efficient interplay between magnetic order and ferroelectricity. This is even more 

important considering the fact that effective interplay between electric and magnetic order 

is essential to control the magnetic order with an electric field and electric order utilizing a 

magnetic field.65 This could potentially be achieved by employing chiral ferromagnetically 

coupled clusters in which the lack of an inversion center provides a suitable condition for 

coupling electric fields to the molecular magnetic moment. Two main strategies for the 

preparation of such compounds involves: (i) the use of chiral ligands in order to transfer 

chirality form ligand to the coordination complex and (ii) enantioselective coordination of 

 
Illustration: Alan Stonebraker 

Figure 2: Different microscopic mechanisms found in type-I multiferroics. (a) In “mixed” 
perovskites with ferroelectrically active d0d0 ions (green circles) and magnetic dndn ions (red), 
shifts of d0d0 ions from the centers of O6O6 octahedra (yellow plaquettes) lead to polarization 
(green arrows), coexisting with magnetic order (red arrows). (b) In materials 
like BiFeO3BiFeO3 and PbVO3PbVO3, the ordering of lone pairs (yellow ”lobes”) 
of Bi3+Bi3+ and Pb2+Pb2+ ions (orange), contributes to the polarization (green arrow). (c) In 
charge ordered systems, the coexistence of inequivalent sites with different charges, and 
inequivalent (long and short) bonds, leads to ferroelectricity. (d) The “geometric” mechanism of 
generation of polarization in YMnO3YMnO3 [24] describes the tilting of a 
rigid MnO5MnO5 block with a magnetic MnMn remaining at the center. Because of the tilting, 
the Y-OY-O bonds form dipoles (green arrows), and there appears two “down” dipoles per one 
“up” dipole so that the system becomes ferroelectric (and multiferroic when MnMn spins order at 
lower temperatures). 
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the non-chiral ligand during the self-assembly process.66 Since achieving spontaneous 

chirality in coordination compounds is completely serendipitous and very difficult to 

control, the use of chiral ligands to rationally target chiral 3d cluster complexes is an 

attractive strategy that has not been well explored to-date in the field of SMMs. 

In 2010, Tong et al. reported the preparation of two sets of enantiomerically pure 

metal clusters containing manganese and copper (R- and S-1.13, R- and S-1.14) using the 

chiral organic Schiff base ligands, R- or  S-1.15 (Figure 1.25 (a-c)).67  

              

Figure 1.23 Molecular structure of R-1.13 (a), R-1.14 (b), and R-1.15 (c). Bottom: CD 

spectroscopy data for R,S-1.13 (d-left), and R,S-1.14 (d-right). Reproduced with 

permission from reference 67. 

The enantiopurity of the resulting complexes was confirmed by CD spectroscopy 

(Figure 1.25(d-left)). Reaction of both enantiomers of the ligand with Mn resulted in the 

isolation of tetranuclear clusters comprising three MnIII and one MnII ion connected via 

oxo bridges. Magnetic studies confirmed antiferromagnetic interactions between the metal 

centers within the cluster. However, when the ligands reacted with copper, hexanuclear 

(a) (c)

NH

OH

OH
O

Fig. 1 ORTEP drawings of the two similar NaMn4 clusters (a) and the NaMnIIMnIII
3 cores (b) in the asymmetric unit of 1R (left) and 1S (right) with

thermal ellipsoids at 50% probability (Br ions are shown instead of 75% azide and 25% bromide ions disorder between the two MnIII ions as a bridge in
the clusters of Mn1.).

1774 | Dalton Trans., 2010, 39, 1771–1780 This journal is © The Royal Society of Chemistry 2010

Fig. 2 ORTEP drawings of the Cu6 clusters (a) and the CuII
6 cores (b) in the asymmetric unit of 2R (left) and 2S (right) with ellipsoids at 50% probability.

The open lines represent the elongated Cu–O bonds in the cubane unit, while the dashed lines represent the eye-guides of the cubane sketch.

with two end-on and two terminal azide ligands (Cu6–Nazide =
1.943(9)–1.998(8) Å for 2R; Cu6–Nazide = 1.958(7)–2.019(6) Å
for 2S). The Cu5 and Cu6 are bridged by two m1,1-azides into
a dinuclear Cu2(N3)2 with the Cu ◊ ◊ ◊ Cu distances of 3.092(2) for
2R and 3.102(1) Å for 2S, respectively. Both HL- ligands link two
copper centers in O(H),N,O- and O,O-chelation fashion while one
of the L2- ligands connects three metal ions in O,N,O-chelation
and m3-O modes and the other links four copper in a m3-O, m3-
O,N, m2-O- and m2-O,O-chelation manner. Accordingly the Cu6

cluster can be viewed as being constructed from two units: a
cubane-like Cu4O4-containing part with a dinuclear Cu2(N3)2 unit
capped on one of the faces of the Cu4O4 cubane via the m1,1-
azide and phenolate bridges. The Cu ◊ ◊ ◊ Cu distances within the
Cu4O4 unit are 3.150(2)–3.897(2) for 2R and 3.167(1)–3.900(1) Å
for 2S, respectively. The dihedral angle between the dinuclear

Cu2(N3)2 motif and the capped face of the Cu4O4 cubane unit
is ca. 5.489◦. No symmetric relationship can be found between the
copper atoms in either the Cu4O4 cubane or Cu6 cluster. This is
quite different from the previously reported double-capped cubane
Cu6 compound,15 in which both the cubane and the Cu6 cluster
have an S4 symmetry.

Spectroscopic properties

Enantiopurity of the chiral organic ligands and the resulting
coordination compounds was investigated with circular dichroism
(CD) spectroscopy. The starting materials, (R)-(-)-/(S)-(+)-2-
phenylglycinol, exhibit absorption peaks at 260 nm and 270 nm in
methanol solution, which are due to p–p* transitions of benzene
rings (Fig. S1a†). The CD spectra of Schiff base R-H2L/S-H2L

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 1771–1780 | 1775

Fig. 3 Room-temperature CD spectra of 1R, 1S and 2R, 2S in KBr pellets.

(the mixture of o-vanillin and (R)-(-)-/(S)-(+)-2-phenylglycinol in
molar ratio of 1 : 1 in methanol) are rather different from those for
2-phenylglycinol, which have the contiguous peaks of the same
sign at wavelengths of 325 nm and 418 nm (Fig. S1b†). These
absorptions are attributed to p–p* transitions and n–p* transitions
originating from the azomethine chromophore of Schiff base R-
H2L/S-H2L.

The enantiomeric nature of 1R and 1S in solid state was
measured using circular dichroism spectroscopy in KBr pellets
(Fig. 3a). The spectra of 1R and 1S are mirror-images of each
other. The R-enantiomer exhibits a small positive absorption
at 260 nm, decreases to a large negative peak at 320 nm and
increases again to a positive maximum at 425 nm. The S-
enantiomer displays absorption peaks of the opposite sign in
the same wavelength range. The CD spectra of 1R and 1S
in methanol solution were also studied, which are similar in
shape to those measured in the solid state except that the
absorption maxima shift to 300 nm and 400 nm for 1R and 1S
(Fig. S1c†). The three peaks of 1R and 1S both in the solid and
solution states are attributed to p–p* transitions of the benzene
ring, p–p* transitions and n–p* transitions originating from the
azomethine chromophore from a higher energy region to a lower
one.

The circular dichroism (CD) spectra of 2R and 2S were
measured in KBr pellets as well as in methanol solution (Fig. 3b
and S1d†). The solid state CD spectrum of 2R exhibits three weak
positive absorption peaks at 265 nm, 400 nm and 600 nm and
two negative dichroic signals centered at 300 nm and 465 nm. 2S
shows Cotton effects of the opposite sign at the same wavelengths.
The CD spectra of 2R and 2S in methanol are similar to those in
KBr pellets except that the peaks at 265 nm are absent. The bands
near 300 nm, 400 nm, 450 nm and 600 nm generally correspond
to p–p* transitions of the benzene ring, p–p* transitions and n–
p* transitions originating from the azomethine chromophore and
d–d transitions, respectively.16

The UV spectrum of 1S recorded in methanol solution shows
three bands at 275 nm, 310 nm with shoulders on their low-energy
sides and a broad peak near 400 nm, which are in accordance with
the CD spectra. The UV spectrum of 2R exhibits three bands near
280 nm, 380 nm and 680 nm (Fig. S2†).

Magnetic properties

The magnetic properties of compounds 1R, 1S, 2R and 2S were
investigated between 2 K and 300 K using a Quantum Design
SQUID magnetometer MPMS XL-7. Both enantiomorphous
1R and 1S have similar magnetic behavior, suggesting that the
chirality of 1R and 1S have very little influence on the magnetism
(Fig. 4a,b). A decrease in the magnetic moment value is observed
as the temperature drops, indicating the presence of a dominant an-
tiferromagnetic interaction between the manganese spins (Fig. 4c).
Because the two MnIIMnIII

3 clusters in the asymmetric unit have
only a small difference in the terminal ligands (the N3

- and
disordered N3

-/Br-), they were treated using the same Mn4 model
(Scheme 2a). The four units are: one {MnIIO5N}; one {MnIIIO5N};
and two {MnIIIO4NBr}, respectively, corresponding to S4 = 5/2
(MnII), S1 = S2 = S3 = 2 (MnIII). The susceptibility was simulated
on the basis of their molecular structures in the frame of an
isotropic Heisenberg model, similar to that used in the analogous
Mn4 clusters reported by Powell et al.12 As for the six non-
equivalent couplings, similar bridges between the manganese ions
were considered to be identical in the fitting and bridging modes.
The best-fit parameters obtained within the isotropic model are
J1 = -2.9 cm-1, J2 = -14.0 cm-1, J3 = -12.0 cm-1, gMn(II) =
gMn(III) = 2.0 (fixed). The crucial factor for improving the overall
fit is inclusive of the zero-field terms for Mn(III) centers using the
modified Spin Hamiltonian as Ĥa = -J1(S1·S4 + S2·S4+ S3·S4) -
J2(S1·S2 + S2·S3) - J3 (S1·S3) +

!
Si·Di·Si + mB

!
Si·Ba·gi. The

best-fit parameters are J1 = -3.3 cm-1, J2 = -12.7 cm-1, J3 =
-14.8 cm-1, gMn(II) = gMn(III) = 2.0 (fixed) and D1,Mn(III) = D2,Mn(III) =
D3,Mn(III) = +5.0 cm-1 (Fig. 4c). It should be noted that the Jvalues
obtained from both computing models are comparable although
the fitting results are not perfect due to the presence of two
sets of MnIIMnIII

3 units within the asymmetric unit. The small
difference in the bond angles and distances among manganese
centers have been ignored and simplified to one set of parameters.
All the Jvalues are negative in both simulated models, suggesting
that anti-ferromagnetic coupling occurs between the adjacent Mn
centers and both compounds 1R and 1S possess ST = 1/2 ground
state. Though there is an azide bridging in the end-on fashion
between Mn1 and Mn3, it is too weak to influence the interactions

1776 | Dalton Trans., 2010, 39, 1771–1780 This journal is © The Royal Society of Chemistry 2010
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CuII clusters were isolated. The core structure of the latter family of complexes has a 

capped-cubane topology, in which the cap is bridged to the cubane through N3- units.67 The 

magnetic properties of these molecules have been attributed to the presence of   competitive 

ferro- and antiferromagnetic pathways. In this respect, antiferromagnetic interactions occur 

inside the cubane core and between the core and the cap and ferromagnetic interactions 

occur between the copper centers within the cap so that the whole system behaves as an 

antiferromagnet. 

An example of a metal cluster that serendipitously crystalizes in a chiral space 

group, is the [Mn9O4(OMe)4(OAc)3(Me-sao)6-(H2O)2.1.5HO cluster 1.16 (where 

saoH2=salicylaldoxime), reported in 2011 (Figure 1.26).66  

 

Figure 1.24 Molecular structure of 1.16. Colour code: Mn (purple), O (red), N (blue), and 

C (gold). Reproduced with permission from reference 66. 

The core of this complex comprises a partial MnIII supertetrahedron with two Mn3 

planes connected through oxo bridges. The system was found to be an SMM with an 

effective energy barrier of 30 K.66 

Given the success of pyridyl alkoxide ligands in cluster chemistry and the interest 

in developing chiral ligands for the discovery of polymetallic clusters with both 

This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 3090–3092 3091

[Mn3] and [Mn6] planes. The equatorial edges of the [Mn6] unit
are bridged alternately by oximate and methoxide ligands with
the lower face capped by three m-bridging OAc! ligands. The
[Mn3] and [Mn6] planes are parallel and separated by 2.825 Å.
A three fold axis passes through the m3-O

2! (O333) ion and is
perpendicular to the [Mn3] and [Mn6] planes. The Mn ions are
all in the 3+ oxidation state (as checked by bond length and
charge balance considerations, and BVS calculations) and in
Jahn–Teller (JT) distorted octahedral coordination geometries
as expected for high spin d4 ions. The JT axes are approxi-
mately co-parallel, lying perpendicular to the [Mn6] and [Mn3]
planes. The Mn–N–O–Mn torsion angles are of two types:
those in the upper [Mn3] triangle are rather puckered at B451,
while those in the lower [Mn6] unit are much more planar at
B271. Although quite rare, a number of [Mn10] supertetrahe-
dra have been reported recently—although they are all of
[Mn(III)6Mn(II)4] oxidation state distribution with the Mn(II)
ions at the four vertices.19

1 crystallises in the cubic space group I23which is one of the 65
space groups containing only symmetry operations of the first
kind (rotations and translations) and accommodates chiral
molecules.20 In effect, the [Mn9] cluster exists in two enantiopure
forms one of which is present in the crystals of 1. The non-
superimposable mirror image of the [Mn9] enantiomer (Fig. S1,
ESIw), reproduced by applying the space reversal parity opera-
tor (P̂), confirms the enantiopure form of the [Mn9].

2 Never-
theless, in order to prove that the bulk material is chiral further
experiments are needed.5,21 Circular dichroism experiments on
bulk 1"1.5H2O gave no signal indicating that it is a conglo-
merate (a racemicmixture of crystals each ofwhich contains one
enantiomer).5 Although we did not manage to obtain a CD
spectrum from a conglomerate single-crystal due to their small
size, we can exclude the possibility of a false conglomerate22 by

carefully comparing all eight (Z = 8) [Mn9] clusters present in
the unit cell of 1"1.5H2Owith themirror image (see above) of the
crystallographically independent [Mn9]. To the best of our
knowledge complex 1 is only the third chiral SMM and the first
chiral SMM built from achiral starting materials.12–14

In the crystal the [Mn9] clusters interact with six neighbours
through six (one unique) C–H" " "O interactions
[+C24–H24E" " "O21A (1/2 ! x, 3/2 ! y, 1/2 + z) 156.01,
C" " "O 3.395(7) Å and H" " "O 2.48 Å] to create a 6-connected
three-dimensional (3D) hydrogen-bonded network that
conforms to the pcu net (Fig. S2, ESIw).
Solid state dc magnetisation measurements were performed on

1 in the range 300–5 K in a field of 0.1 T. The wMT value
(Fig. S3, ESIw) of B22 cm3 K mol!1 at 300 K is below the spin-
only (g = 2.00) value expected for nine non-interacting Mn(III)
ions of 27 cm3 K mol!1. The value decreases with decreasing
temperature to a minimum value ofB16.7 cm3 K mol!1 at 40 K
before rising again to a value of B18 cm3 K mol!1 at 5 K. The
behaviour is indicative of the presence of competing ferro- and
antiferromagnetic exchange interactions with the low temperature
value suggestive of an S = 6 # 1 spin ground state.
In order to determine the ground state spin, magnetisation

data were collected in the ranges 1.8–7 K and 1–7 T. The data
were fit (Fig. 2) to a Zeeman plus axial zero-field splitting
Hamiltonian (eqn (1)),

H = D(Ŝ2
z ! S(S + 1)/3) + mBgBŜ (1)

assuming only the ground state is populated, affording the
parameters S = 6, g = 1.98 and D = !0.60 cm!1. From a
cartoon perspective one may consider that the ground state
results from either of two combinations: (a) the metal ions in
the [Mn6] unit coupled antiferromagnetically to each other giving
an S = 0 moiety, with the Mn ions in the upper [Mn3] triangle
being ferromagnetically coupled giving an S = 6 moiety; (b) the
Mn ions in the [Mn6] unit being AF coupled to those in the [Mn3]
triangle. The former is consistent with trends seen in oximato-
based [Mn6] and [Mn3] clusters where F exchange is observed for
Mn–N–O–Mn torsion angles greater than B311.17,18

Ac magnetisation measurements were performed on 1 in the
1.8–10 K range in a 3.5 G ac field oscillating at 50–1000 Hz.
The in-phase (plotted as wM0T in Fig. S4, ESIw) and
out-of-phase (wM00 in Fig. S5, ESIw) signals show frequency-
dependent behaviour below TE 4 K indicative of the onset of
slow magnetic relaxation. The out-of-phase signal shows a
peak at ca. 2.5 K at a frequency of 1000 Hz. The presence of an
out-of-phase signal is diagnostic of single-molecule magnetism
behaviour and is caused by the inability of 1 to relax quickly
enough, at these temperatures, to keep up with the oscillating
field. This establishes that 1 is an SMM and is confirmed by
temperature and sweep rate dependent hysteresis loops in
single crystal magnetisation versus field studies (Fig. 2) with
the field applied along the easy axis of magnetisation.23 Data
obtained by varying the frequency of oscillation of the ac field
combined with single crystal dc relaxation data were fit to the
Arrhenius equation (Fig. S6, ESIw) to obtain the effective
energy barrier (Ueff) for the relaxation of magnetisation. The
slope of the Arrhenius plot gives Ueff = 30 K, in good
agreement with the theoretical upper limit of S2|D| = 31 K.

Fig. 1 The molecular structure of 1 (top) and its metallic skeleton

describing the partial [Mn(III)9] supertetrahedron (bottom). Colour

code: Mn, purple; O, red; N, blue; C, gold.
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ferromagnetic and ferroelectric properties, the objectives of the research described in this 

thesis was to explore the 3d-cluster chemistry of chiral and racemic forms of the pyridyl 

alkoxide ligand mpmH and to study the magneto-structural properties of the resulting 

coordination complexes. 
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Chapter 2: Cluster Chemistry of mpmH with NiII 

Part of the work described in this Chapter has been published in the following paper: Click 

Chemistry as a Route to the Synthesis of Structurally New and Magnetically Interesting 

Coordination Clusters: A {NiII8} Complex with a Trapezoidal Prismatic Topology,  P. 

Abbasi, A.A. Athanasopoulou, E.C. Mazarakioti, K. Gagnon, S.J. Teat, A. Escuer, M. 

Pilkington and Th.C. Stamatatos, Dalton Trans, 2019, 48, 11632. 'Hot paper'.  

Parisa Abbasi is the first author of this paper. Angeliki Athanasopoulou first 

isolated the cluster. Parisa Abbasi optimised the reaction stoichiometry, characterized the 

cluster, grew single crystals for X-ray diffraction studies and prepared the samples for 

magnetic measurements. Single crystal X-ray data was collected, solved and refined by Dr 

K. Gagnon and Dr. S.J. Teat at the synchrotron Source at the Berkley National Lab in the 

US. Magnetic susceptibility data were collected by Eleni Mazarakioti and Dr. A. Escuer at 

the University of Barcelona. This work was jointly supervised by Dr. M. Pilkington and 

Dr. Th.C. Stamatatos. Abbasi has permission from the journal to include figures and text 

from the paper in this chapter of the thesis. 

2.1 Preface  

In general, two strategies are reported in the chemical literature for the preparation 

of metal cluster complexes. The first is metal-directed self-assembly, where, for example, 

Fujita’s work concerning the use of “molecular paneling” to build polynuclear complexes 

containing palladium fragments is an elegant example of a "designed approach" for the 

isolation of discrete macromolecules.1 Although this strategy has met with some success, 

it is mostly applicable to a small pool of organic ligands with predictable, or well-
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established coordination chemistry. An alternative method for the preparation of large 

metal clusters or cages is serendipitous assembly, first coined by Winpenny in 2002.2 In 

this method, an appropriate choice of bridging and blocking ligands, metal salt, solvent and 

pH results in the isolation of polynuclear metal complexes. Typically, hundreds of small-

scale trial reactions are first carried out in which one of the above factors is systematically 

varied to carefully establish optimal experimental conditions that afford single crystals. 

Once the molecular structures of the resulting cluster complexes have been elucidated by 

X-ray diffraction, the stoichiometries of the reactions are then optimized to improve the 

size and/or quality of the single crystals, as well as the yields of the reactions. 

In recent years the Pilkington group has adopted a serendipitous strategy, exploring 

the use of small organic ligands for the preparation and study of 3d and/or 4f metal clusters.  

The long-term objective of the Pilkington research program is to realise clusters with two 

or more physical properties.3 As outlined in the introduction section of this thesis, the 

combination of magnetism and chirality could afford new phenomena in a single molecule 

such as magnetochiral dichroism and multiferroics.4 Inspired by these advances, the 

Pilkington group has been investigating the cluster chemistry of small potentially chiral 

ligands that includes α-methyl-2-pyridinemethanol, mpmH (2.1) (Scheme 2.1).  

                                          

Scheme 2.1 The molecular structure of mpmH, 2.1. 
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The shorter-term goal of this research is to study the cluster chemistry of this ligand 

with 3d and/or 4f ions and to investigate if the racemic and chiral form of the ligand affords 

coordination clusters with the same structural topologies. The first study involving both 

racemic and chiral forms of mpmH was carried by Amy Pham, a former MSc student in 

the Pilkington group, who studied its preliminary coordination chemistry together with CoII 

and NiII. In this respect, the coordination chemistry of the R and S-mpmH together with 

Ni(MeCO2)2 and Et3N base, afforded the homometallic clusters R and S-

[Ni4(O2CCMe3)4(mpm)4] (2.2), where the chirality of the ligand was transferred to the 

overall structural topology of the cluster (Figure 2.1).5 Interestingly, the chiral clusters 

comprise a C-type cubane core, (Figure 2.1 right) not previously observed for 

homometallic cubanes and attributed to the employment of the chiral ligand.5 

                 

Figure 2.1 (a) Molecular structure of R-[Ni4(O2CCMe3)4(mpm)4] (2.2). (b) Structure of the 

magnetic core of the cluster. Colour code: NiII (green), O (red), N (blue), and C (grey). 

Reproduced with permission from reference 5.  

Pham also investigated the coordination chemistry of chiral-mpmH with Co, reporting 

two mixed valence cobalt complexes [CoIICoIII2(mpm)6](ClO4)2 (2.3) and [CoII2CoIII2(μ3-

OMe)2(μ-mpm)4(NO3)4] (2.4). Both complexes crystallize in chiral space groups, where 

2.3 has a linear topology and 2.4 is a tetranuclear cluster with a defect dicubane structure 

123	
	

Structural	Studies	

The	 molecular	 structure	 of	 R-3.1	 was	 elucidated	 by	 single	 crystal	 X-ray	

diffraction	 studies	 and	 is	 shown	 in	 Figure	 3.7.	 The	 complex	 is	 neutral;	 hence	 no	

counterions	are	present	in	the	crystal	lattice.	

	

Figure	 3.7	 a)	 Molecular	 structure	 of	 R-[Ni4(O2CCMe3)4(mpm)4]	 (3.1),	 hydrogen	

atoms	are	omitted	for	clarity;	b)	structure	of	the	magnetic	core	of	the	cluster	with	

the	 crystallographically	 independent	 atoms	 labelled.	 Colour	 code:	 Ni(II)	 green,	 O	

red,	N	blue,	and	C	grey.			

The	 complex	 crystallizes	 in	 the	 monoclinic	 chiral	 space	 group	 C2,	 with	 half	 of	 a	

crystallographically	 unique	 cluster	 within	 the	 asymmetric	 unit.	 The	 complex	

comprises	 of	 a	 Ni4O4	 cubane-like	 core	 in	 which	 the	 vertices	 of	 the	 cubane	 are	

occupied	 by	 four	 Ni(II)	 centers,	 Ni1,	 Ni2	 and	 Ni1’	 and	 Ni2’,	 as	 well	 as	 four	 µ3-

bridging	oxygen	atoms	 (O1	and	O2	and	 their	 symmetry	 equivalent	 atoms),	 Figure	

3.7b.	The	deprotonated	chiral	mpm-	 ligand	occupies	the	 four	apexes	of	 the	cubane	

core.	 The	Ni1	 ion	 is	 coordinated	 by	 three	 triply	 bridging	µ3-O	 atoms,	 one	 oxygen	

atom	of	a	pivalate	auxiliary	 ligand	and	 two	pyridyl	N	atoms	of	R-L3.1	 ligands.	The	

second	 Ni2	 center	 is	 linked	 to	 three	 µ3-O	 atoms	 and	 three	 oxygen	 atoms	 of	 two	
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(Figure 2.2).5 Magnetic measurements confirm the presence of largely quenched orbital 

angular momentum, together with intermolecular dipole exchange interactions for both 2.3 

and 2.4.5 

 

Figure 2.25 a) Molecular structure of R-[CoIICoIII2(mpm)6](ClO4)2 (2.3). b) Molecular 

structure of R-[CoII2CoIII2(μ3-OMe)2(μ-mpm)4(NO3)4] (2.4). Color code: Co (blue), O 

(red), N (purple), and C (gray). Reproduced with permission from reference 5. 

Building on this work, the objectives of this project were to adopt a serendipitous 

approach to further investigate the cluster chemistry of mpmH together with NiII. Given 

that the racemic form of this ligand is much more affordable and straightforward to prepare, 

the focus was to explore the coordination chemistry of rac-mpmH towards NiII, employing 

a range of NiII salts and suitable bridging ligands. The challenge was to find optimal 

experimental conditions for the growth of suitable single crystals of novel 3d-clusters and 

fully elucidate their magneto-structural properties. 

2.2 Experimental Section  

2.2.1 Synthesis 

All reagents were purchased from Sigma-Aldrich and used without further 

purification. All reactions were carried out in air, unless otherwise stated. 

a) b)
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Synthesis of rac-mpmH (2.1)6                

To a solution of 2-acetylpyridine (3.00 g, 24.8 mmol) in methanol (50 mL) at 0 °C, 

NaBH4 (0.94 g, 25 mmol) was added portion wise over 10 mins. The reaction was then 

allowed to warm to room temperature and stirred for 12 h. The reaction mixture was 

concentrated to ~25 mL and then the residual borohydride was quenched via the dropwise 

addition of water. Once the effervescence had ceased, water was added (75 mL) and the 

resulting mixture was extracted with EtOAc (3 × 50 mL). The combined organic layers 

were washed with brine, dried (Na2SO4) and the solvent removed in vacuo to yield rac-

mpmH (2.77 g, 91% yield) as a low melting, pale-yellow solid. M.p.: 53-54°C. 1H NMR 

(CDCl3, 400 MHz) δ (ppm): 8.53 (1H, d, J = 4.72 Hz, H7), 7.68 (1H, td, J = 7.79, 6.39 Hz, 

H5), 7.29 (1H, d, J = 7.94 Hz, H4), 7.19 (1H, dd, J = 5.29, 5.14 Hz, H6), 4.89 (1H, q, J = 

6.57 Hz, H2), 4.10 (1H, s, OH), 1.50 (3H, d, J = 6.59 Hz, H1); 13C NMR (CDCl3, 400 

MHz) δ (ppm): 162.9 (C3), 147.9 (C7), 137.1 (C5), 122.3 (C4), 119.9 (C6), 68.8 (C2); IR 

(cm-1): 3356, 2975, 1595, 1477, 1364, 1282, 1081, 1017, 904, 784, 751, 608, 538. 

Elemental analysis (%) calcd for C7H9NO: C 68.27, H 7.37, N 11.37; found C 68.25, H 

7.47, N 11.52. Mass spectrometry (ESI): 146 = [M+Na]+  

Synthesis of [Ni8(N3)8(mtz)4(rac- mpm)4(rac-mpmH)4]·2.2H2O (2.5)  

To a stirred, white suspension of rac- mpmH (0.025 g, 0.20 mmol) and NaN3 (0.026 

g, 0.40 mmol) in MeCN (15 mL) was added solid Ni(ClO4)2·6H2O (0.073 g, 0.20 mmol). 

The resulting green solution was stirred for 40 min, filtered, and left for slow evaporation 

at room temperature. After a period of two months, X-ray quality, turquoise plate-like 

crystals of 2.5∙2H2O were formed that were collected by filtration, washed with cold MeCN 

(2 × 2 mL) and dried in air. The yield was 30 % (203 mg). The air-dried, crystalline material 
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was analyzed as 2.5∙2H2O. Elemental analysis (%) calcd for 2.5∙2H2O 

(C64H84.4N48Ni8O10.2∙2H2O) : C 35.67, H 3.93, N 31.19; found: C 35.59, H 3.86, N 31.32. 

Selected IR data (ATR): ν = 2057 (vs, ν(Ν-Ν)), 1653 (m), 1601 (m), 1527 (m), 1380 (m), 

1286 (m), 1177 (w), 1083 (m), 1052 (m), 1021 (m), 967 (m), 761 (s), 701 (m), 699 (m), 

530 (w), 472 (m), 435 (m). 

Synthesis of [Ni18(O2)4(OH)3.62 (N3)22.02(NO3)1.18(rac-mpm)1.18(MeCN)12] (2.6) 

To a stirred, colorless solution of rac-mpmH (0.02 g, 0.20 mmol) and NEt3 (28 μL, 

0.20 mmol, d = 0.7255 g.ml-1) in MeCN (15 mL) was added solid Ni(NO3)2·6H2O (0.12 g, 

0.40 mmol). The resulting bluish solution was stirred for 5 min, followed by the addition 

of an aqueous solution of H2O2 (6 μL, 0.06 mmol, 36% (w/w) solution) and solid NaN3 

(0.05 g, 0.70 mmol). The resulting pale green suspension was refluxed for 30 min, during 

which time the solids dissolved, and the color of the solution turned to deep green. The 

solution was cooled, filtered, and left for slow evaporation at room temperature. After two 

months, X-ray quality green plates of 2.6 were collected by filtration, washed with cold 

MeCN (2 x 2 mL) and dried in air. The yield was 5 % (46 mg). Elemental analysis (%) 

calcd for 2.6∙2H2O (C20.26H49.06N81.6Ni18O17.52∙2H2O): C 13.28, H 1.87, N 38.60; found: C 

13.49, H 2.16, N 38.22. Selected IR data (ATR): ν = 3338 (mb), 2082 (s, ν(Ν-Ν)), 1581 

(s), 1527 (s), 1437 (s), 1401 (m), 1348 (mb), 1177 (m), 1146 (m), 1110 (m), 978 (m), 922 

(m), 891 (m, ν(O-O)), 848 (m), 820 (m), 755 (m), 660 (m), 616 (m), 587 (m), 537 (m), 460 

(w), 431 (m). 

2.2.2 Physical Measurements 

IR Spectroscopy: IR spectra were recorded in the solid state on a Bruker ALPHA Platinum 

ATR single reflection FT-IR spectrometer between 4000-400 cm-1.  
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NMR Spectroscopy: 1H and 13C NMR spectra were collected on a Bruker Avance DPX-

400 MHz NMR spectrometer in CDCl3. 

Mass Spectrometry: All measurements were carried out using a Carlo Erba/Kratos 

GC/MS acquisition system and processed using a SPARC workstation. 

Elemental Analysis: Elemental analyses (C, H, and N) were performed by Atlantic 

Microlab Inc. 

Magnetic Studies: Dc and ac magnetic susceptibility studies were carried out on freshly 

prepared microcrystalline samples of 2.5∙2H2O and 2.6∙2H2O by Dr. Albert Escuer on a 

Quantum Design MPMS5 magnetometer. For 2.5, dc measurements were performed 

between 2 and 300 K. A dc field of 0.3 T was applied from 30 to 300 K and a weak dc field 

of 0.03 T was used from 2 to 30 K to avoid saturation effects. Pascal’s constants were used 

to estimate the diamagnetic correction. Magnetic data were fit to the appropriate spin 

Hamiltonian using the PHI software.9  Variable-temperature dc magnetic susceptibility 

measurements were performed on freshly-prepared, analytically-pure micro-crystalline 

samples of 2.6∙2H2O in the temperature range 2-300 K. The magnetic studies were repeated 

twice using two different batches of crystals and the results were reproducible. A dc field 

of 0.3 T was applied from 40 to 300 K and a weak dc field of 0.02 T was applied from 2 to 

40 K, again to avoid saturation effects. As previously mentioned, a diamagnetic correction 

was applied. Ac studies in a zero static dc field were performed between 2 and 26 K using 

a 4.0 G ac field oscillating at frequencies from 1.3 – 548 Hz. Detailed magnetization (M) 

vs dc field studies were undertaken by Dr. Wolfgang Wernsdorfer on single crystals of 

2.6∙2H2O that were kept in contact with mother liquor using a micro-SQUID apparatus. 
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X-ray Diffraction: Suitable single-crystals of 2.5∙2H2O were mounted on a cryoloop with 

paratone oil at 150 K, and X-ray data were collected on a Kappa CCD X-ray diffractometer 

equipped with an Oxford Cryoflex device using the Bruker APEX II software.10 The source 

of radiation was Mo Kα (λ = 0.710 73 Å). Cell refinement and data-reduction were 

performed by SAINT. The structure was solved and refined using SADABS direct methods 

(SHELXS-97) and SHELXL-2014 in the Bruker SHELXTL suite.11,12 Suitable single 

crystals of 2.6∙2H2O were mounted on a MiTeGen kapton loop in the 100(2) K nitrogen 

cold stream provided by an Oxford Cryosystems Cryostream 700 Plus apparatus. The 

crystal was transferred to the goniometer head of a Bruker D8 diffractometer equipped with 

a PHOTON 100 detector on beamline 11.3.1 at the Advanced Light Source in Berkeley 

National Laboratory. Diffraction data were collected by Dr. Simon Teat on synchrotron 

radiation, monochromated using silicon (111) to a wavelength of 0.7749 Å. The structure 

was solved by intrinsic phasing and refined by full- matrix least-squares on F2 (SHELXL-

2014/7).11 A summary of crystallographic data for complexes 2.5 and 2.6 is presented in 

Table 2.1. 
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Table 2.1 Summary of select crystallographic data for complexes 2.5 and 2.6.  

 

2.3 Results and Discussion 

2.3.1 Synthesis and Magnetostructural studies of a Novel {Ni8} cluster (2.5) 

Without doubt, one of the most challenging synthetic aspects in the quest for 

structurally novel and magnetically interesting polynuclear 3d-metal clusters, is the in-situ 

generation of new, unpredictable ligands which are capable of bridging many metal ions 

and propagating appreciable magnetic interactions between the spin carriers. Although 

click chemistry has been used in almost all key areas of synthetic organic chemistry,13-15 

there are only a few examples of polynuclear metal complexes resulting from ligands that 

were derived in-situ by click chemistry.16-18 In fact, a convenient synthetic route based on 

the metal-ion assisted [2 + 3] cycloaddition of nitriles with azides was explored by 

Complex
Formula 
M, g mol-1 
Crystal system 
Space group 
a/ Å
b/ Å
c/ Å
α/ º
β/ º
γ/ º
V, Å3 
Z
T / K
λ / Å
Radiation type
! range (°) for data collection
ρcalc / g cm-3

μ / mm-1

F(000)
Measd / independent (Rint) reflns 
Obsd reflns [I > 2σ(I)]
R1a
wR2b

GOF on F2
(Δρ)max,min / e Å-3 

 2.5
C64H84.4N48Ni8O10.2

2159.07 
Orthorhombic

Fddd
18.5858(8) 

24.9993(10) 
40.6220(17) 

90
90 
90

18874.3(14) 
8

150(2)
0.7749
Mo Ka 

2.215 - 27.971 
1.520
2.065
8880

40016 / 4362 (0.0335) 
3137

0.0950 
0.2535
1.039

1.002, -0.839 

2.6
C34.90H55N82.56Ni18O19.40

2998.43 
Triclinic

P-1
13.7102(6) 
13.8041(6) 
16.0283(7) 
80.108(3)
88.108(3) 
88.151(3)
2784.2(2) 

1
100(2)
0.7749

synchrotron
-

1.788
3.854

-
68042 / 9549 

6130
0.0534 
0.1744
1.050

0.685, -0.800 

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

[max(Fo2, 0) + 2Fc2]/3.
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Sharpless and Demko,19 and developed by Xiong et al.20  and others21, 22 to prepare 1-D 

coordination polymers, utilizing 5-substituted 1H-tetrazolate bridging ligands that were 

generated in- situ. As mentioned in Chapter 1, end-on (EO) bridging azides are an 

important class of ligands in polynuclear 3d-metal cluster chemistry due to their versatile 

binding modes and known effectiveness to promote ferromagnetic exchange interactions 

between spin centers.23-26 In addition, tetrazoles have been reported to adopt at least nine 

distinct types of coordination modes with metal ions, when examining the structural 

topologies of metal organic frameworks.20 As a consequence, tetrazoles have attracted 

increasing attention in the fields of molecular chemistry and crystal engineering due to the 

excellent coordination ability of their four nitrogen atoms, acting as either a multidentate 

or bridging building block in various supramolecular assemblies.20, 21 Interestingly, the vast 

majority of previously reported coordination compounds resulting from click reactions and 

bearing in- situ generated tetrazolate ligands have been prepared from hydro/solvothermal 

methods.20, 21, 26, 27 To the best of my knowledge, the only exceptions are the {CoII 

}/azide/tetrazolate cluster reported by Zhang and Sato,28 which was prepared and 

crystallized by a conventional solution-based synthetic methodology and the MnII and CuII 

complexes, ML2(H2O)2 (L = 5-(2-pyridyl)-1H-tetrazole), where the ligand is generated in-

situ from the reaction of 2-aminomethylpyridine, benzaldehyde and NaN3 in the presence 

of the Lewis acidic metal ion.29 

Targeting the preparation of novel polynuclear NiII clusters, our strategy involved 

reaction of NiII salts together with rac-mpmH in the presence of a base and N3- as the 

bridging ligand. The general reaction employed is outlined in Scheme 2.2, which involves 

the use of different metal salts (NiX2, where X = Cl-, ClO4-, NO3-), bases (Me3N, Et3N ) 
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and solvents (DCM, MeCN, EtOH, MeOH). A range of crystallization methods were used 

which include slow evaporation (R1), slow cooling (R2), vapour diffusion (R3), and liquid-

liquid diffusion (R4). The outcome from each trial reaction was either a single crystal, a 

polycrystalline powder, or a solution. Trial reactions carried out with the Ni(ClO4)2 salt are 

summarized in Table 2.2, where L = rac-mpmH ligand, B = Et3N, and R1-4 are the four 

crystallization techniques described above. The numbers in the table represent the 

stoichiometries of the reagents employed. Each line in the table corresponds to a total of 

12 experiments. This strategy was then repeated with Ni(NO3)2, NiCl2, and Ni(OAc)2 salts. 

Among the more than 900 trial reactions carried out, reaction of a 1:1:1:2 ratio of 

Ni(ClO4)2·6H2O, rac-mpmH, Et3N and NaN3 in MeCN afforded a green solution which, 

upon slow evaporation at room temperature over two months, afforded turquoise plate-like 

single crystals of [Ni8(N3)8(mtz)4(rac- mpm)4(rac-mpmH)4]·2.2H2O (2.5·2.2H2O) in 30% 

yield.  

             

Scheme 2.2 General reaction scheme followed for the synthesis of 2.5, where X = OAc, 

Cl-, ClO4-, NO3-), bases (Me3N, Et3N ) and solvents (DCM, MeCN, EtOH, MeOH). 

NiX2 + mpmH + Base + NaN3
Solvent ?
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Table 2.2 A summary of trial reactions carried out with Ni(ClO4)2. Reaction shown by ✅,	

has	afforded single-crystal. Reactions shown by ❌,	 afforded	no	crystalline	material,	

just	solution.		

 

Single crystals of 2.5∙2H2O were characterized in-house by X-ray diffraction and 

reveal that the complex (Figure 2.3, left) crystallizes in the polar, orthorhombic space group 

Fddd with one quarter of the molecule in the asymmetric unit. Select crystallographic data 

for 2.5∙2H2O are summarized in Table 2.1 of the experimental section. The cluster has 

virtual C2v symmetry and can be described as a trapezoidal prism of eight NiII ions arranged 

into four, symmetry-related, dinuclear {Ni2} units (Figure 2.3, right). An alternative way 

to describe the {Ni8} metal topology is that of a saddle-like conformation. 

Solvent MeCN (15ml) MeOH (15ml) MeCN/MeOH (15ml)
Reagents/
Conditions Ni L B N3- R1-4 Ni L B N3- R1-4 Ni L B N3- R1-4

Ni(ClO4)2

1 1 1 1 ❌ 1 1 1 1 ❌ 1 1 1 1 ❌

1 2 1 1 ❌ 1 2 1 1 ❌ 1 2 1 1 ❌

1 2 2 1 ❌ 1 2 2 1 ❌ 1 2 2 1 ❌

2 2 1 1 ❌ 2 2 1 1 ❌ 2 2 1 1 ❌

2 1 1 1 ❌ 2 1 1 1 ❌ 2 1 1 1 ❌

1 1 1 2 ✅ 1 1 1 2 ❌ 1 1 1 2 ❌

1 2 1 2 ❌ 1 2 1 2 ❌ 1 2 1 2 ❌

1 2 2 2 ❌ 1 2 2 2 ❌ 1 2 2 2 ❌

2 2 1 2 ❌ 2 2 1 2 ❌ 2 2 1 2 ❌

2 1 1 2 ❌ 2 1 1 2 ❌ 2 1 1 2 ❌

1 1 1 3 ❌ 1 1 1 3 ❌ 1 1 1 3 ❌

1 2 1 3 ❌ 1 2 1 3 ❌ 1 2 1 3 ❌

1 2 2 3 ❌ 1 2 2 3 ❌ 1 2 2 3 ❌

2 2 1 3 ❌ 2 2 1 3 ❌ 2 2 1 3 ❌

2 1 1 3 ❌ 2 1 1 3 ❌ 2 1 1 3 ❌

1 1 1 4 ❌ 1 1 1 4 ❌ 1 1 1 4 ❌

1 2 1 4 ❌ 1 2 1 4 ❌ 1 2 1 4 ❌

1 2 2 4 ❌ 1 2 2 4 ❌ 1 2 2 4 ❌

2 2 1 4 ❌ 2 2 1 4 ❌ 2 2 1 4 ❌

2 1 1 4 ❌ 2 1 1 4 ❌ 2 1 1 4 ❌
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Figure 2.326The molecular structure of 2.5 (left) and its partially labelled asymmetric unit 

(right). The dashed line represents one of the four symmetry-related H-bonding interactions 

between adjacent mpm−/mpm(H) pairs of ligands. Colour scheme: NiII green, N blue, O 

red, C gray, H light gray. H atoms are omitted for clarity. Reproduced with permission 

from reference 8.  

Methyl tetrazolate (mtz−) ligands are unexpectedly present in the structure of 2.5 

due to the in situ, metal-assisted click reaction between the N3− ions and the MeCN solvent 

(Scheme 2.3). The dual presence of both bridging azido and mtz− groups in 2.5 resulted in 

the presence of both ferro- and antiferromagnetic exchange interactions between the NiII 

centers, respectively. It should be noted that this result is quite extraordinary since 

Sharpless et al. found that alkyl nitriles are the hardest class of nitrile to convert to 

tetrazoles, i.e. they typically require heating to 170°C together with azide in the presence 

of Zn2+.30, 31 The better catalytic activity of Ni(II) is most likely attributed to the fact that 

NiII is a better Lewis acid than ZnII, although additional theoretical studies are need to fully 

confirm this hypothesis. 

O1 O2

Ni1 Ni2N13

N4 N5
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Scheme 2.3 The click reaction that leads to the formation of the crystallographically 

established μ4-bridging mtz− groups in 2.5. 

Each NiII ion in 2.5 is bridged to its neighboring metal ions through a μ-1,1 end-on 

N3− and a diazole-part of the mtz− ligands; the latter groups adopt an overall η1:η1:η1:η1:μ4 

mode, each of them linking four NiII atoms in a nearly planar conformation, where the 

mean deviation of the Ni atoms from the Ni4 plane is 0.016 Å. The μ4-bridging mode of 

the mtz− ligands in 2.5 accommodates the maximum number of metal ions that this group 

can potentially bind to, the first in NiII chemistry bearing μ4-mtz− ligands.28 

The intramolecular Ni⋯Ni separations and Ni–(μ-N3)–Ni angles span the range 

3.417(2)– 6.255(2) Å and 108.0(4)–114.4(3)°, respectively, whereas the Ni–N–N–Ni 

torsion angles are within the range 1.0(9)–15.2(8)°. Peripheral ligation about the core 

(Figure 2.4, left) is achieved by a total of eight N,O-bidentate chelating mpm−/mpmH 

groups, each of them capping a different NiII ion. The charge neutrality of the {Ni8} cluster 

requires four of the bidentate chelating mpm− ligands to be protonated, i.e. in the mpmH 

form. Indeed, this agrees with the short O1⋯O2 contacts (2.51(1) Å) between two adjacent 

mpm−/mpm(H) ligands, thus implying a relatively strong H-bonding interaction (dashed 

lines in figure 2.4, right) and consequently the presence of a H-atom between the pair of 

these alkoxido groups (an O1⋯H⋯O2 homo-synthon). All NiII ions in 2.5 are six-

coordinate with near-octahedral geometries.  

Me CN + N3
- N3

-

click
N

NN
N

Me

Ni

NiNi

Ni
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Figure 2.427View of the core of 2.5 (left) along with the trapezoidal prismatic topology of 

the eight NiII atoms (right). Colour code: NiII (green), N (blue), O (red), C (gray), H (light 

gray). Symmetry operations: a: 0.25 − x, y, 1.25 − z; b: 0.25 − x, 1.25 − y, z; c: x, 1.25 − 

y, 1.25 − z. Reproduced with permission from reference 8.  

Although there are many {Ni8} complexes reported in the literature with open-shell 

structures, such as cubes and rings,32 the trapezoidal prismatic topology of complex 2.5 

appears to be a new addition in NiII cluster chemistry. Given the structural novelty of 2.5, 

there are some interesting geometrical features that warrant further discussion. A 

trapezoidal prism is a three-dimensional figure that consists of two trapezoids on opposite 

faces connected by four rectangles. A trapezoidal prism has 6 faces, 8 vertices, and 12 

edges. The two trapezoids within complex 2.5 (Figure 2.4, right) are composed of Ni1–

Ni2–Ni1b– Ni2c and Ni1a–Ni2a–Ni2b–Ni1c. The pair of parallel edges (i.e., the base) 

within each trapezoid consist of Ni1⋯Ni2 (3.591(2) Å)/Ni1b⋯Ni2c (6.255(2) Å) and 

Ni1a⋯Ni2a (3.591(2) Å)/Ni2b⋯Ni1c (6.255(2) Å), respectively. The non-parallel edges 

(i.e., the legs) of each trapezoid comprise the pairs Ni1⋯Ni1b (3.417(2) Å)/Ni2⋯Ni2c 

(3.419(2) Å) and Ni1a⋯Ni1c (3.417(2) Å)/Ni2a⋯Ni2b (3.419(2) Å), respectively. The 

four remaining faces serve to connect the opposite trapezoids, resulting in an overall 

trapezoidal prismatic topology for 2.5. 

Ni1 Ni2

Ni1aNi2a

Ni1b

Ni2b Ni1c

Ni2c
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Based on detailed DFT calculations, Noodleman, Sharpless and co-workers have 

proposed several different mechanisms of tetrazole formation, including concerted 

cycloaddition and stepwise addition of neutral or anionic azide species to various nitriles 

at elevated temperatures.33 Given the reaction conditions employed for the synthesis of 2.5, 

it is very likely that an anionic, metal-assisted cycloaddition would be the predominant 

mechanism for the mtz− formation. This involves either a direct [2 + 3] cycloaddition or a 

two-step sequence wherein the azide acts as a nucleophile to attack the relatively electron-

rich MeCN, followed by ring closure.31, 34 A noticeable example of a {Mn16} cluster was 

recently reported by Escuer et al., which revealed the cycloaddition of the azide anion to 

the nitrile functionality of a pyridylcyanoximate ligand (py)C(CN)NO−, affording a new 

coordinated tetrazole-2-pyridylketone oxime ligand.35  

Variable-temperature direct-current (dc) magnetic susceptibility measurements 

were performed between 2 and 300 K on a freshly prepared microcrystalline sample of 

2.5·2H2O. A dc field of 0.3 T was applied from 30 to 300 K and a weak dc field of 0.03 T 

was used from 2 to 30 K. The data are shown as a χMT vs T plot in Figure 2.7. The χMT 

product slightly increases from a value of 9.93 cm3‧mol−1‧K at 300 K to 10.43 cm3‧mol−1‧K 

at 80 K, followed by a rapid decrease to a value of 1.49 cm3‧mol−1‧K at 2.0 K. The value 

of the χMT product at 300 K is slightly higher than the value of 9.68 cm3‧mol−1‧K (fit with 

g = 2.2, as is usual in NiII cluster compounds),32, 36-39 expected for eight non-interacting NiII 

(S = 1) ions. The observed magnetic behavior is consistent with the presence of both ferro- 

and antiferromagnetic exchange interactions between the eight NiII ions. The small χMT 

value at 2.0 K and its tendency to go to zero suggests that the antiferromagnetic component 

eventually dominates, thus fostering the stabilization of an S = 0 ground state. 
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Magnetization (M) vs field (H) measurements were also performed for at 2 K and the 

corresponding plot (Figure 2.7, inset) shows an increase up to a non-saturated value of ∼6 

NμB at 5 T. This is consistent with an S = 0 ground state and a progressive population of 

low-lying spin states that are close in energy with S > 0.  

 

Figure 2.5 χMT vs T and M vs H (inset) plots for 2.5·2H2O. The red solid lines correspond 

to the fit of the experimental data using a complete 4 − J spin Hamiltonian. Reproduced 

with permission from reference 8.  

There are four different types of superexchange interactions between the NiII ions 

in complex 2.5, which comprise the magnetic pathways  shown in Figure 2.8: (a) Ni–(NEO-

azide) (NNmtz)–Ni (J1), (b) Ni–(NEO-azide)(NNmtz)2–Ni (J2), (c) Ni–(NNNNmtz)–Ni (J3), and 

(d) Ni–(NNNmtz)–Ni (J4). 

The shortest Ni⋯Ni distance between neighboring {Ni8} clus-
ters in the crystal is 8.422(1) Å.

Although there are many {Ni8} complexes reported in the
literature with an open-shell structure, such as cubes14 and
rings,15 the trapezoidal prismatic topology of complex 1
appears to be a new addition in NiII cluster chemistry. Given
the structural novelty of 1, there are some geometrical features
that deserve further discussion. A trapezoidal prism is a three-
dimensional figure that consists of two trapezoids on opposite
faces connected by four rectangles. A trapezoidal prism has 6
faces, 8 vertices and 12 edges. The two trapezoids within
complex 1 (Fig. 2, bottom) are composed of Ni1–Ni2–Ni1b–
Ni2c and Ni1a–Ni2a–Ni2b–Ni1c. The pair of parallel
edges (i.e., the base) within each trapezoid consist of Ni1⋯Ni2
(3.591(2) Å)/Ni1b⋯Ni2c (6.255(2) Å) and Ni1a⋯Ni2a
(3.591(2) Å)/Ni2b⋯Ni1c (6.255(2) Å), respectively. The non-
parallel edges (i.e., the legs) of each trapezoid comprise the
pairs Ni1⋯Ni1b (3.417(2) Å)/Ni2⋯Ni2c (3.419(2) Å) and
Ni1a⋯Ni1c (3.417(2) Å)/Ni2a⋯Ni2b (3.419(2) Å), respectively.
The four remaining faces serve to connect the opposite
trapezoids, resulting in an overall trapezoidal prismatic
topology for 1.

Based on detailed DFT calculations, Noodleman, Sharpless
and co-workers have proposed several different mechanisms of
tetrazole formation, including concerted cycloaddition and
stepwise addition of neutral or anionic azide species to various
nitriles at elevated temperatures.16 Given the reaction con-
ditions employed for the synthesis of 1, it is very likely that an
anionic, metal-assisted cycloaddition would be the predomi-
nant mechanism of the mtz− formation. This involves either a

direct [2 + 3] cycloaddition or a two-step sequence wherein the
azide acts as a nucleophile to attack the relatively electron-rich
MeCN, followed by ring closure.16,17 A noticeable example of a
{Mn16} cluster was recently reported by one of us, which was
resulted from the cycloaddition of the azide anion to
the nitrile functionality of the pyridylcyanoximate ligand
(py)C(CN)NO−, yielding a new coordinating tetrazole-2-
pyridylketone oxime ligand.18

Variable-temperature (2.0–300 K range), direct-current (dc)
magnetic susceptibility measurements were performed on a
freshly-prepared microcrystalline sample of 1·2H2O; a dc field
of 0.3 T was applied from 30 to 300 K and a weak dc field of
0.03 T was used from 2 to 30 K to avoid saturation effects. The
data are shown as χMT vs. T plot in Fig. 3. The χMT product
slightly increases from a value of 9.93 cm3 mol−1 K at 300 K to
10.43 cm3 mol−1 K at 80 K, followed by a rapid decrease to a
value of 1.49 cm3 mol−1 K at 2.0 K. The value of the χMT
product at 300 K is slightly higher than the value of
9.68 cm3 mol−1 K (calculated with g = 2.2, as is usual in NiII

cluster compounds14,15) expected for eight non-interacting NiII

(S = 1) ions. The observed magnetic behaviour is consistent
with the presence of both ferro- and antiferromagnetic
exchange interactions between the eight NiII ions at the corres-
ponding high- and low-T regions. The small χMT value at 2.0 K
and its tendency to head to zero suggests that the antiferro-
magnetic component eventually dominates, thus fostering the
stabilization of an S = 0 ground state for the octanuclear
complex 1. Magnetization (M) vs. field (H) measurements were
also performed for 1 at 2 K and the corresponding plot (Fig. 3,
inset) shows a nearly linear increase up to a non-saturated
value of ∼6 NμB at 5 T. This is consistent with an S= 0 ground
state and a progressive population of low-lying spin states that
are close in energy with S> 0.

There are four different types of superexchange interactions
between the NiII ions in complex 1, which comprise the follow-
ing magnetic pathways (Fig. 2 and S2†): (a) Ni–(NEO-azide)
(NNmtz)–Ni ( J1), (b) Ni–(NEO-azide)(NNmtz)2–Ni ( J2), (c)

Fig. 2 A view of the [Ni8(μ-N3)8(μ4-mtz)4]
4+ core of 1 (top) along with

the trapezoidal prismatic topology of the eight NiII atoms (bottom).
Colour scheme as in Fig. 1. Symmetry operations: a: 0.25 − x, y, 1.25 − z;
b: 0.25 − x, 1.25 − y, z; c: x, 1.25 − y, 1.25 − z.

Fig. 3 χMT vs. T and M vs. H (inset) plots for 1·2H2O. The red solid lines
correspond to the fit of the experimental data using a complete 4 − J
spin Hamiltonian; see the text for the obtained fit parameters.
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Figure 2.6 Coupling scheme and the four superexchange pathways used to describe the 

magnetic exchange interactions in complex 2.5. Reproduced with permission from 

reference 8.  

These bridges result in a total of 20 superexchange pathways, as illustrated in the 

complete 4 − J spin Hamiltonian of equation 2.1. An excellent simultaneous fit of the 

magnetic susceptibility and magnetization data was obtained, and the resulting best-fit 

parameters were: J1 = +11.9 cm−1, J2 = +0.7 cm−1, J3 = −1.2 cm−1, J4 = −1.9 cm−1 and g = 

2.18 [R(χMT) = 3.8 × 10−5 and R(M) = 2.0 × 10−3]. The obtained J constants agree with 

magnetostructural correlations previously reported for end-on azido- and diazine-bridged 

NiII complexes (vide infra), and they are consistent with the expected ferromagnetic 

interactions promoted by the N3−/2,3-tetrazolate combination (J1 and J2)40 and the weak 

antiferromagnetic interactions mediated solely by the long 1,4- or 1,3-tetrazolate pathways 

(J3 and J4),39, 41-43 thus leading to an overall S = 0 ground state. The small J2 value, 

compared to J1, could be attributed to the co-presence of one EO-N3− (ferromagnetic 

coupler) and two diazine NN-bridges (antiferromagnetic couplers) from the mtz− groups.39-

42 



 67 

H = -2J1(Ŝ1·Ŝ4 + Ŝ2·Ŝ 3 + Ŝ5·Ŝ6 + Ŝ7·Ŝ8) -2J2(Ŝ1·Ŝ5 + Ŝ2·Ŝ6 + Ŝ3·Ŝ7 + Ŝ4·Ŝ8) -2J3(Ŝ1·Ŝ2 + Ŝ3·Ŝ4 + Ŝ5·Ŝ8 + Ŝ6·Ŝ7) -

2J4(Ŝ1·Ŝ6 + Ŝ1·Ŝ8 + Ŝ2·Ŝ5 + Ŝ2·Ŝ7 + Ŝ3·Ŝ 6 + Ŝ 3·Ŝ 8 + Ŝ 4·Ŝ 5 + Ŝ 4·Ŝ 7)   Equation 2.1 

Good fits of the experimental data can be also obtained with several sets of J values, 

and therefore it is not meaningful to assign absolute values to each one of them. 

Considering the results derived from the different fits, the maximum ferromagnetic 

interaction should be attributed to the EO-azide/2,3-tetrazolate bridge, with a J value close 

to +11–12 cm−1, and weak interactions promoted by the remaining bridges. For most 

divalent 3d-metal complexes with EO bridging N3− ligands, the angle for switching from 

ferro- to antiferromagnetic coupling is typically >104°.23-25 Despite the fairly large average 

Ni–N–Ni angle of 110.6° in 2.5, and the co-presence of planar N,N-bridging mtz− ligand(s) 

with small torsion angles, which are known antiferromagnetic couplers, the ferromagnetic 

component induced by EO-N3− is still significant. This is not surprising as it has been 

previously observed in several examples of {Ni2} complexes bridged by μ-1,1 end-on N3− 

and pyrazolate-type bridging ligands with very large Ni–Nazide–Ni angles (> 115°).40, 43 

This is also in line with DFT calculations, which predict that the coupling in NiII chemistry 

should be always ferromagnetic for all ranges of Ni–N–Ni angles, as has been 

experimentally confirmed by the ferromagnetically coupled polyoxometallate-based 

dinickel–azide compound which has a very large Ni–(μ-N3)–Ni angle of 129.3°. 

2.3.2 Synthesis and Magnetostructural Studies of a {Ni18} Cluster (2.6) 

As described for the {Ni8} system, a {Ni18} cluster was isolated serendipitously 

through the reaction scheme shown in Scheme 2.4. Here a second bridging H2O2 ligand, 

was added to the reaction mixture to track the structural changes that a new bridging ligand 

may induce.   
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Scheme 2.4 General reaction scheme followed for the synthesis of 2.6, (where X =OAc, 

Cl-, ClO4-, NO3-), bases (Me3N, Et3N), and solvents (DCM, MeCN, EtOH, MeOH). 

The general strategy remains the same. The crystallization methods R1-4 are the 

same as those previously employed for the {Ni8} cluster. A summary of the reactions 

carried out with Ni(NO3)2 are summarized in Table 2.3.  

Table 2.3 A summary of trial reactions carried out with Ni(NO3)2. ✅	 represents the 

reaction that afforded single-crystals.  

 

 These reactions were also repeated for Ni(ClO4)2, NiCl2, and Ni(OAc)2 salts. 

Among the hundreds of trial reactions undertaken in which the combinations of reactants 

as well as their molar ratio were systematically changed, reaction of a 6:3:1:12:3 ratio of 

Ni(NO3)2∙6H2O, rac-mpmH, H2O2, NaN3 and NEt3 in in MeCN afforded green plates upon 

NiX2 + mpmH + Base + NaN3 + H2O2
Solvent ?

Solvent MeCN (15ml) MeOH (15ml) MeCN/MeOH (15ml)

Reagents/
Conditions

Ni L B N3- H2O2 R1-4 Ni L B N3- H2O2 R1-4 Ni L B N3- H2O2 R1-4

Ni(NO3)2

1 1 1 1 0.3 ❌ 1 1 1 1 0.3 ❌ 1 1 1 1 0.3 ❌

1 2 1 1 0.3 ❌ 1 2 1 1 0.3 ❌ 1 2 1 1 0.3 ❌

1 2 2 1 0.3 ❌ 1 2 2 1 0.3 ❌ 1 2 2 1 0.3 ❌

2 2 1 1 0.3 ❌ 2 2 1 1 0.3 ❌ 2 2 1 1 0.3 ❌

2 1 1 1 0.3 ❌ 2 1 2 1 0.3 ❌ 2 1 2 1 0.3 ❌

1 1 1 2 0.3 ❌ 1 1 1 2 0.3 ❌ 1 1 1 2 0.3 ❌

1 2 1 2 0.3 ❌ 1 2 1 2 0.3 ❌ 1 2 1 2 0.3 ❌

1 2 2 2 0.3 ❌ 1 2 2 2 0.3 ❌ 1 2 2 2 0.3 ❌

2 2 1 2 0.3 ❌ 2 2 1 2 0.3 ❌ 2 2 1 2 0.3 ❌

2 1 1 2 0.3 ❌ 2 1 1 2 0.3 ❌ 2 1 1 2 0.3 ❌

1 1 1 3 0.3 ❌ 1 1 1 3 0.3 ❌ 1 1 1 3 0.3 ❌

1 2 1 3 0.3 ❌ 1 2 1 3 0.3 ❌ 1 2 1 3 0.3 ❌

1 2 2 3 0.3 ❌ 1 2 2 3 0.3 ❌ 1 2 2 3 0.3 ❌

2 2 1 3 0.3 ❌ 2 2 1 3 0.3 ❌ 2 2 1 3 0.3 ❌

2 1 1 3 0.3 ❌ 2 1 1 3 0.3 ❌ 2 1 1 3 0.3 ❌

1 1 1 4 0.3 ❌ 1 1 1 4 0.3 ❌ 1 1 1 4 0.3 ❌

1 2 1 4 0.3 ❌ 1 2 1 4 0.3 ❌ 1 2 1 4 0.3 ❌

1 2 2 4 0.3 ❌ 1 2 2 4 0.3 ❌ 1 2 2 4 0.3 ❌

2 2 1 4 0.3 ❌ 2 2 1 4 0.3 ❌ 2 2 1 4 0.3 ❌

2 1 1 4 0.3 ✅ 2 1 1 4 0.3 ❌ 2 1 1 4 0.3 ❌
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slow evaporation at room temperature after two months in 5 % yield. The yields were small 

but reproducible, and the crystals were suitable for X-ray crystallography and magnetic 

studies. With respect to the X-ray crystallography the crystals did not diffract out well 

enough at high angles of 2q using Mo radiation to measure the structure in house, so the 

X-ray data was collected at the Synchrotron Advanced Light Source in Berkley by Dr. 

Simon Teat. Select crystallographic data for 2.6 is summarised in Table 2.1 of the 

experimental section. It should be noted that the crystal structure was non-trivial to refine 

in that it contains a large amount of crystallographic disorder. The molecular formula of 

the compound was determined to be [Ni18(O2)4(OH)3.62(N3)22.02(NO3)1.18(rac-

mpm)1.18(MeCN)12]. The chemical formula of 2.6 is charge balanced and accounts for the 

presence of the previously mentioned significant crystallographic disorder between 

different pairs of N3-/OH- and NO3-/mpm- groups with different occupancies.  

The molecular structure of 2.6 (Figure 2.5, left) consists of 18 NiII ions bridged by 

four η3:η3:μ6 O22- ions, fourteen μ3-1,1,1 end-on bridging N3-/OH- and ten μ-1,1 end-on 

bridging N3- groups, as well as two η1:η3:μ3 mpm- ligands. The organic chelate was found 

to be present only a fraction of the time (0.59), coordinated to Ni9 and Ni9′. In its place, a 

NO3- is present, which is accompanied by a local N3- being replaced by a bridging OH-. 

The Ni-N pyridyl bond when vacated, is occupied by a terminal MeCN. All NiII ions are 

six-coordinate with distorted octahedral geometries which are completed by twelve 

terminally bound MeCN solvate molecules. The [Ni18(μ6-Ο2)4(μ3-Ν3/ΟΗ)14(μ-Ν3)10(μ-

OR)2]2+ core topology of 2.6 resembles a “flying saucer” motif comprising eight {Ni4(μ3-

Χ)4}4+ (X- = N3-, OH-, OR-) edge-sharing cubane subunits (Figure 2.5, right). 
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Figure 2.7 Structure of 2.6 (left) and its complete core (right), emphasizing with different 

colors the repeating {Ni4} cubane subunits. H atoms are omitted for clarity. Color code: 

NiII (green), N (blue), O (red), O/N (orange), C (gray). 

The core of 2.6, when viewed along the crystallographic a-axis, can be alternatively 

described as a layered structure of Ni3/Ni6/Ni6/Ni3 subunits linked together through 

peroxido O22- ions and bridging N3-/OH- groups (Figure 2.5, left), further emphasizing the 

bridging versatility and flexibility of the employed ‘ligand blend’. The Ni-O22--Ni and Ni-

N3-/OH--Ni angles are in the range 101.7-110.0° and 94.8-110.6°, respectively, allowing 

for the presence of both antiferromagnetic and ferromagnetic exchange interactions based 

on well-established magnetostructural correlations, vide infra.7, 23, 44 The space-filling 

representation (Figure 2.6, right) shows that 2.6 adopts a bowl-shaped conformation with 

a diameter of ~19 Å, defined by the longest C∙∙∙C distance, excluding the H-atoms. The 

shortest Ni∙∙∙Ni separation between neighboring {Ni18} clusters in the crystal lattice is 

6.514(1) Å. This packing arrangement is further stabilized by the presence of weak C∙∙∙N 

contacts in the range of 2.38 to 2.60 Å. 
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Figure 2.8 (left) Different view of the layered core of 2.6 along the crystallographic a-axis. 

Color code: NiII (green), N (blue), O (red), O/N (orange), C (gray). (right) Space-filling 

representation of 2.6 showing its bowl-shaped conformation with a diameter of ~19 Å, 

defined by the longest C∙∙∙C distance. 

 Variable-temperature dc magnetic susceptibility measurements were 

performed on freshly prepared, analytically pure micro-crystalline samples of 2.6∙2H2O in 

the temperature range 2-300 K. The magnetic studies were repeated twice using two 

different batches of crystals and the results were reproducible. A dc field of 0.3 T was 

applied from 40 to 300 K and a weak dc field of 0.02 T was applied from 2 to 40 K to avoid 

saturation effects. The data are shown as a χΜT vs T plot in Figure 2.9. The value of the 

χΜT product at 300 K is 24.77 cm3‧mol-1‧K, higher than the value of 21.78 cm3‧mol-1‧K 

(calculated with g = 2.2) expected for eighteen non-interacting, high-spin NiII (S = 1) atoms. 

The χΜT product slightly increases in the 300-50 K region and then rises faster to reach a 

value of 80.74 cm3‧mol-1‧K at 18 K, before dropping rapidly to a value of 23.68 cm3‧mol-

1‧K at 2 K. The shape of the curve suggests an interplay of both ferro- and antiferromagnetic 

exchange interactions are likely present within 2.6.  
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Figure 2.928Plot of χΜT vs T for 2.6∙2H2O. (inset) Magnetization (M) vs field (H) plot for 

2.6∙2H2O at 2 K. 

Based on literature precedence, the ferromagnetic interactions are most likely 

promoted by the end-on bridging azido and alkoxido groups, while the bridging peroxides 

probably favor antiferromagnetic interactions,7,44 although the exchange across the 

crystallographic inversion center must be ferromagnetic in order to afford a non-zero spin 

ground state. The ferromagnetic component appears to dominate until ~18 K, stabilizing 

spin states with large S values, whereas at T < 18 K the antiferromagnetic contribution 

gives rise to the population of smaller, but still appreciable non-zero spin states. As 

anticipated, complex 2.6 cannot be described as a system with a well-isolated spin ground 

state and it is very possible that different excited states and/or a mixture of states are very 

close in energy, even at very low temperatures. This is further supported by the continuous 

increase of magnetization (M) with increasing field (H) at 2 K (inset of Figure 2.9) and the 

unsuccessful attempts to fit the reduced magnetization data, assuming that only the ground 

state is populated (Figure 2.10). In addition, the lack of magnetization saturation at 2 K is 

indicative of the presence of magnetic anisotropy, and we have therefore pursued ac studies 

in order to probe the magnetization dynamics of 2.6. 
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Figure 2.1029Plot of reduced magnetization (M/NμΒ) vs H/T for 2.6∙2H2O in the 

temperature range 1.8 - 6.8 K and in the field range 0-5 T. Solid lines are guides for the 

eye only. The various isofield lines are not superimposed, thus indicating the presence of 

significant magnetic anisotropy and low-lying excited states. 

Ac studies in a zero, static dc field were performed from 2 – 26 K in a 4.0 G ac field 

oscillating at frequencies from 1.3 – 548 Hz. Frequency-dependent χ′M (Figure 2.11, left) 

and χ′′M (Figure 2.11, right) signals, were clearly visible in the temperature range  from 10 

– 24 K and tails of signals were seen below 5 K. An Arrhenius plot constructed from the 

χ''Μ vs T data in the high-temperature regime afforded an effective energy barrier Ueff = 381 

K and τ0 = 2.7 × 10-15 s, where τ0 is the pre-exponential factor. This is an extremely large 

energy barrier, and a much smaller τ0  than the 10-6-10-12 s values more commonly reported 

for typical 3d SMMs.45 
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Figure 2.1130(left) In-phase (χ′M) vs T ac susceptibility signals for 2.6 in zero static dc 

field, with a 4.0 G ac field oscillating at the indicated frequencies. (right) Out-of-phase 

(χ′′M) vs T ac susceptibility signals for 2.6 in zero static dc field, with a 4.0 G ac field 

oscillating at the indicated frequencies. 

To examine the additional low-temperature SMM behavior of 2.6, detailed 

magnetization (M) vs dc field studies were undertaken to look for hysteresis, the diagnostic 

property of a magnet. The data were collected on single crystals of 2.6 that had been kept 

in contact with mother liquor using a micro-SQUID apparatus. Hysteresis loops were 

indeed observed below ~1.3 K, whose coercivities increase with decreasing temperature 

(Figure 2.12, left) and increasing field sweep rate (Figure 2.12, right), as expected for the 

superparamagnetic-like properties of a SMM below its blocking temperature. The loops do 

not show the steps characteristic of QTM, as expected for large SMMs since they are more 

susceptible to various step-broadening effects from low lying excited states, intermolecular 

interactions, and distributions of local environments owing to ligand and solvent disorder. 
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Figure 2.1231(left) Magnetization (M) vs applied dc field (μ0H) hysteresis loops for a 

single crystal of 2.6 at the indicated temperatures. The magnetization is normalized to its 

saturation value (Ms).(right) Magnetization (M) vs applied dc field (μ0H) hysteresis loops 

for a single-crystal of 2.6 at the indicated field sweep rates and a fixed temperature of 0.03 

K. The magnetization is normalized to its saturation value (Ms). 

For relaxation rate vs T data in the low temperature regime where no peaks of ac 

signals were observed, the crystal’s magnetization was first saturated in one direction at ~5 

K with a large applied dc field, the temperature decreased to a chosen value in the 0.04-1.3 

K range, and then the field was removed and the magnetization decay monitored with time 

(Figure 2.13, left). The resulting relaxation rate (1/τ) vs T data was then used to construct 

the Arrhenius plot, shown in Figure 2.13, right. A fit to the thermally activated region gave 

τ0 = 3.26 × 10-10 s and Ueff = 11.10 K. At ~0.1 K and below, the relaxation becomes 

temperature-independent, consistent with relaxation by via a ground state QTM. 
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Figure 2.1332(left) Magnetization (M) vs time decay plots in zero dc field for a single 

crystal of 2.6. The magnetization is normalized to its saturation value (Ms). (right) 

Arrhenius plot of the relaxation time (τ) vs T-1 for a single crystal of 2.6 using data obtained 

from the dc magnetization decay measurements of figure 2.13, left at the low-temperature 

regime. The dashed line is the fit of data in the thermally activated region to the Arrhenius 

equation. 

The observation of relaxation processes at two different temperature regimes in this 

{Ni18} cluster is extremely rare for 3d-metal based SMMs and to the best of our knowledge, 

has only been previously observed for a few members of the {Mn12} family of SMMs as a 

result of the ‘Jahn-Teller isomerism’ effect.46 In the case of complex 2.6, the origin of this 

large energy barrier is still unclear. Our first thought was that it was due to desolvation 

effects since there are many disordered solvent molecules on the outside of the cluster 

which might significantly alter its spin ground state upon desolvation. In order to 

corroborate this, we carried out ac-susceptibility measurements on both wet and dry 

samples from the same batch of material, but in both cases the ac data for both samples 

were very similar. Furthermore, in order to ensure that this response was not down to any 

impurities present in the sample, we repeated the ac measurements on two different batches 

of crushed single crystals and obtained consistent results. It is also worth noting that the 
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CHN analysis data were collected for each new batch of crystals harvested and powder 

diffraction data collected on crushed single crystals did not show any peaks consistent with 

the presence of nickel nanoparticles which have in the past caused issues with interpreting 

the magnetic data of NiII compounds. 

As described above, the magnetic behavior of this cluster is quite unusual and is 

tentatively ascribed to the co-existence of both glassiness and SMM properties. The origin 

of the relaxation process at 15 K is quite complex and we believe is likely attributed to the 

presence of approximately equal anti- and ferromagnetic exchange interactions 

superimposed on extensive disorder affording spin-glass type behavior. As the compound 

is cooled further it seems to undergo a transition to a more “ordered” spin ground state that 

accounts for its SMM properties. In earlier years, attention was paid to distinguish spin 

glass behavior from SMM properties in 3d-clusters, since both materials display slow 

relaxation attributed to quite different phenomena. The former is a property of a bulk 

material attributed to the presence of defects, disorder and frustration (geometrical or 

competitive),47  and the latter is due to the presence of strong uniaxial magnetic anisotropy 

and a large spin ground state of a single molecule. In recent years there has been much less 

discussion within the field regarding the possible co-existence of these two phenomena. 

Nevertheless, a search of the chemical literature revealed that a 1-D NiII chain reported by 

Lui et al. in 2006 displays both ferromagnetism and spin-glass-like dynamic magnetic 

behavior, where the preexponential factor t0  for the slow relaxation of the chain is 10-16s, 

which is very similar to what we observe for the second slow relaxation process of the Ni18 

cluster at 15 K. A more thorough study of the unusual spin dynamics observed here is 

currently in progress to further understand the physical properties of the cluster, which due 
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to its large size and extensive disorder seems to straddle between that of a bulk system and 

a single molecule. 

2.4 Conclusions and Future work 

Two very unique NiII metal clusters have been synthesized and characterized. The 

first cluster, {Ni8} has a trapezoidal prismatic topology in which the NiII ions are connected 

through end-on bridging azides (N3−) and a mtz− ligand. The presence of mtz− in the 

structure is due to the metal assisted in situ click reaction between N3- and MeCN. Isolation 

of this cluster is particularly important since it reveals for the first time that NiII can catalyze 

the reaction between an azide and an alkyl nitrile under ambient conditions. Previous 

attempts to study this chemistry by the Sharpless group has been unsuccessful to-date since 

no tetrazole products could not be isolated from the reaction mixtures.30  Since in the Ni18 

cluster the tetrazole product directly coordinates to the NiII ions, it is apparent that this 

reaction is possible. Following on from this study, additional experiments to further explore 

the scope of NiII catalyzed tetrazole formation via the addition of sodium azide to alkyl and 

aryl nitriles are in progress. DFT calculations to determine the energy barriers for such 

transformations would also be useful to shed light on the mechanism of the reaction in the 

presence of both weakly and strongly coordinating anions and provide an opportunity to 

compare the reactivity to that of the well-studied ZnII catalyzed system.48  

In the second part of the Chapter a {Ni18} cluster is reported in which eighteen NiII 

ions are bridged through azido, hydroxo, and alkoxo bridges, with a significant amount of 

disorder. The magnetic properties of this cluster are quite remarkable in that it possesses 

two relaxation process at 2 and 15 K. The large energy barrier and fast relaxation rate 
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associated with relaxation process at 15 K is not consistent with SMM behavior, whereas 

the slow relaxation process below 2 K is accompanied by a molecular hysteresis and can 

be attributed to SMM properties. A thorough search of the literature reveals that there is 

currently no 3d-cluster complex like this reported in the literature. It represents the 

dichotomy between the traditional magnetism world, where slow relaxation phenomena 

are attributed to bulk, solid-state materials and the field of molecular magnetism in which 

slow relaxation is typically the property of a single, individual molecule. To-date, 

additional magnetic measurements that include heat capacity studies have been hampered 

by the challenge isolate enough of this complex, as well as difficulties encountered 

shipping the sample overseas for measurements. Nevertheless, heat capacity studies are 

now in progress in collaboration with Dr. Javier Campos at the U. Zaragoza, Spain who 

has expertise in the study of spin glasses. 
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Chapter 3: Cluster chemistry of mpmH with Mn 

This research has been published in the following communication, cited 30 times to-date:  

Transition Metal Single-Molecule Magnets: A {Mn31} Nanosized Cluster with a Large 

Energy Barrier of ∼60 K and Magnetic Hysteresis at ∼5 K. P. Abbasi, K. Quinn, D.I. 

Alexandropolous, M Damjanovic, W. Wernsdorfer, A. Escuer, J. Mayans, M. Pilkington* 

and Th.C. Stamatatos,* J. Am. Chem. Soc., 2017, 139, 15644-15647. 

The authors are listed according to their contributions to this work. Parisa Abbasi 

is the first author and optimized the synthetic conditions for the preparation of the cluster. 

Abbasi also fully characterized the complex, prepared suitable single crystals for X-ray 

crystallography and magnetic susceptibility studies and assisted in the preparation of the 

manuscript. Quinn in collaboration with Abbasi carried out the initial synthetic trials to 

determine optimal synthetic conditions for the successful isolation of the cluster. 

Alexandropolous assisted in the preparation of several figures in the manuscript. Escuer 

and Mayans collected dc and ac magnetic susceptibility data on single crystals and 

Damjanovic and Wernsdorfer collected dc data on single crystals. Pilkington collected and 

refined the X-ray crystal data and Pilkington and Stamatatos jointly co-supervised this 

work. Abbasi has permission from the journal to use text and figures from this paper in this 

Chapter of the thesis. 

3.1 Preface  

Mn with its rich redox chemistry is not surprisingly the most widely explored ion 

in the field of SMMs. Furthermore, since the electronic structure of MnIII ions under high-

spin octahedral symmetry (t2g3eg1) give rise to a 4E term, they undergo Jahn-Teller 

distortion leading to an elongation of the metal-ligand bonds along the z-axis. This confers 
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a large Ising-type magnetic anisotropy on the metal ions that together with four unpaired 

electrons is advantageous for the preparation of 3d-clusters with large ST values and 

significant magnetic anisotropy.1 

Although several high-nuclearity Mn clusters have been reported to-date,2 their 

SMM properties are modest when compared to the smaller {Mn6} and {Mn12} families of 

clusters. This makes sense from the perspective of rational design, since it is difficult to 

simultaneously control both the spin ground state and the magnetic anisotropy of large 

clusters.3 As a consequence, the preparation of polynuclear Mn clusters with large spin 

ground states and significant magnetic anisotropy remains a challenge.  The objectives of 

the research described in this Chapter is therefore to: i) explore the cluster chemistry of 

rac-mpmH with Mn(II) salts and ii) establish suitable conditions for the isolation of single 

crystals of the complexes for detailed magneto-structural studies. 

3.2 Experimental Section 

3.2.1 Synthesis of Compounds 

All manipulations were performed in air and chemicals and solvents were used as 

received unless otherwise stated. 2-Acetyl pyridine was purchased from Sigma-Aldrich. 

Mn(O2CPh)2·2H2O was prepared as described elsewhere.4 

Synthesis of rac-mpmH Ligand 

rac-mpmH was synthesized following the procedure outlined in the experimental 

section of Chapter 2.  
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Synthesis of [Mn31O24(OH)2(OMe)24(O2CPh)16(rac-mpm)2] (3.1) 

Mn(O2CPh)2∙2H2O (0.13 g, 0.40 mmol) was added to a stirred solution of rac-

mpmH (0.02 g, 0.20 mmol) and NEt3 (56 μL, 0.40 mmol) in MeOH (20 mL). The resulting 

orange-red solution was stirred for 1 h, during which time all the solid dissolved and the 

color of the solution changed from colourless to brown. The solution was filtered, and the 

filtrate was left to evaporate at room temperature. After three weeks, X-ray quality dark 

brown rod-like crystals of 3.1 were obtained and collected by filtration, washed with cold 

MeOH (2 × 3 mL) and Et2O (2 × 5 mL), and dried in air. The yield was 30 %. Elemental 

analysis (%) calcd for 3.1: C 35.69, H 3.39, N 0.55; found: C 34.51, H 3.26, N 0.66. 

Selected IR data (cm-1): ν = 1595 (s), 1556 (s), 1538 (s), 1490 (m), 1446 (m), 1394 (vs), 

1175 (m), 1140 (m), 1024 (m), 914 (s), 838 (w), 820 (w), 793 (w), 764 (w), 714 (vs), 678 

(m), 647 (w), 567 (mb), 451 (mb). 

3.2.2 Physical Measurements 

Infrared Spectroscopy: IR spectra were recorded as solids on a Bruker Alpha FT-IR 

spectrometer. 

Elemental Analysis: Elemental analysis (C, H, and N) data were collected by Atlantic 

Microlab. Inc. 

Magnetic Studies: Variable-temperature magnetic studies were performed on freshly 

prepared, crushed single crystals using a MPMS5 Quantum Design magnetometer 

operating at 0.03 T from 300–2.0 K. Diamagnetic corrections were applied to the observed 

paramagnetic susceptibility using Pascal constants. The quality factor was parametrized 

as R = (χMTexp − χMTcalc)2/(χMTexp)2. Magnetization vs dc field measurements were 

carried out on single crystals using a micro-SQUID apparatus. The field was aligned 
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parallel to the mean easy-axis of magnetization using the transverse field method.5 

Magnetization vs dc field data at different temperatures and a fixed field sweep rate of 

0.140 T·s−1 were collected at different scan rates and a constant T = 3 K. 

X-ray Crystallography: Single crystals of 3.1 were mounted on a cryoloop with paratone 

oil and examined on a Bruker APEX-II CCD diffractometer equipped with a CCD area 

detector and an Oxford Cryoflex low temperature device. Data were measured at 150(2) K 

with Mo-Kα radiation (λ = 0.71073 Å) using the APEX-II software.6 Cell refinement and 

data-reduction were carried out by SAINT. An absorption correction was performed by the 

multi-scan method implemented in SADABS.7 The structure of 3.1 was solved by direct 

methods in SHELXS-97 and refined using SHELXL-2014 in the Bruker SHELXTL suite.8 

Hydrogen atoms were added at calculated positions and refined with a riding model. 

Disordered solvent was removed from the crystallographic model using the SQUEEZE 

command in PLATON.9 A summary of selected structural data for complex 3.1 is 

presented in Table 3.1. 
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Table 3.1 Summary of select crystallographic data for 3.1. 

 

3.3 Results and Discussion 

3.3.1 Synthesis and Structural Studies 

Although from a SMM perspective it is more desirable to isolate 3d clusters 

comprising Jahn Teller distorted MnIII ions, Mn has such a rich redox chemistry that 

employing MnII salts and leaving these reactions out on the benchtop tends tend to facilitate 

oxidation of the Mn species, resulting in the incorporation of Mn ions with higher oxidation 

states into the resulting clusters. The general reaction scheme employed in the 

serendipitous trial reactions is shown in Scheme 3.1. Hundreds of trial reactions were 

carried out in which the ratio of MnX2:mpmH:base, as well as the type of metal salt, 

solvent(s) and temperature of the reaction were systematically varied to find reaction 

conditions that afforded single crystals of products for characterization by X-ray 

Formula 
M, g mol-1 
Crystal system 
Space group 
a/ Å
b/ Å
c/ Å
α/ º
β/ º
γ/ º
V, Å3 
Z
T / K
λ / Åa

ρcalc / g cm-3

μ / mm-1

Measd / independent (Rint) reflns 
Obsd reflns [I > 2σ(I)]
R1

a

wR2
b

GOF on F2

(Δρ)max,min / e Å-3 

C150H168Mn31N2O84 
5045.99 
Monoclinic
P21/c 
17.9010(10) 
15.9347(9) 
36.362(2) 
90
93.276(2) 
90
10355.2(10) 
2
150(2)
0.71073
1.618
1.897
59464 / 13511 
10060
0.0896 
0.2436
1.133
4.603, -2.293 

a R1 = Σ(||F0|-|Fc||)/Σ|F0|.  b wR2 = [Σ[w(F2
0 – F2

0)2]/Σ[w(F2
0)2]]1/2, w = 1/["2(F2

0) + [(ap)2 + bp], 
where # = [max(F2

0, 0) + 2F2
c]/3.
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diffraction. Scheme 3.1. Unfortunately, Mn cluster chemistry is notoriously challenging, 

and the vast majority of these reactions resulted in the isolation of insoluble precipitates 

that were impossible to purify and characterise. 

                

Scheme 3.13General reaction scheme for the serendipitous synthesis of Mn complexes of 
3.1, where X- = Cl-, ClO4-, NO3-, Br-, CH3CO2-, PhCO2-, and EtCO2-; base = Me3N, and 
Et3N; and solvent = DCM, MeCN, EtOH and MeOH. 

Trial reactions carried out with Mn(O2CPh)2 are summarised in Table 3. These reactions 

were also repeated with Mn(NO3)2, MnCl2, MnBr2, and Mn(OAc)2 salts. Fortunately, 

reaction of a 2:1:2 ratio of Mn(O2CPh)2, rac-mpmH, and Et3N in MeOH at room 

temperature afforded a dark brown solution that after slow diffusion over two months 

yielded dark brown rod like single crystals of a coordination complex in 30% yield, suitable 

for X-ray diffraction. IR studies on this complex confirmed that the OH- str present in the 

IR spectrum of the mpmH ligand at 3356 cm-1 was notably absent, confirming that any 

ligand present was most likely deprotonated. Reactions of other stoichiometries of the 

reagents afforded polycrystalline powders (Table 3.2) which all had identical IR spectra to 

the single crystals we had isolated and characterized. 

Table 3.2 A summary of trial reactions carried out with Mn(O2CPh)2. Reaction shown by 

🅿 afforded polycrystalline powders. 

 

MnX2 + mpmH + Base Solvent ?

solvent MeCN (20ml) MeOH (20ml) MeCN/MeOH (20ml) MeOH/DCM (20ml) DCM (20ml)

Reagents/
Conditions Mn L B R1-4 Mn L B R1-4 Mn L B R1-4 Mn L B R1-4 Mn L B R1-4

Mn(O2CPh)2

1 1 1 ❌ 1 1 1 " 1 1 1 ❌ 1 1 1 ❌ 1 1 1 ❌

1 2 1 ❌ 1 2 1 " 1 2 1 ❌ 1 2 1 ❌ 1 2 1 ❌

1 2 2 ❌ 1 2 2 " 1 2 2 ❌ 1 2 2 ❌ 1 2 2 ❌

2 2 1 ❌ 2 2 1 " 2 2 1 ❌ 2 2 1 ❌ 2 2 1 ❌

2 1 2 ❌ 2 1 2 ✅ 2 1 2 ❌ 2 1 2 ❌ 2 1 2 ❌
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X-ray crystallographic studies revealed the complex crystallizes as a 

centrosymmetric {Mn31} cluster with a closed cage-like structural topology (Figure 3.1). 

Furthermore, the cluster has the stoichiometry [Mn31O24(OH)2(OMe)24(O2CPh)16(rac-

mpm)2] and contains mixed valence MnII2MnIII28MnIV centers. Select crystallographic 

parameters for this complex are summarised in Table 3.1. The oxidation states of the 16 

crystallographically independent Mn ions and the molecular formula of 3.1 were confirmed 

by inspection of the bond lengths and angles, bond valence sum (BVS) calculations, and 

charge balance considerations. In this respect Mn(6) and Mn(10,10′) are assigned as MnIV 

and MnII ions, respectively and the remaining metal ions are assigned as MnIII.  

 

Figure 3.1 Molecular structure of 3.1 (a) its metal−oxygen core (b) the four types of 

constituent layers (c) view along the crystallographic c-axis. H atoms are omitted for 

 

nuclearity SMM reported that possesses entirely resolved out-of-
phase peaks at T < 7 K and a large Ueff. 

Racemic mpmH was prepared via the NaBH4 reduction of 2-
acetylpyridine (see ESI).16 The one-pot reaction of 
Mn(O2CPh)2∙2H2O, rac-mpmH and NEt3 in a 2:1:2 ratio in 
MeOH gave a dark red solution which, upon slow evaporation at 
room temperature for 20 days, afforded dark brown rod-like crys-
tals of [Mn31O24(OH)2(OMe)24(O2CPh)16(rac-mpm)2] (1) in 30% 
yield. The oxidation states of the sixteen crystallographically in-
dependent Mn ions and the formula of 1 was confirmed by inspec-
tion of the metric parameters, charge balance considerations and 
bond valence sum (BVS) calculations (Table S2). 

 

 
Figure 1. Complete structure of 1 (top), its metal-oxygen core 
(bottom left) and the four types of constituent layers (bottom, 
right) along the crystallographic c-axis. H atoms are omitted for 
clarity. A line-drawing of mpmH is also shown. Color scheme: 
MnII yellow, MnIII blue, MnIV olive green, N green, O red, C gray. 

The molecular structure of 1 (Figure 1, top) consists of a 
mixed-valence (MnII

2MnIII
28MnIV) centrosymmetric {Mn31} clus-

ter with a closed cage-like conformation. Mn6 and Mn(10,10′) are 
the MnIV and MnII ions, respectively, while all the remaining met-
al ions are assigned to MnIII. The metal ions are connected by 18 
μ4-O2−, 6 μ3-O2−, 2 μ-ΟΗ−, together with 24 MeO− groups. The 
latter are solely bound to the MnIII ions and they are arranged in 
three classes: 6 are μ3- and 14 μ-bridging, while the remaining 
four are terminally coordinated to Mn(13,13′,16,16′). The BVS 

values for the terminally bound MeO− groups are 1.77 and 1.82, 
in support of their deprotonated form. Additional bridging ligation 
is provided by the deprotonated alkoxido arms of two η1:η2:μ 
mpm- ligands, as well as ten η1:η1:μ and four η1:η2:μ3 PhCO2

- 
groups. Finally, the dangling O atoms of two monodentate PhCO2

- 
groups are hydrogen bonded to the OH- ions. All Mn ions are six-
coordinate with distorted octahedral geometries except for the 
five-coordinate Mn(13,13′) ions which possess square pyramidal 
geometry (τ = 0.08).17 The JT axes of the MnIII ions are axial 
elongations and the majority of them were found to be parallel to 
each other (Figure S1). Since the molecular anisotropy is the ten-
soral sum of the single-ion values, and this sum should not be zero 
given the orientations of the 26 MnIII JT axes, a D ≠ 0 could be 
expected (vide infra).13  

The {Mn31} core (Figure 1, bottom left) can be conveniently 
described as a consecutive array of edge-sharing {Mn4(μ4-O)} 
tetrahedra and {Mn3(μ3-O)} triangles that are linked to each other 
via bridging O2− and MeO− groups. An alternative description of 
the {Mn31} core can be derived by dissecting it into seven parallel 
layers of four types with an ABCDCBA arrangement (Figure 1, 
bottom right). Layers A and B are simple MnIII monomeric and 
{MnIII

4} butterfly subunits, respectively, attached to each other 
through a μ4-bridging O2− ion. Layer C is a {MnIIMnIII

5} cluster 
comprising three edge-sharing {Mn3} triangles. Finally, layer D 
consists of a {MnIII

8MnIV} rod-like structure that can be further 
seen as a central, planar disk-like {MnIII

6MnIV} unit, reminiscent 
of the known Anderson-type structure,18 with two additional MnIII 
ions above and below the {Mn7} disk (Figure S2). Each layer is 
held together and linked to its neighbors by a combination of ox-
ido and methoxido bridges. The space-filling representation (Fig-
ure S3) shows that 1 adopts a nearly spherical conformation with 
a diameter of ~24 Å, defined by the longest C∙∙∙C distance, ex-
cluding the H-atoms. The shortest Mn∙∙∙Mn separation between 
neighboring {Mn31} clusters in the crystal is 8.540(1) Å (Figure 
S4). 

Variable-temperature direct-current (dc) magnetic susceptibility 
measurements were performed on a freshly-prepared and analyti-
cally-pure micro-crystalline sample of 1 in the temperature range 
2-300 K in an applied field of 0.2 kG (0.02 T). The data are 
shown as a χΜT vs T plot in Figure S5. The value of the χΜT prod-
uct at 300 K is 74.48 cm3�mol-1�K, lower than the value of 94.63 
cm3�mol-1�K (calculated with g = 2) expected for 2 MnII, 28 MnIII 
and a MnIV non-interacting ions. The χΜT product slightly de-
creases in the 300-160 K region, reaching a minimum of 71.83 
cm3�mol-1�K, and then increases more sharply to reach a value of 
83.09 cm3�mol-1�K at 35 K, before dropping rapidly to a value of 
54.15 cm3�mol-1�K at 2 K. The shape of the curve suggests that 
both antiferro- and ferromagnetic exchange interactions are likely 
present within 1, rendering it a ferrimagnetic system. This is not 
surprising given the many different subunits present in 1, the vari-
ety of bridging ligands and the different Mn oxidation states.19 
The molecular structure of 1 is simply too complex to assign a 
spin ground state value with any certainty. Furthermore, with the 
exception of the MnIII���MnIV interactions, most of the exchange 
interactions are expected to be weak, antiferromagnetic and of 
comparable magnitude which means that extensive spin frustra-
tion effects are likely in effect.20 Nevertheless for a previously 
reported {MnII

6MnIII
18MnIV} compound, containing a central 

{MnIII
6MnIV} disk-like unit akin to 1, it was established that the 

spin of this unit is S = 21/2 and that it made a significant contribu-
tion to the overall spin ground state of the system.21 The χΜT val-
ue expected for an S = 21/2 system is 60.38 cm3�mol-1�K, close to 
the χΜT value of 1 at ~2 K. Reduced magnetization studies on 1 at 
various fields and low temperatures (Figure S6) clearly suggest 
the presence of low-lying excited states and/or magnetic anisotro-
py, as the various isofield lines do not superimpose onto the mas-
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tion effects are likely in effect.20 Nevertheless for a previously 
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spin of this unit is S = 21/2 and that it made a significant contribu-
tion to the overall spin ground state of the system.21 The χΜT val-
ue expected for an S = 21/2 system is 60.38 cm3�mol-1�K, close to 
the χΜT value of 1 at ~2 K. Reduced magnetization studies on 1 at 
various fields and low temperatures (Figure S6) clearly suggest 
the presence of low-lying excited states and/or magnetic anisotro-
py, as the various isofield lines do not superimpose onto the mas-

studies reveal the presence of hysteresis loops at temperatures
below 5 K, among the highest temperatures observed for 3d-
based SMMs to-date. The {Mn31} compound is (i) one of the
largest 3d-metal clusters reported in the literature,6 (ii) the
second largest Mn cluster containing an odd-number of metal
ions14 and the second cluster with a nuclearity of 31,15 and (iii)
the highest-nuclearity SMM reported that possesses entirely
resolved out-of-phase peaks at T < 7 K and a large Ueff.
Racemic mpmH was prepared via the NaBH4 reduction of 2-

acetylpyridine (see ESI).16 The reaction of Mn(O2CPh)2·2H2O,
rac-mpmH and NEt3 in a 2:1:2 ratio in MeOH gave a dark red
solution that, upon evaporation at room temperature for 20
days , afforded dark brown rod- l i ke c ry s t a l s o f
[Mn31O24(OH)2(OMe)24(O2CPh)16(rac-mpm)2] (1) in 30%
yield. The oxidation states of the 16 crystallographically
independent Mn ions and the formula of 1 was confirmed by
inspection of the bond lengths and angles, bond valence sum
(BVS) calculations (Table S2), and charge balance
considerations.

The molecular structure of 1 (Figure 1, top) consists of a
mixed-valence (MnII2MnIII28MnIV) centrosymmetric {Mn31}
cluster with a closed cage-like conformation. Mn6 and
Mn(10,10′) are the MnIV and MnII ions, respectively, whereas
all the remaining metal ions are assigned to MnIII. The metal
ions are connected by 18 μ4-O

2−, 6 μ3-O
2−, 2 μ-OH−, together

with 24 MeO− groups. The latter are solely bound to the MnIII

ions and they are arranged in three classes: 6 are μ3- and 14 μ-
bridging, whereas the remaining four are terminally coordinated
to Mn(13,13′,16,16′). The BVS values for the terminally bound
MeO− groups are 1.77 and 1.82, in support of their
deprotonated form. Additional bridging ligation is provided by
the deprotonated alkoxido arms of two η1:η2:μmpm− ligands, as
well as ten η1:η1:μ and four η1:η2:μ3 PhCO2

− groups. Finally, the
dangling O atoms of two monodentate PhCO2

− groups are
hydrogen bonded to the OH− ions. All Mn ions are six-
coordinate with distorted octahedral geometries except for the
five-coordinate Mn(13,13′) ions which possess square pyr-
amidal geometry (τ = 0.08).17 The JT axes of the MnIII ions are
axial elongations and the majority of them were found to be
parallel to each other (Figure S1). Because the molecular
anisotropy is the vector sum of the single-ion values, and this
sum should not be zero given the orientations of the 26 MnIII JT
axes, a D ≠ 0 could be expected (vide inf ra).13

The {Mn31} core (Figure 1, bottom left) can be conveniently
described as a consecutive array of edge-sharing {Mn4(μ4-O)}
tetrahedra and {Mn3(μ3-O)} triangles that are linked to each
other via bridging O2− and MeO− groups. An alternative
description of the {Mn31} core can be derived by dissecting it
into seven parallel layers of four types with an ABCDCBA
arrangement (Figure 1, bottom right). Layers A and B are simple
MnIII monomeric and {MnIII4} butterfly subunits, respectively,
attached to each other through a μ4-bridging O

2− ion. Layer C is
a {MnIIMnIII5} cluster comprising three edge-sharing {Mn3}
triangles. Finally, layer D consists of a {MnIII8MnIV} rod-like
structure that can be further seen as a central, planar disk-like
{MnIII6MnIV} unit,18 with two additional MnIII ions above and
below the {Mn7} disk (Figure S2). The layers are held together
and bridged to each other by a combination of bridging oxido
and methoxido groups. The space-filling plot (Figure S3) shows
that 1 has a nearly spherical conformation with a diameter of
∼24 Å, defined by the longest C···C distance, excluding the H
atoms. The shortest Mn···Mn distance between neighboring
{Mn31} clusters in the crystal is 8.540(1) Å (Figure S4).
Variable-temperature direct-current (dc) magnetic suscepti-

bility measurements were performed on a freshly prepared and
analytically pure microcrystalline sample of 1 in the temperature
range 2−300 K in an applied field of 0.2 kG (0.02 T). The data
are shown as a χMT vs T plot in Figure S5. The value of the χMT
product at 300 K is 74.48 cm3·mol−1·K, lower than the value of
94.63 cm3·mol−1·K (calculated with g = 2) expected for 2 MnII,
28 MnIII, and a MnIV non-interacting ion. The χMT product
slightly decreases in the 300−160 K region, reaching a minimum
of 71.83 cm3·mol−1·K, and then increases more sharply to reach
a value of 83.09 cm3·mol−1·K at 35 K, before dropping rapidly to
a value of 54.15 cm3·mol−1·K at 2 K. The shape of the curve
suggests an overall ferrimagnetic system, where both antiferro-
and ferromagnetic exchange interactions are likely present
within 1. This is not surprising given the many different subunits
present in 1, the variety of bridging ligands and the different Mn
oxidation states.19 The molecular structure of 1 is simply too
complex to assign a spin ground state value with any certainty.
Furthermore, with the exception of the MnIII···MnIV inter-

Figure 1. Complete structure of 1 (top), its metal−oxygen core
(bottom left), and the four types of constituent layers (bottom, right)
along the crystallographic c-axis. H atoms are omitted for clarity. A line-
drawing of mpmH is also shown. Color scheme: MnII yellow, MnIII

blue, MnIV olive green, N green, O red, C gray.
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clarity. Color code: MnII (yellow), MnIII (blue), MnIV (olive green), N (green), O (red), C 

(gray). Reproduced with permission from reference 10.10 

All of the Mn ions in the cluster have distorted octahedral geometry except for the 

five-coordinate Mn(13,13′) ions which are square pyramidal with a τ value of 0.08. The JT 

axes of the MnIII ions are axially elongated, the majority of which are co-parallel to each 

other as demonstrated in Figure 3.2. Since the molecular anisotropy is the vector sum of 

the single-ion values, and this sum should not be zero given the orientation of the 26 MnIII 

JT axes, a D ≠ 0 should be expected, vide infra.  

                  

Figure 3.2 The inorganic {Mn31} core of 3.1, viewed along the crystallographic b-axis, 

showing the coordination spheres of all Mn atoms. The orientations of the Jahn-Teller axial 

elongations for the six-coordinate MnIII atoms are highlighted in yellow. Color code: MnII 

(yellow), MnIII (blue), MnIV (olive green), N (green), O (red). Reproduced with permission 

from reference 10.10 

The structural topology of the {Mn31} core can be described as a consecutive array 

of edge-sharing {Mn4(μ4-O)} tetrahedra and {Mn3(μ3-O)} triangles linked to each other 

via bridging O2− and MeO− groups, Figure 3.1b. Alternatively, the {Mn31} core can be 

derived by dissecting it into seven parallel layers of four types with an ABCDCBA 
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Scheme S3. IR spectrum of complex 1. 

 

 
Figure S1. The inorganic {Mn31} core of 1, along the crystallographic b-axis, showing 

the coordination spheres of all Mn atoms. The orientations of the Jahn-Teller axial 
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arrangement, as highlighted in Figure 3.1c. Layers A and B are simple MnIII monomeric 

and {MnIII4} butterfly subunits respectively, linked through a μ4-bridging O2− ion. Layer C 

is a {MnIIMnIII5} cluster comprising three edge-sharing {Mn3} triangles. Finally, layer D 

consists of a {MnIII8MnIV} rod-like structure that can be further seen as a central, planar 

disk-like {MnIII6MnIV} unit,11 with two additional MnIII ions above and below the {Mn7} 

disk (Figure 3.3a,b). The layers are held together and linked via a combination of bridging 

oxido and methoxido groups. The space-filling plot (Figure 3.3c) shows that 3.1 has a 

nearly spherical conformation with a diameter of ∼24 Å, defined by the longest C···C 

distance, excluding the H atoms. The shortest intermolecular Mn···Mn distance between 

neighboring {Mn31} clusters in the crystal is 8.540(1) Å (Figure 3.3d). 

   

Figure 3.3 (a) ORTEP plot of 3.1, thermal ellipsoids are plotted at 50%; (b) the central 

{MnIII6MnIV} disk-like subunit of layer D in 3.1. Color code: MnII yellow, MnIII blue, MnIV 
 8 

elongations for the six-coordinate MnIII atoms are highlighted with yellow thick bonds. 

Color scheme: MnII yellow, MnIII blue, MnIV olive green, N green, O red. 

 

 

 
Figure S2. Thermal ellipsoid plot of 1 (top), and the central {MnIII

6MnIV} disk-like 

subunit of layer D (see the main text) in 1. Color scheme: MnII yellow, MnIII blue, MnIV 

olive green, N green, O red, C gray. 

 9 

 

 
Figure S3. Space-filling representation of 1 showing its nearly spherical conformation 

with a diameter of ~24 Å, defined by the longest C∙∙∙C distance. Color scheme: Mn blue, 

N green, O red, C gray. 

 

 
Figure S4. Packing diagram of 1, view down a axis. 
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Figure S3. Space-filling representation of 1 showing its nearly spherical conformation 

with a diameter of ~24 Å, defined by the longest C∙∙∙C distance. Color scheme: Mn blue, 

N green, O red, C gray. 

 

 
Figure S4. Packing diagram of 1, view down a axis. 
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olive green, N green, O red, C gray; (c) Space-filling representation of 3.1 showing its 

nearly spherical conformation with a diameter of ~24 Å, defined by the longest C∙∙∙C 

distance. Color scheme: Mn (blue), N (green), O (red), C (gray); (d) Packing diagram of 

3.1, view down the a-axis. Reproduced with permission from reference 10.10 

3.3.2  Magnetic studies 

Variable-temperature direct-current (dc) magnetic susceptibility measurements 

were performed on a freshly prepared and analytically pure microcrystalline sample of 3.1 

between 2 and 300 K in an applied field of 0.2 kG (0.02 T). The data are shown as a χMT 

vs T plot in Figure 3.4. The value of the χMT product at 300 K is 74.48 cm3·mol−1·K, lower 

than the value of 94.63 cm3·mol−1·K (calculated with g = 2) expected for 2 MnII, 28 MnIII, 

and a non-interacting MnIV ion. From 300-160 K, the χMT product slightly decreases, 

reaching a minimum of 71.83 cm3·mol−1·K, and then increases more sharply to reach a 

value of 83.09 cm3·mol−1·K at 35 K, before dropping rapidly to a value of 54.15 

cm3·mol−1·K at 2 K. The shape of the curve suggests both antiferromagnetic and 

ferromagnetic exchange interactions are likely present within 3.1. 
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Figure 3.4 Temperature dependence of the χΜT product for complex 3.1 at 0.02 T. 

Reproduced with permission from reference 10.10 

This is not surprising given the many different sub-units, the variety of bridging 

ligands and the different Mn oxidation states present in 3.1.12 Unfortunately, the molecular 

structure of 3.1 is simply too complex to assign a spin ground state value with any certainty. 

Furthermore, apart from the MnIII···MnIV interactions, the majority of the exchange 

interactions are expected to be weak, antiferromagnetic and of similar magnitude, which 

means that extensive spin frustration effects are likely in effect. Nevertheless, for a 

previously reported {MnII6MnIII18MnIV} compound, containing a similar central 

{MnIII6MnIV} disk-like unit, it was established that the spin of this unit is S = 21/2 and that 

it made a significant contribution to the overall spin ground state of the system.13 The χMT 

value expected for an S = 21/2 system is 60.38 cm3·mol−1·K, close to the χMT value of 3.1 

at ∼2 K. Reduced magnetization studies on 3.1 at various fields and low temperatures 

(Figure 3.5) are consistent with the presence of low-lying excited states and/or magnetic 
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Figure S6. Magnetization (M) vs field (H) and temperature (T) data, plotted as reduced 
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-7 K temperature range. 
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anisotropy, as the various isofield lines do not superimpose onto the master curve as would 

be expected for a complex with a well-isolated spin ground state. This result is therefore 

consistent with the isolation of a high-nuclearity metal cluster with a large density of spin 

states, for which the dc magnetic data cannot be fit adequately with a model that assumes 

only population of the ground state. 

                

Figure 3.5 Magnetization (M) vs field (H) and temperature (T) data, plotted as reduced 

magnetization (M/NμB) vs H/T, for complex 3.1 at applied fields of 0.5-5.0 T from 1.8 -7 

K. Reproduced with permission from reference 10.10 

Given these challenges, we turned our attention to alternating-current (ac) magnetic 

susceptibility measurements as a means of determining the ground state of 3.1 and studying 

its magnetization dynamics in the absence of any external dc field. The ac studies were 

performed in a 4.0 G ac field oscillating at 30 different frequencies. Extrapolation of the 

χM′T signal (Figure 3.6, top) from above 6 down to 0 K gave a value of ∼70− 75 

cm3·K·mol−1, suggestive of an S = 23/2 ground state (χM′T (S = 32/2) = 71.85 cm3·K·mol−1 

for g = 2). Below ∼6 K, there is a frequency-dependent decrease in χM′T, followed by the 
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appearance of frequency-dependent χM′′ signals (Figure 3.6, bottom), consistent with the 

superparamagnetic-like slow relaxation of an SMM.  

            

Figure 3.6 Temperature dependence of the in-phase (as χM′T, top) and out-of-phase (χM′′, 

bottom) ac magnetic susceptibilities for 3.1 in zero dc field, measured in a 4.0 G ac field, 

oscillating at frequencies from 1−1488 Hz (30 frequencies in total). The solid lines are a 

guide for the eyes only. Reproduced with permission from reference 10.10 

The Cole−Cole plots (Figure 3.7) recorded for 3.1 at different temperatures below 

8 K, deviate significantly from the usual semicircular shape observed previously in the 

actions, most of the exchange interactions are expected to be
weak, antiferromagnetic and of similar magnitude, which means
that extensive spin frustration effects are likely in effect.20

Nevertheless, for a previously reported {MnII6MnIII18MnIV}
compound, containing a central {MnIII6MnIV} disk-like unit akin
to 1 , it was established that the spin of this unit is S = 21/2 and
that it made a significant contribution to the overall spin ground
state of the system.21 The χMT value expected for an S = 21/2
system is 60.38 cm3·mol−1·K, close to the χMT value of 1 at ∼2
K. Reduced magnetization studies on 1 at various fields and low
temperatures (Figure S6) clearly suggest the presence of low-
lying excited states and/or magnetic anisotropy, as the various
isofield lines do not superimpose onto the master curve
expected for a well-isolated spin ground state. This result is
consistent with the isolation of a high-nuclearity metal cluster
with a large density of spin states, for which the dcmagnetic data
cannot be fit adequately with a model that assumes only
population of the ground state.
Given these challenges, we turned our attention to

alternating-current (ac) magnetic susceptibility measurements
as a means of determining the ground state of 1 and studying its
magnetization dynamics in the absence of any external dc field.
The ac studies were performed in a 4.0 G ac field oscillating at
30 different frequencies. Extrapolation of the χM′T signal
(Figure 2, top) from above 6 down to 0 K gave a value of ∼70−
75 cm3·K·mol−1, suggestive of an S = 23/2 ground state
(χM′T(S=32/2) = 71.85 cm3·K·mol−1 for g = 2). Below ∼6 K, there
is a frequency-dependent decrease in χM′T followed by the
appearance of frequency-dependent χM″ signals (Figure 2,
bottom) consistent with the superparamagnetic-like slow
relaxation of an SMM. The Cole−Cole plots (Figure S7)

recorded for 1 at different temperatures below 8 K, deviate
significantly from the usual semicircular shape observed
previously in the majority of 3d-SMMs,2 and are indicative of
a large distribution of relaxation times. Indeed, the data were fit
using a generalized Debye model22 and the resulting α values
were in the range 0.12−0.54, indicating a large distribution of
relaxation times (Table S3).23 Furthermore, the mixing of
various S states may suggest the possible presence of multiple
relaxation processes as well.
Single-crystal hysteresis studies on 1 , using a micro-SQUID

apparatus, were further performed to confirm that the complex
displays SMM behavior. The field was aligned parallel to the
mean easy-axis of magnetization using the transverse field
method.24 The resulting magnetization vs dc field data at
different temperatures and a fixed field sweep rate of 0.140 T·s−1
are shown in Figure 3 (top), and at different scan rates and a

constant T = 3 K in Figure S8. Below ∼5 K, hysteresis loops are
visible and their coercivities increase with decreasing temper-
ature and increasing field scan rates, as expected for SMM
behavior. Thus, 1 is a new SMM with a blocking temperature of
∼5 K, above which no hysteresis is observed. Although the
hysteresis loops do not show any clear steps characteristic of
QTM behavior, this is typical for very high-nuclearity SMMs
because of step-broadening effects that arise from the presence

Figure 2. Temperature dependence of the in-phase (as χM′T, top) and
out-of-phase (χM″, bottom) ac magnetic susceptibilities in zero dc field
for 1 , measured in a 4.0 G ac field oscillating at the frequencies 1−1488
Hz (30 frequencies in total). The solid lines are guides only.

Figure 3. (top) Magnetization (M) vs dc field hysteresis loops for a
single-crystal of 1 at the indicated temperatures and a fixed field sweep
rate of 0.140 T·s−1; (bottom) Arrhenius plot of the relaxation time (τ)
vs 1/T using the data obtained from the ac susceptibility and dc
magnetization decay measurements; (inset) magnetization (M) vs time
decay plots in zero dc field. The dashed line is the fit of data; see the text
for the fit parameters. The magnetization is normalized to its saturation
value, MS.
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majority of 3d-SMMs,14 and are indicative of a large distribution of relaxation times. 

Indeed, the data were fit using a generalized Debye model15 and the resulting α values were 

in the range 0.12−0.54, indicating a large distribution of relaxation times.16 Furthermore, 

the mixing of various S states may also suggest the presence of multiple relaxation 

processes. 

     

Figure 3.7 Cole-Cole plots for 3.1 obtained from the ac susceptibility data in zero applied 

dc field. The solid lines correspond to the best fit obtained with a generalized Debye model. 

Reproduced with permission from reference 10.10 

Single-crystal hysteresis studies on 3.1, using a micro-SQUID apparatus, were 

further performed to confirm that the complex displays SMM behavior. The field was 

aligned parallel to the mean easy-axis of magnetization using the transverse field method.5 

The resulting magnetization vs dc field data at different temperatures and a fixed field 

sweep rate of 0.140 T·s−1 are shown in Figure 3.8 (left), and at different scan rates and a 

constant T = 3 K in Figure 3.8 (right). Below ∼5 K, hysteresis loops are visible, and their 
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Figure S7. Cole-Cole plots for 1 obtained using the ac susceptibility data in zero applied 

dc field. The solid lines correspond to the best fit obtained with a generalized Debye 

model. 

 

Table S3. Values of the Relaxation Time (τ), α, χs, and χT for 1 Under Zero dc Field at 

the Indicated Temperatures 

Temperature (K) τ (s) α χs χT 

3.85 0.57E-01 0.54 7.79 19.53 

4.0 0.23E-01 0.52 7.71 18.71 

4.15 0.98E-02 0.49 7.63 17.88 

4.3 0.52E-02 0.43 8.06 17.00 

4.45 0.19E-02 0.48 6.93 16.70 

4.6 0.11E-02   0.43 7.20 15.97 

4.75 0.63E-03 0.39 7.35 15.42 

4.9 0.40E-03 0.36 7.56 14.93 

5.05 0.26E-03 0.32 7.81 14.47 

5.2 0.18E-03 0.28 8.12 14.03 
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coercivities increase with decreasing temperature and increasing field scan rates, as 

expected for SMM behavior. Thus, complex 3.1 is a new SMM with a blocking temperature 

of ∼5 K, above which no hysteresis is observed. Although the hysteresis loops do not show 

any clear steps characteristic of QTM, this is typical for very high-nuclearity SMMs and 

are attributed to step-broadening effects that arise from the presence of low-lying excited 

states, intramolecular interactions, or other distributions as well as ligand disorder.13 

Following these results, magnetization vs time decay data were collected on a single-crystal 

of 3.1 to assess the magnetization relaxation dynamics, and the results are shown in Figure 

3.8 (inset). These data, together with the ac χM′′ vs T data, were used to calculate the 

relaxation rates (1/τ) at different temperatures and construct an Arrhenius plot (Figure 3.8, 

right) based on the equation: τ = τ0exp(Ueff/kT), where k is the Boltzmann constant and τ0 

is the pre-exponential factor. The fit to the thermally activated region above ∼0.2 K gave 

a Ueff = 58 K and τ0 = 3 × 10−8 s. This observed Ueff is the highest barrier reported to date 

for a very high-nuclearity 3d-metal cluster that is also comparable in magnitude to the 

current record-holders in the field of 3d-SMMs, namely Mn6 and Mn12.17 At about 0.5 K 

and below, the relaxation becomes temperature independent, as expected for relaxation by 

ground-state QTM. Thus, we can conclude that although 3.1 is comparable in size with 

smaller magnetic nanoparticles, it still possesses the quantum properties of a molecular 

species. Therefore, it can potentially be considered as a model system to further explore 

the boundary between SMMs and magnetic nanoparticles. 
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Figure 3.8 (left) Magnetization (M) vs dc field hysteresis loops for a single-crystal of 3.1 

at the indicated temperatures and a fixed field sweep rate of 0.140 T·s−1; (right) Arrhenius 

plot of the relaxation time (τ) vs 1/T using the data obtained from the ac susceptibility and 

dc magnetization decay measurements; (inset) magnetization (M) vs time decay plots in 

zero dc field. The dashed line is the fit of data; see the text for the fit parameters. The 

magnetization is normalized to its saturation value, MS. Reproduced with permission from 

reference 10.10 

3.4 Conclusions and Future Work 

Although it was challenging to isolate single crystals of Mn complexes of the rac-

mpmH ligand, this project afforded one of the highest nuclearity Mn clusters isolated to-

date.14, 18, 19 The complex was assembled by employing the chelating/bridging ligand 

mpmH together with carboxylate ions. The {Mn31} mixed-valence complex is not only 

structurally novel due to its layered topology and nanosize dimensions, but also exhibits 

SMM properties with one of the largest energy barriers yet obtained in the field of 

molecular 3d-metal nanomagnets. Future work to modify the mpmH ligand, for example 

by exchanging the methyl for an isopropyl group in an attempt to improve the crystallinity 

of the resulting complexes is in progress and studies of the cluster chemistry of this new 

ligand together with MnII salts are planned. 

actions, most of the exchange interactions are expected to be
weak, antiferromagnetic and of similar magnitude, which means
that extensive spin frustration effects are likely in effect.20

Nevertheless, for a previously reported {MnII6MnIII18MnIV}
compound, containing a central {MnIII6MnIV} disk-like unit akin
to 1 , it was established that the spin of this unit is S = 21/2 and
that it made a significant contribution to the overall spin ground
state of the system.21 The χMT value expected for an S = 21/2
system is 60.38 cm3·mol−1·K, close to the χMT value of 1 at ∼2
K. Reduced magnetization studies on 1 at various fields and low
temperatures (Figure S6) clearly suggest the presence of low-
lying excited states and/or magnetic anisotropy, as the various
isofield lines do not superimpose onto the master curve
expected for a well-isolated spin ground state. This result is
consistent with the isolation of a high-nuclearity metal cluster
with a large density of spin states, for which the dcmagnetic data
cannot be fit adequately with a model that assumes only
population of the ground state.
Given these challenges, we turned our attention to

alternating-current (ac) magnetic susceptibility measurements
as a means of determining the ground state of 1 and studying its
magnetization dynamics in the absence of any external dc field.
The ac studies were performed in a 4.0 G ac field oscillating at
30 different frequencies. Extrapolation of the χM′T signal
(Figure 2, top) from above 6 down to 0 K gave a value of ∼70−
75 cm3·K·mol−1, suggestive of an S = 23/2 ground state
(χM′T(S=32/2) = 71.85 cm3·K·mol−1 for g = 2). Below ∼6 K, there
is a frequency-dependent decrease in χM′T followed by the
appearance of frequency-dependent χM″ signals (Figure 2,
bottom) consistent with the superparamagnetic-like slow
relaxation of an SMM. The Cole−Cole plots (Figure S7)

recorded for 1 at different temperatures below 8 K, deviate
significantly from the usual semicircular shape observed
previously in the majority of 3d-SMMs,2 and are indicative of
a large distribution of relaxation times. Indeed, the data were fit
using a generalized Debye model22 and the resulting α values
were in the range 0.12−0.54, indicating a large distribution of
relaxation times (Table S3).23 Furthermore, the mixing of
various S states may suggest the possible presence of multiple
relaxation processes as well.
Single-crystal hysteresis studies on 1 , using a micro-SQUID

apparatus, were further performed to confirm that the complex
displays SMM behavior. The field was aligned parallel to the
mean easy-axis of magnetization using the transverse field
method.24 The resulting magnetization vs dc field data at
different temperatures and a fixed field sweep rate of 0.140 T·s−1
are shown in Figure 3 (top), and at different scan rates and a

constant T = 3 K in Figure S8. Below ∼5 K, hysteresis loops are
visible and their coercivities increase with decreasing temper-
ature and increasing field scan rates, as expected for SMM
behavior. Thus, 1 is a new SMM with a blocking temperature of
∼5 K, above which no hysteresis is observed. Although the
hysteresis loops do not show any clear steps characteristic of
QTM behavior, this is typical for very high-nuclearity SMMs
because of step-broadening effects that arise from the presence

Figure 2. Temperature dependence of the in-phase (as χM′T, top) and
out-of-phase (χM″, bottom) ac magnetic susceptibilities in zero dc field
for 1 , measured in a 4.0 G ac field oscillating at the frequencies 1−1488
Hz (30 frequencies in total). The solid lines are guides only.

Figure 3. (top) Magnetization (M) vs dc field hysteresis loops for a
single-crystal of 1 at the indicated temperatures and a fixed field sweep
rate of 0.140 T·s−1; (bottom) Arrhenius plot of the relaxation time (τ)
vs 1/T using the data obtained from the ac susceptibility and dc
magnetization decay measurements; (inset) magnetization (M) vs time
decay plots in zero dc field. The dashed line is the fit of data; see the text
for the fit parameters. The magnetization is normalized to its saturation
value, MS.
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actions, most of the exchange interactions are expected to be
weak, antiferromagnetic and of similar magnitude, which means
that extensive spin frustration effects are likely in effect.20

Nevertheless, for a previously reported {MnII6MnIII18MnIV}
compound, containing a central {MnIII6MnIV} disk-like unit akin
to 1 , it was established that the spin of this unit is S = 21/2 and
that it made a significant contribution to the overall spin ground
state of the system.21 The χMT value expected for an S = 21/2
system is 60.38 cm3·mol−1·K, close to the χMT value of 1 at ∼2
K. Reduced magnetization studies on 1 at various fields and low
temperatures (Figure S6) clearly suggest the presence of low-
lying excited states and/or magnetic anisotropy, as the various
isofield lines do not superimpose onto the master curve
expected for a well-isolated spin ground state. This result is
consistent with the isolation of a high-nuclearity metal cluster
with a large density of spin states, for which the dcmagnetic data
cannot be fit adequately with a model that assumes only
population of the ground state.
Given these challenges, we turned our attention to

alternating-current (ac) magnetic susceptibility measurements
as a means of determining the ground state of 1 and studying its
magnetization dynamics in the absence of any external dc field.
The ac studies were performed in a 4.0 G ac field oscillating at
30 different frequencies. Extrapolation of the χM′T signal
(Figure 2, top) from above 6 down to 0 K gave a value of ∼70−
75 cm3·K·mol−1, suggestive of an S = 23/2 ground state
(χM′T(S=32/2) = 71.85 cm3·K·mol−1 for g = 2). Below ∼6 K, there
is a frequency-dependent decrease in χM′T followed by the
appearance of frequency-dependent χM″ signals (Figure 2,
bottom) consistent with the superparamagnetic-like slow
relaxation of an SMM. The Cole−Cole plots (Figure S7)

recorded for 1 at different temperatures below 8 K, deviate
significantly from the usual semicircular shape observed
previously in the majority of 3d-SMMs,2 and are indicative of
a large distribution of relaxation times. Indeed, the data were fit
using a generalized Debye model22 and the resulting α values
were in the range 0.12−0.54, indicating a large distribution of
relaxation times (Table S3).23 Furthermore, the mixing of
various S states may suggest the possible presence of multiple
relaxation processes as well.
Single-crystal hysteresis studies on 1 , using a micro-SQUID

apparatus, were further performed to confirm that the complex
displays SMM behavior. The field was aligned parallel to the
mean easy-axis of magnetization using the transverse field
method.24 The resulting magnetization vs dc field data at
different temperatures and a fixed field sweep rate of 0.140 T·s−1
are shown in Figure 3 (top), and at different scan rates and a

constant T = 3 K in Figure S8. Below ∼5 K, hysteresis loops are
visible and their coercivities increase with decreasing temper-
ature and increasing field scan rates, as expected for SMM
behavior. Thus, 1 is a new SMM with a blocking temperature of
∼5 K, above which no hysteresis is observed. Although the
hysteresis loops do not show any clear steps characteristic of
QTM behavior, this is typical for very high-nuclearity SMMs
because of step-broadening effects that arise from the presence

Figure 2. Temperature dependence of the in-phase (as χM′T, top) and
out-of-phase (χM″, bottom) ac magnetic susceptibilities in zero dc field
for 1 , measured in a 4.0 G ac field oscillating at the frequencies 1−1488
Hz (30 frequencies in total). The solid lines are guides only.

Figure 3. (top) Magnetization (M) vs dc field hysteresis loops for a
single-crystal of 1 at the indicated temperatures and a fixed field sweep
rate of 0.140 T·s−1; (bottom) Arrhenius plot of the relaxation time (τ)
vs 1/T using the data obtained from the ac susceptibility and dc
magnetization decay measurements; (inset) magnetization (M) vs time
decay plots in zero dc field. The dashed line is the fit of data; see the text
for the fit parameters. The magnetization is normalized to its saturation
value, MS.
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Chapter 4: Coordination Chemistry of mpmH with CuII and FeIII 

4.1 Preface 

Given our success in isolating large clusters with Ni and Mn, we set about exploring 

the coordination chemistry of both racemic and chiral forms of mpmH with two other first-

row paramagnetic transition metals, namely Cu and Fe. Polynuclear clusters of CuII and 

FeIII have been widely investigated in the field of SMMs. CuII has a t2g6eg3 electronic 

configuration under octahedral symmetry with a 2E term symbol, in which the first order 

spin-orbit coupling is quenched. However, CuII complexes can show uniaxial magnetic 

anisotropy thanks to Jahn-Teller distortion in octahedral geometry. The electronic 

configuration of FeIII is t2g3eg2 in the high-spin state which leads to a 6A term with quenched 

first order spin-orbit coupling. However, due to the presence of five unpaired electrons in 

the high-spin state, FeIII can potentially afford 3d clusters with large spin ground states.  

To-date no polynuclear clusters of CuII and FeIII ions with mpmH have been reported. The 

objectives of the research described in this Chapter is therefore to: i) investigate the 

preliminary coordination chemistry of racemic and chiral mpmH with CuII and FeIII and ii) 

to isolate single crystals of the resulting complexes and study their magneto-structural 

properties. 
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4.2 Experimental Section 

4.2.1 Synthesis 

All reagents were purchased from Sigma-Aldrich and were used without further 

purification. All reactions were carried out in air, unless otherwise stated. 

Synthesis of rac-mpmH 

rac-mpmH was synthesized following the same methodology described in the 

experimental section of Chapter 2. 

Synthesis of S-mpmH (4.1)1 

Formic acid (107.5 mmol, 4.05 mL) and triethylamine (62.5 mmol, 8.70 mL) were 

added to a Schlenk flask and the mixture was stirred at 0 °C in an ice bath for 10 min. The 

ice bath was then removed, and the flask was placed under a nitrogen atmosphere. 

Acetylpyridine (25 mmol, 2.80 mL) and (S,S)-RuTsDPEN (0.025 mmol, 16.4 mg, 0.1 

mol%) were then added and the reaction mixture was stirred for a further 24 hours at room 

temperature. The product was extracted into Et2O (3 × 30 mL). The organic layer was 

combined, washed with distilled water (2 × 20 mL) and dried over Na2SO4. Evaporation 

of the solvent under reduced pressure afforded 4.1 as a pale-yellow oil.  Yield 2.67g, 87%. 

M.p.: 53-54℃; [𝛼:#;.-] -17.5 (c 0.1, CHCl3); 1H NMR (CDCl3, 400 MHz) δ (ppm): 8.53 

(1H, d, J = 4.72 Hz), 7.68 (1H, td, J = 7.79, 6.39 Hz), 7.29 (1H, d, J = 7.94 Hz), 7.19 (1H, 

dd, J = 5.29, 5.14 Hz), 4.89 (1H, q, J = 6.57 Hz), 4.10 (1H, s, OH), 1.50 (3H, d, J = 6.59 

Hz); 13C NMR (CDCl3, 400 MHz) δ (ppm): 162.9, 147.9, 137.1, 122.3, 119.9, 68.8; IR 

(cm-1): 3356, 2975, 1595, 1477, 1364, 1282, 1081, 1017, 904, 784, 751, 608, 538.1 
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Synthesis of R-mpmH (4.2)1 

R-mpmH was prepared following the method described above using (R,R)-

RuTsDPEN as the catalyst. As expected, the characterization data is in complete agreement 

with that reported for the S-enantiomer. [𝛼:#;.-] +17.5 (c 0.1, CHCl3).1 

Synthesis of [Cu4(S-mpm)4Cl4] S-(4.3) 

Et3N (14 µl, 0.1 mmol) and CuCl2·2H2O (17 mg, 0.1 mmol) were added to a 

solution of S-mpmH (24.6 mg, 0.2 mmol) in MeOH (15 mL), and the resulting green 

solution was stirred for 20 min. The mixture was filtered, and the solvent was left to slowly 

evaporate at room temperature. Single crystals of S- 4.3 were isolated as green blocks 

within a few days in 35% yield. Elemental analysis (%) calcd for C28H28Cl4Cu4N4O4: C 

38.19, H 3.20, N 6.36; found: C 38.12, H 3.15, N 6.39. Selected IR data (ATR): v = 3030 

(vw), 2953 (vw), 2921 (vw), 2869 (w), 2851 (w), 2851 (w), 2839 (w), 1607 (m), 1567 (w), 

1473 (m), 1443 (m), 1360 (m), 1322 (w), 1306 (m), 1278 (w), 1248 (m), 1210 (w), 1155 

(m), 1125 (m), 1099 (m), 1065 (m), 1045 (m), 1016 (m), 919 (m), 903 (m), 788 (m), 769 

(s), 692 (m), 653 (m), 559 (m), 533 (m), 502 (w), 480 (w), 418 (m). Mass spectrometry 

(ESI): 885 = [MH]+, 849 [M-Cl]+.  

Synthesis of R-(4.3) 

R-[Cu4(S-mpm)4Cl4] were synthesised as outlined above from R-mpmH 

respectively. The complexe was isolated as green blocks in 35% yield. The crystal’s CHN, 

IR and mass spectrometry data are consistent with that reported above for the S-enantiomer. 

X-ray diffraction studies revealed it’s unit cell is identical to that obtained for S-4.3.  
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Synthesis of [Cu(rac-mpm)Cl]n (4.4) 

Et3N (14 µl, 0.1 mmol) and CuCl2·2H2O (17 mg, 0.1 mmol) were added to a 

solution of rac-mpmH (12 mg, 0.1 mmol) in MeOH (15 mL). The resulting green solution 

was stirred for 20 min, filtered and transferred into several small vials for crystallization. 

Slow diffusion of diethyl ether afforded green needles of 4.4 in 23% yield. Elemental 

analysis (%) calcd for C7H8ClCuNO: C 38.02, H 3.65, N 6.33; found: C 38.15, H 3.52, N 

6.39. Selected IR data (ATR): v = 2977 (w), 2871 (w), 2226 (w), 2156 (w,br), 2032 (w), 

2851 (w), 2016 (w,br), 1607 (m), 1565 (w), 1475 (m), 1444 (m), 1357 (w), 1328 (w), 1208 

(m), 1212 (w), 1161 (m), 1125 (s), 1108 (s), 1081 (s), 1049 (m), 1019 (m), 919 (w), 854 

(w,br), 792 (w), 771 (s), 696 (m), 625 (w), 559 (m), 524 (m), 500 (m), 461 (w), 421 (m). 

Synthesis of [Fe8O8(rac-mpm)8Br8] (4.5) 

FeBr3 (18 mg, 0.4 mmol) was added to a solution of rac-mpmH (49 mg, 0.4 mmol) 

in MeCN (20 mL) and Et3N (28 µl, 0.2 mmol) and the resulting dark brown solution was 

stirred for 30 min. The solution was then filtered and dark brown needles of 4.5 were 

obtained in 30% yield within a week via slow evaporation of the solvent at room 

temperature. Elemental analysis (%) calcd for C56H64Br8Fe8N8O12: C 31.62, H 3.03, N 

5.27; found: C 31.68, H 3.08, N 5.20. Selected IR data (ATR): v = 2974 (w), 2932 (w,br), 

2736 (w,br), 2673 (m), 2489 (w), 1603 (w), 1474 (s), 1432 (s), 1397 (s), 1285 (w), 1169 

(m), 1100 (w), 1081 (w), 1034 (s), 918 (w), 849 (s), 803 (m), 759 (s), 691 (s), 640 (m), 559 

(s), 532 (m), 469 (m,br), 419 (m). 
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Synthesis of [Fe6O2Cl6(R- or S-mpm)] (4.6) 

FeCl3 (32 mg, 0.2 mmol) was added to a solution of R- or S-mpmH (25 mg, 0.2 

mmol) in MeCN (15 mL) and Et3N (28 µl, 0.2 mmol). The resulting dark brown solution 

was stirred for 30 min at room temperature after which time it was filtered.  Slow diffusion 

of Et2O into the resulting solution afforded 4.6 as dark brown needles in 28% yield after 

one month. Elemental analysis (%) calcd for C42H44Cl6Fe6N6O9: C 38.08, H 3.35, N 6.34; 

found: C 38.16, H 3.27, N 6.41. Selected IR data (ATR): v = 3069 (w,br), 2977 (w,br), 

2928 (w,br), 1477 (m), 1437 (s), 1370 (m), 1325 (w,br), 1283 (s), 1253 (m), 1219 (m), 

1158 (m), 1101 (s), 1081 (s), 1052 (s), 1018 (s), 917 (s), 857 (s), 822 (m,br), 794 (s), 700 

(s), 663 (s), 641 (s), 557 (s,br), 525 (s), 490 (s), 444 (s), 420 (s). Mass spectrometry (ESI): 

888 = [M-3mpm-2Cl]+. 

4.2.2 Physical Measurements  

IR Spectroscopy: IR spectra were measured in the solid state on a Bruker FT-IR 

spectrometer (ALPHA’s Platinum ATR single reflection) from 4000-400 cm-1. 

NMR Spectroscopy: 1H and 13C NMR spectra were recorded on a Bruker Avance DPX-

400 MHz instrument. 

Mass Spectrometry: All data were obtained on a Carlo Erba/Kratos GC/MS acquisition 

system and processed using a SPARC workstation. 

Circular Dichroism Spectroscopy: CD spectra were recorded in MeCN using a Jasco J-

600 spectrometer at room temperature and the data was processed, using J7STDANL 

software. 
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Optical Rotation Measurements: All measurements were carried out on a Rudolph 

Autopol IV Polarimeter in a quartz vessel (l = 100 mm) and with a D line sodium lamp 

(589 nm). The specific activity was calculated using the following equation: 

[𝛼]=) =
>

?(@A).B( $%&)
         Equation 4.1 

where [a] is the specific rotation in degrees, T is temperature in °C; λ is wavelength in nm, 

α is rotation degree value, and l is cell length in dm.    

Elemental Analysis: All CHN measurements were performed by Atlantic Microlab Inc.  

Magnetic Studies: Variable-temperature magnetic measurements were performed on a 

MPMS Quantum Design magnetometer in an applied field of 0.1 T, from 2 to 300 K. 

Pascals constants were used to estimate the diamagnetic correction, which was subtracted 

from the experimental susceptibility to give the molar paramagnetic susceptibility (χΜ). 

The magnetic data were fit to the appropriate spin Hamiltonian using the PHI software.2 

X-ray Crystallography: Single-crystal X-ray diffraction measurements were performed 

on a Bruker APEX-II, Kappa CCD X-ray diffractometer equipped with an Oxford Cryoflex 

device.3 Single crystals were mounted on a nylon loop in paratone oil. X-ray data were 

collected on 4.3 to 4.6 at 150(2) K with Mo Kα radiation (λ = 0.710 73 Å) using the Bruker 

APEX II software. SAINT was used for cell refinement and data-reduction. The structures 

of the complexes were solved by intrinsic phasing (SHELXT) and refined using SHELXL-

2014 in the Bruker SHELXTL suite.4 A summary of select crystallographic data for 4.3-

4.6 is presented in Table 4.1. 
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Table 4.1 Summary of select crystallographic data for complexes 4.3-4.6. 

 

4.3 Results and Discussion  

4.3.1 Synthesis and Magnetostructural Studies of a {Cu4} Cluster 

CuII dimers and tetramers have been broadly explored in the field of molecular 

magnetism as model systems to elucidate the nature of magnetic exchange interactions.5, 6 

For example, dinuclear hydroxo-bridged CuII complexes have served as good models to 

study magnetic exchange interactions, as well as accidental orthogonality in polymetallic 

clusters.7 From such studies it is now well established that the magnitude of magnetic-

exchange interactions is strongly dependent upon the size of their Cu-O-Cu bridging 

angles. In this respect, Hatfield and Hodgson demonstrated that there is a linear relationship 

between J and the bridging angle (𝛼), where J = −74.53𝛼 + 7270 cm-1.8 According to this 

formula, when a = 97.5°, both ferro- and antiferromagnetic interactions compensate for 

each other, resulting in J = 0. However, if  𝛼	 < 97.5°, then ferromagnetic interactions are 

observed and for angles  of a > 97.5°, antiferromagnetic interactions are dominant.8, 9 

Complex S-4.3 4.4 4.5 S-4.6

Formula 
M, g mol-1 
Crystal system 
Space group 
a/ Å
b/ Å
c/ Å
α/ º
β/ º
γ/ º
V, Å3 
Z
T / K
λ / Åa

μ / mm-1

Measd / independent (Rint) reflns 
Obsd reflns [I > 2σ(I)]
R1b,c
wR2d

GOF on F2
(Δρ)max,min / e Å-3 

C28H28Cl4Cu4N4O4
880.50 
Triclinic
P1
8.551 (1) 
9.1688 (10) 
11.0385 (13) 
89.250 (5)
69.415 (5) 
84.414 (5)
806.132 16) 
1
150
0.7749
2.98
25801 / 7151 
6623
0.038 
0.085
1.13
0.53, -0.55 

C7H8ClCuNO 
221.13 
Triclinic 
P1"
6.0896 (4) 
8.2249 (6) 
8.9646 (6) 
99.045 (3) 
109.864 (3) 
106.821 (3) 
387.59 (5) 
2
150
0.71073
3.09
11110 / 1919 
1629 
0.025
0.058
1.02
0.35, -0.45

C56H64Br8Fe8N8O12
2127.23
Triclinic
P1"
10.8523 (8) 
13.4374 (10) 
13.5223 (10) 
94.253 (3) 
91.193 (4) 
95.217 (3) 
1957.6 (3) 
1
150
0.71073 
5.58
42407 / 6848 
5603 
0.111 
0.259
1.23
3.33, -1.28

C42H44Cl6Fe6N6O9
1324.63 
Monoclinic 
P21
13.6394 (15)
15.3318 (19) 
16.5827 (19) 
90
97.474 (5)
90
3438.3 (7) 
2
150
0.71073
1.51
15223, 7901 
7169 
0.077 
0.207 
0.96 
1.20, −0.91

a R1 = Σ(||Fo| – |Fc||)/Σ|Fo|. b wR2 = [Σ[w(Fo2 - Fc2)2]/Σ[w(Fo2)2]]1/2, w = 1/[σ2(Fo2) + [(ap)2 +bp], where p = [max(Fo2, 0) + 2Fc2]/3.



 112 

Along similar lines, oxygen-bridged tetranuclear CuII complexes with cubane topologies 

have also been well studied, since small structural changes in these compounds can change 

the magnitude of their bridging angles that in turn can greatly effect their magnetic 

properties.10 Given our interest in studying whether chiral and racemic forms of mpmH 

afford complexes with the same structural topologies, we set out to explore the 

coordination chemistry of racemic and chiral forms of this ligand with CuII. R- and S-

mpmH were synthesized following a known route from 2-actetylpyridine, employing the 

Ru(II) catalysts, RuCl[(R,R)-TsDPEN](η6-arene) and RuCl[(S,S)-TsDPEN](η6-arene) 

respectively, where TsDPEN = N-(p-toluenesulfonyl)- 1,2-diphenyl ethylenediamine and 

arene = 1-methyl-4-(1-methylethyl)benzene), which are responsible for the asymmetric 

transfer hydrogenation of 2-acetylpyridine, with formic acid (HCOOH) as the hydrogen 

source.1 

                     

Scheme 4.1 Synthetic route for the preparation of S-mpmH. 

The 1H NMR spectra and optical rotation values recorded for R-and S-mpmH were 

in excellent agreement with the chemical literature.1 

Once the ligands were prepared and characterized, the general synthetic strategy 

followed for investigating their coordination chemistry with CuII is highlighted in Scheme 

4.2. 

N
O

CH3

HCOOH/Et3N/
28oC

N
CH3

OH

M′ linkage with nontrivial properties as a potential platform for
functionality.23 The CN−-bridged molecules adopt various
discrete topologies controlled by a range of blocking ligands.24

This includes trinuclear M2M′,25,26 tetranuclear M2M′2,27,28
octanuclear M4M′4,29,30 pentanuclear M3M′2,31 and pentadeca-
nuclear M9M′6 clusters.32−35 Among them, special attention is
paid to trigonal-bipyramidal (TBP) M3M′2 clusters, realized by
two axial polycyanidometallates forming bridges to three
equatorial metal centers of octahedral geometry with four
coordination sites blocked by chelating ligands.31 The TBP
clusters are usually obtained by the combination of
[MIII(CN)6]

3− (M = Cr, Fe, Co, Mo, Os) ions and complexes
of divalent 3d metal ions with diimine blocking ligands (e.g.,
tmphen = 3,4,7,8-tetramethyl-1,10-phenanthroline).31,36 The
few TBP molecules are built of tricyanidometallates,37,38 and
those of the octacyanidometallate family are represented only
by {[NiII(tmphen)2]3[M

V(CN)8]2} (M = Mo, W).39 The
cyanido-bridged TBP-based crystalline solids exhibit a number
of magnetic and optical functionalities, including both high-spin
molecules,40,41 single-molecule magnet (SMM) behavior,37,42

thermal-induced and photoinduced SCO and CTIST phenom-
ena,43−45 and linkage isomerism.31,36 Because of the relatively
stable molecular geometry and well-defined positions of the
metal centers, a TBP core was found to be an attractive
platform for the theoretical investigation of spin transitions and
cyanido-mediated magnetic coupling.31,46,47

In this context, of particular interest is the incorporation of
chirality into magnetic TBP clusters. The enantiopure character
originating from the Δ or Λ chiral configuration of equatorial
[MII(L)2(NC)2] units in M3M′2 clusters is preferred because of
the specific geometry of a cluster core and the steric effect on
organic ligands L, which creates a good starting point toward
the chiral structures and lattices. In fact, some of the reported
crystal structures contain chiral ΔΔΔ or ΛΛΛ clusters, but the
unit cell includes an equal number of each enantiomer,
resulting in a centrosymmetric space group.31 Only very rare
examples of the enantiomorphic space group due to the
spontaneous resolution connected with the steric hindrance on
blocking organic ligands were shown in the cyanido-bridged
TBP family,36,48,49 whereas no report on the optical activity was
presented. Moreover, TBP clusters create the dynamic
supramolecular networks of tunable properties upon the
reversible addition/removal of solvent. Dunbar et al. showed
a great sensitivity of the electronic spin state of
{[CoII/III(tmphen)2]3[Fe

II/III(CN)6]} clusters to the degree of
solvation.43 Depending on the presence of water or acetonitrile
in the intercluster space, Co3Fe2 molecules existed as different
electronic isomers, and only some of them reveal thermally
induced spin transition. Thus, the implementation of chirality
into the dynamic M3M′2 assemblies designates them to be
potentially used as rudimentary platforms for the overall
control of the magnetooptical states of magnetic sponges.
Accordingly, we have focused on the design and synthesis of

a dynamic chiral magnetic supramolecular network based on
TBP clusters. Exploiting our experience in the area of
octacyanidometallates,4 we used cobalt(II) complexes with
[WV(CN)8]

3− ions as the building blocks, ensuring the 3:2 ratio
between metal centers and TBP topology, along with an
appropriate blocking ligand,1 to induce chirality. We applied the
enantiopure bidentate (R)- or (S)-α-methyl-2-pyridinemetha-
nol (mpm), which was shown to be an efficient ligand to build a
chiral MnII[NbIV(CN)8]

4− coordination network.10 Here, we
present the synthesis, crystal structure, and optical and

magnetic property studies of a pair of enantiomorphic {[Λ-
CoII((R)-mpm)2]3[W

V(CN)8]2}·9H2O [(R)-1] and {[Δ-
CoII((S)-mpm)2]3[W

V(CN)8]2}·9H2O [(R)-1] materials built
of cyanido-bridged trigonal bipyramids, exhibiting natural
optical activity because of their chiral structure and
dehydration-driven tuning of the magnetic properties, inves-
tigated with support of ab initio calculations.

■ EXPERIMENTAL SECTION
Starting Materials. CoIICl2·6H2O and methanol used during the

synthesis were purchased from commercial sources (Sigma-Aldrich,
Idalia, CO) and used without further purification. Na3[W

V(CN)8]·
4H2O was prepared following a literature procedure.50 (R)-α-Methyl-
2-pyridinemethanol [(R)-mpm] and (S)-α-methyl-2-pyridinemethanol
[(S)-mpm] were synthesized by modification of the published
procedure (see below).51 The organic reagents 2-acetylopyridine,
formic acid, and triethylamine and the catalysts [RuCl(p-cymene)]-
[(R,R)-Ts-DPEN] [(R,R)-Ru-L] and [RuCl(p-cymene)][(S,S)-Ts-
DPEN] [(S,S)-Ru-L] (Scheme 1) were purchased from Sigma-Aldrich
and used without purification.

Synthesis. 1. Synthesis of (R)-α-Methyl-2-pyridinemethanol [(R)-
mpm] and (S)-α-Methyl-2-pyridinemethanol [(S)-mpm]. All reac-
tions were carried out under an argon atmosphere using standard
Schlenk techniques. All glassware was oven-dried for at least 1 h before
use. Commercially available catalyst (R,R)-Ru-L (0.062 mmol, 39.4
mg) was dissolved in 40 mL of a degassed formic acid/triethylamine
mixture (molar ratio F/T = 0.2) and vigorously stirred for 5 min at 40
°C under argon. A total of 3 g of 2-acetylpyridine (24.7 mmol, 2.72
mL) was added in one portion. The reaction was monitored by thin-
layer chromatography. After substrate consumption, the reaction
mixture was cooled to room temperature and diluted with water (10
mL). The water phase was extracted with CH2Cl2 (3 × 40 mL), dried
over Na2SO4, filtered, and concentrated. Dark-brown oil was purified
by bulb-to-bulb distillation to give pure R-mpm (1.68 g, 55%).
Enantiomeric excess (ee) of R-mpm was determined by high-
performance liquid chromatography (Daicel Chiralcel OD column,
4.6 mm i.d. × 250 mm; eluent = 6:94 isopropyl alcohol/hexane; T =
21 °C; flow rate = 1.0 mL; λ = 254 nm; tr = 12.74 (R isomer) and
13.35 (S isomer); 98% ee R. [α]26D = +26.1 (0.950, CHCl3).

1H NMR
(300 MHz, CDCl3): δ 8.47 (ddd, J = 4.9, 1.8, and 1.0 Hz, 1H), 7.66
(td, J = 7.7 and 1.8 Hz, 1H), 7.34 (dd, J = 7.7 and 1.0 Hz, 1H), 7.15
(ddd, J = 7.7, 4.9, and 1.0 Hz, 1H), 4.91 (s, 1H, OH), 4.89 (q, J = 6.5
Hz, 1H), 1.49 (d, J = 6.5 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ
163.6, 148.0, 136.8, 122.1, 119.7, 69.2, 24.1. EI MS: 122.25 (18%),
108.24 (100%), 106.25 (43%), 79.12 (40%). For the enantiomeric
catalyst (S,S)-Ru-L, an analogous procedure was used. (S)-mpm was
isolated with 61% yield and 99% ee. [α]27D = −26.6° (c = 0.975,
CHCl3). Scheme 1 presents the applied procedure for the syntheses of
(R)- and (S)-mpm.

2. Synthesis of (R)- and (S)-1. Aqueous solutions of 38.4 mg of
Na3[W(CN)8]·4H2O (6 mL), 25.6 mg of CoCl2·6H2O (3 mL), and 75

Scheme 1. Applied Synthetic Procedure toward Chiral
Organic Ligands, (R)- and (S)-mpm, Used in the
Construction of (R)- and (S)-1

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b00470
Inorg. Chem. 2015, 54, 5784−5794

5785
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Scheme 4.2 General reaction scheme followed for the synthesis of CuII complexes from 

chiral and racemic forms of 4.3, where X¬ = NO3-, Cl-, ClO4- and OAc-, base = Me3N, and 

Et3N, and solvent = acetone, MeCN, MeOH, and MeCN/MeOH (2:1). 

As mentioned in the previous chapters, many hundreds of trial reactions were 

carried out, which involved systematically varying the metal salt, base and solvent, as well 

as the molar ratio of the reagents to establish suitable conditions for the growth of single 

crystals. The results for the copper chloride salt are summarized in Table 4.2 and were 

repeated with Cu(NO3)2, Cu(OAc)2, and Cu(ClO4)2 salts. Among these trial experiments, 

reaction of CuCl2·2H2O with two equivalents of S-mpmH in the presence of one equivalent 

of NEt3 in MeCN afforded green blocks suitable for X-ray diffraction studies, Scheme 4.3. 

The molecular structure of the resulting S-complex was determined to be a Cu4 tetramer 

with the formula [Cu4(mpm)4Cl4] (4.3).  

         

Scheme 4.3 Synthetic strategy for the preparation of R/S-[Cu4(mpm)4Cl4] 4.3. 

Table 4.2 A summary of trial reactions carried out with CuCl2. 

 

The complex crystallizes in the chiral triclinic space group P1 and has a dicubane-

type topology with missing vertices (Figure 4.1a). The charge neutrality of the complex is 

satisfied by four chloride ions and four chelating mpm- ligands. Four crystallographically 

CuX2 + mpmH + Base Solvent ?

CuCl2.H2O + 2 R/S-mpmH + Et3N
MeCN

R/S-[Cu4(mpm)4Cl4]

Solvent MeCN (15ml) MeOH (15ml) MeCN/MeOH (15ml) THF (15ml) Acetone (15ml)

Reagents/
Conditions Cu L B R1-4 Cu L B R1-4 Cu L B R1-4 Cu L B R1-4 Cu L B R1-4

CuCl2

1 1 1 ❌ 1 1 1 ❌ 1 1 1 ❌ 1 1 1 ❌ 1 1 1 ❌

1 2 1 ✅ 1 2 1 ❌ 1 2 1 ❌ 1 2 1 ❌ 1 2 1 ❌

1 2 2 ❌ 1 2 2 ❌ 1 2 2 ❌ 1 2 2 ❌ 1 2 2 ❌

2 2 1 ❌ 2 2 1 ❌ 2 2 1 ❌ 2 2 1 ❌ 2 2 1 ❌

2 1 2 ❌ 2 1 2 ❌ 2 1 2 ❌ 2 1 2 ❌ 2 1 2 ❌
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independent CuII ions are connected via two µ2 and two µ3 alkoxo groups from the four 

mpm- ligands, as well as a µ2 bridging chloride ligand which connects the base of the Cu1 

to the apex edge of the Cu3 ion.  The Cu1, Cu3, and Cu4 ions all have distorted square 

pyramidal geometries with t5 parameters of 0.235, 0.183 and 0.335, respectively. In 

contrast, the Cu2 ion has a distorted square planar geometry with t4 and t4' parameters of 

0.163 and 0.107. The bond distances to the CuII ions in the complex are summarized in 

Table 4.3.  

 
 
 
 

Table 4.3 Summary of Cu-L bond distances in S-[Cu4(mpm)4Cl4] (S-4.3). 

Bond Length (Å) Bond Length (Å) 

Cu1- O1 1.926(5) Cu3-O3 1.943(5) 

Cu1-O2 1.972(5) Cu3-O4 1.968(5) 

Cu1- O4 2.425(4) Cu3-N3 1.982(5) 

Cu1-Cl1 2.232(2) Cu3-Cl3 2.217(2) 

Cu1-N1 1.978(6) Cu4-O2 2.620(5) 

Cu2-O1 1.917(4) Cu4-O3 1.914(5) 

Cu2-O2 1.954(5) Cu4-O4 1.966(5) 

Cu2-N2 1.980(5) Cu4-N4 1.984(5) 

Cu2-Cl2 2.209(2) Cu4-Cl4 2.218(2) 

The longer Cu1-O4 and Cu4-O2 bonds are to the axially ligated oxygen atoms. The 

Cu-O-Cu bridging angles range from 94.0(2)°-103.5(2)° which should facilitate strong 

antiferromagnetic exchange interactions between neighboring CuII centers. The Cu-Cl-Cu 

angle is 81.11(5)°. With respect to halo bridged CuII complexes, there is literature 

precedence to suggest that for square pyramidal CuII ions that share a base-to-apex edge, 
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the coupling constants tend to be small i.e. with J values ±10 cm-1.11 The Cu-Cu distances 

within the cluster range from 3.018(1) to 3.389(1) Å. 

 

Figure 4.1 (a) Molecular structure of S-4.3. (b) Coordination geometries of the four 

crystallographically independent CuII ions. Color scheme: CuII orange, O red, N purple, Cl 

green, C dark gray, H light gray. 

Both R- and S-enantiomers of [Cu4(mpm)4Cl4] were prepared and their 

enantiopurity was confirmed by circular dichroism (CD) spectroscopy. As expected, the 

two enantiomers show opposite Cotton effects (Figure 4.2). In order to confirm that both 

enantiomers in the solid state are isostructural we collected a unit cell data from single 

crystals of the R-enantiomer which as expected was identical to that collected for the S-

complex.  

a) b)
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Figure 4.2 CD spectra of R- and S-enantiomers of [Cu4(mpm)4Cl4] 4.3 in MeCN. 

In order to study the magnetic properties of 4.3, variable temperature dc 

susceptibility measurements were carried out by Parisa Abbasi in collaboration with Dr. 

Fereidoon Razavi at Brock University on a freshly prepared polycrystalline sample of S-

4.3 from 1.7 to 330 K in a field of 1000 Gauss. A plot of cMT vs T reveals that the cMT 

product decreases rapidly as the sample is cooled, which is consistent with 

antiferromagnetic interactions between the CuII ions, consistent with their Cu-X-Cu bond 

angles (Figure 4.3a). The decrease in cMT continues until it reaches a value of zero, where 

all the spins cancel at 100 K. The Curie-Weiss plot (Figure 4.3c) affords a negative Weiss 

constant q of -9.4 K, further confirming the presence of antiferromagnetic exchange 

interactions. The low-temperature upturn in the plot of cM vs T is attributed to a Curie-tail 

arising from a small number of S = ½ defects within the crystal lattice. The experimental 

dc data was therefore fit considering 0.4 % S = ½ spins, which were subsequently fixed 

during the fit of the high-temperature data (Figure 4.3b). 
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Figure 4.3 a)  χMT vs T plot for S-4.3 revealing the presence of strong antiferromagnetic 

interactions leading to a complete cancellation of spins below 100 K; b) cM vs T plot for S-

4.3; c) Curie-Weiss plot for S-4.3 showing Curie-behaviour below 70 K. Curie constant, C 

= 2 x 10-3 emu K/mol, and a Weiss Constant θ = -9.4 K. In all three plots the red line 

represents the best fit to a 3J model. 

The dc magnetic data for S-4.3 were fit using the PHI program, employing the 

Hamiltonian given in Equation 4.2.12 Here, by carefully considering the molecular structure 

of the complex, a 3J model (J1, J2, and J3) was found to be the most suitable since it 

accounts for the three crystallographically different Cu-O-Cu and Cu-Cl-Cu bridges within 

the molecule (Figure 4.4). 

𝐻" = −2𝐽%d𝑆%" 𝑆#" + 𝑆-" 𝑆3" e − 2𝐽#d𝑆%" 𝑆-" e − 2𝐽-(𝑆%" 𝑆3" )    Equation 4.2 

                       

Figure 4.4 Molecular structure of the magnetic core of S-4.3 showing the three magnetic 

exchange interactions (J1 to J3) used to construct the Hamiltonian given by Equation 4.2. 
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As shown by the red line in all three plots of the dc data presented in Figure 4.3, a 

very good fit of the experimental dc data was achieved affording  J1, J2, and J3 values of -

358 cm-1, -298 cm-1 and -277 cm-1 respectively. The sign and magnitude of the J values 

confirm the presence of strong antiferromagnetic interactions between the CuII centers in 

the tetramer. These magnetic interactions most likely occur via a superexchange 

mechanism, where the unpaired electron in the dx2-y2 orbital of the CuII ions overlaps with 

the 2p orbitals of the O bridges (Figure 4.5). Clearly, the efficiency of the superexchange 

pathway is what determines the strength of the magnetic interactions and not the metal-

metal distance in this complex. 

                                

Figure 4.5 Dominant superexchange mechanism in the Cu4 cluster where the covalent 

interaction through the O 2p orbitals stabilizes antiferromagnetic coupling.  

4.3.2 Synthesis, and Magnetostructural Studies of a 1-D CuII Chain 

Interestingly, with rac-mpmH, when the reaction conditions were further modified 

by increasing the amount of base to two equivalents and switching the solvent from 

acetonitrile to methanol, single crystals of a second coordination complex were obtained, 

Scheme 4.4. 

                      

Scheme 4.4 Synthetic strategy for the preparation of [Cu(mpm)Cl]n (4.4). 

CuCl2.H2O + 2 rac-mpmH + 2 Et3N
MeOH

[Cu(mpm)Cl]n
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The molecular structure of this complex was elucidated by X-ray diffraction to be 

a 1-D alternating chain with formula [Cu(mpm)Cl]n that crystallizes in the triclinic space 

group P1f (Figure 4.6).  

 

Figure 4.6 Molecular structure of [Cu(mpm)Cl]n (4.4); a) contents of the asymmetric unit 

with appropriate atomic labelling scheme; b) view of the 1-D chain topology. Color code: 

CuII orange, O red, Cl green, N purple, C gray, H light gray. 

In this chain, each CuII ion is coordinated by two µ2 alkoxo groups from two 

different mpm- ligands and two µ2 chloride ions in a distorted square pyramidal geometry 

with a t5 value of 0.255.  The intrachain Cu-Cu distances are 3.0349(5) Å. The Cu-L bond 

lengths in the chain are summarized in Table 4.4. The Cu-O-Cu and Cu-Cl-Cu bridging 

angles are 104.35(8)° and 92.54(2)° respectively. 

Table 4.4 Summary of selected Cu-L bond lengths for 4.4. 

Bond Length (Å) 

Cu1-O11 1.923(2) 

Cu1-O11¢ 1.920(2) 

Cu1-N11 1.991(2) 

Cu1-Cl1 2.8982(5) 

Cu1-Cl¢ 2.2424(7) 
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Magnetic susceptibility measurements were carried out by Parisa Abbasi in 

collaboration with Dr. Fereidoon Razavi at Brock University on a freshly prepared 

polycrystalline sample of 4.4 from 2 to 300 K in an applied field of 0.1 T. A diamagnetic 

correction was applied for the sample diamagnetism to provide a best fit of the residual 

paramagnetism in the low temperature regime to Curie-Weiss behavior (cd = 3 x 10-5 

emu/mol). The plot of cmT vs T gives a room temperature cmT value of 0.100 emu‧K‧mol-

1, substantially less than the 0.375 emu‧K‧mol-1 expected for an S = ½ paramagnet as g = 

2. This value decreases steadily forming a plateau below 130 K, before decreasing to 0.032 

emu‧K‧mol-1 at the base temperature of 2 K (Figure 4.7). A fit of the low temperature 

regime to Curie-Weiss behavior gave an excellent fit (R2 = 0.9999) with C = 0.0492 

emu‧K‧mol-1 and q = -1.48 K, consistent with a residual 13% of uncompensated spins 

(Figure 4.7). The residual component, after subtraction of the S = ½ defect from the 

experimental paramagnetism was attributed to the chain behavior. A plot of cM vs T reveals 

that the broad maximum in c expected for low dimensional chain behavior would be 

observed substantially above 300 K, indicative of strong antiferromagnetic exchange 

coupling. Hatfield’s model for the alternating antiferromagnetic chain only replicates the 

temperature dependence of the susceptibility accurately above and in the vicinity of the 

maximum in c and so is unreliable in this instance for modelling the temperature 

dependence of 4.4. 
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Figure 4.7 (left) Temperature dependence of cMT for 4.4 in the region 2 – 300 K. The 

dotted line represents the fit to Curie-Weiss behavior; (right) Curie-Weiss behavior of 4.4 

in the low temperature regime (C = 0.049 emu‧K‧mol-1, q = -1.48 K). 

4.3.3 Synthesis, and Magnetostructural Studies of an {Fe8} Cluster 

In recent years, polynuclear oxo-, hydroxo- and alkoxo-bridged FeIII complexes 

have been synthesized and studied as models for biological systems such as the assembly 

of the iron storage protein Ferritin.13-15 They also have shown potential applications as 

magnetic clusters in the field of SMMs, as well as in the field of MRI contrast agents.16 

Although FeIII has a d5 electronic configuration in its high-spin state, the magnetic 

interactions between oxo-bridged FeIII ions are typically antiferromagnetic. Nevertheless, 

these compounds have afforded polymetallic clusters with large spin ground states, where 

SMM behavior is typically observed in structural topologies that contain trinuclear subunits 

due to spin frustration. The first FeIII based SMM reported by Wieghardt et al. in 1984 was 

a [FeIII8O2(OH)12(tacn)6]Br8·9H2O (4.8) (tacn = 1,4,7-triazacyclononane) complex.15 Its 

relatively large  S =  10 spin ground state is attributed to spin frustration in the four Fe3 

subunits of its structure. Since this discovery, a significant amount of research has been 

carried out towards developing novel FeIII SMMs with interesting magnetic properties, as 
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well as elucidating the nature of the magnetic exchange interactions in such systems.17-19 

Following along these lines, in order to discover new synthetic methods to {Fen} clusters 

we have explored the FeIII cluster chemistry of our pyridyl alkoxide ligand. The general 

strategy employed is shown in Scheme 4.5. Trial reactions carried out with FeBr3 are 

summarized in Table 4.5 and were repeated with Fe(NO3)3, FeCl3, Fe(ClO4)3 and Fe(OAc)3 

salts. Reaction of two equivalents of rac-mpmH with one equivalent of FeBr3 in the 

presence of 2 equivalents of Et3N in MeCN afforded a new FeIII cluster 4.5. Suitable single 

crystals for X-ray diffraction studies were obtained from the vapor diffusion of Et2O into 

an acetonitrile solution of the desired compound. 

                    

Scheme 4.5 General strategy followed for the synthesis of the {Fe8} cluster 4.5, where X¬ 

= NO3-, ClO4-, Cl-, Br- and OAc-, base = Me3N, and Et3N, and solvent = acetone, MeCN, 

MeOH, and MeCN/MeOH (2:1). 

Table 4.5 A summary of trial reactions carried out with FeBr3. 

 

Structural elucidation of the complex reveals that it is an {Fe8} cluster that 

crystallizes in the triclinic space group P1f	with formula [Fe8O8(rac-mpm)8Br8] (4.5). Half 

of the molecule is crystallographically unique, with the other half generated by a 

crystallographic inversion centre. The complex comprises of a core of six FeIII ions 

arranged in a chair conformation that are linked on either end to two additional Fe1 centers 

via µ2-O2- bridges from the Fe2 sites (Figure 4.8). 

Fe(Br)3+ 2 rac-mpmH + 2 Et3N
Solvent

?

Solvent MeCN (15ml) MeOH (15ml) MeCN/MeOH (15ml) THF (15ml) Acetone (15ml)

Reagents/
Conditions Fe L B R1-4 Fe L B R1-4 Fe L B R1-4 Fe L B R1-4 Fe L B R1-4

FeBr3

1 1 1 ❌ 1 1 1 ❌ 1 1 1 ❌ 1 1 1 ❌ 1 1 1 ❌

1 2 1 ✅ 1 2 1 ❌ 1 2 1 ❌ 1 2 1 ❌ 1 2 1 ❌

1 2 2 ❌ 1 2 2 ❌ 1 2 2 ❌ 1 2 2 ❌ 1 2 2 ❌

2 2 1 ❌ 2 2 1 ❌ 2 2 1 ❌ 2 2 1 ❌ 2 2 1 ❌

2 1 2 ❌ 2 1 2 ❌ 2 1 2 ❌ 2 1 2 ❌ 2 1 2 ❌
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Figure 4.8 (left) Molecular structure of 4.5 with appropriate labelling scheme, highlighting 

the coordination geometry of the four crystallographically unique FeIII ions. H-atoms are 

omitted for clarity; (right) molecular structure of the core of 4.5, highlighting the chair 

conformation of the Fe6 unit. Color code: FeIII orange, O red, N purple, Br pale yellow C 

gray, H light gray. 

The Fe6 core of the cluster comprises of two triangular [Fe3(µ3-O2-)] units connected 

at two of the apices via bridging mpm- alkoxo groups (O3 and O4). The µ3 oxide is 

essentially planar within the triangular unit and has a Y shaped geometry, where the largest 

< Fe-O3-Fe = 158.3(5)°. The two sides of the triangular unit have very similar distances 

(Fe2‧‧‧Fe3 and Fe2‧‧‧Fe4 are 3.045(3) and 3.037(3) Å respectively) and are bridged by an 

mpm- alkoxo group that is chelated to the Fe3 center. The peripheral Fe1 ions have 

tetrahedral geometry and are coordinated to three bromide and one µ2-oxide (Figure 4.8 

left). In the cluster core, Fe2 is five-coordinate, ligated by a µ2- and a µ3-oxide, two mpm- 

alkoxo groups and a bromide. The t5 parameter is 0.545, revealing the coordination 

geometry is intermediate between square pyramidal and trigonal bipyramidal (Figure 4.8 

right). Fe3, and Fe4 are six-coordinate with distorted octahedral geometries.  Selected 

interatomic distances and angles for 4.5 are presented in Table 5.3 of the Appendix section 

of the thesis. All eight FeIII centers are in the +3 oxidation state, consistent with both charge 
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balance considerations and BVS calculations. This is not the first time a cluster with an Fe6 

core has been reported in cluster chemistry. To the best of our knowledge, there are three 

other Fe6 clusters with chair-like topologies reported in the chemical literature, 

[Fe6O2(hmp)10(H2O2)](NO3)4, (4.7) [Fe6O2Cl4(hmp)8](ClO4) (4.8) and 

[Fe6O2(NO3)4(hmp)8(H2O)2](NO3)2 (4.9).20,21 Although their Fe6 cores are structurally 

quite similar to 4.5, their coordination geometries and the ligation of their FeIII atoms are 

notebly different. For example, the Fe6 cluster 4.9 reported by Christou et al. in 2008 is 

comprised of six octahedral FeIII centers (Figure 4.9). These structural differences will in 

turn result in marked differences in the magnetic properties of the Fe6 systems. 

                         

Figure 4.9 Molecular structure of 4.9. Color code: FeIII yellow, O red, N blue, and C gray.  

Reproduced with permission from reference 21. 

Variable temperature dc magnetic measurements were collected by Dr. Mark 

Turnbull at Clarke University on a freshly prepared microcrystalline sample of 4.5 in an 

applied field of 0.1 T, between 1.8 and 310 K (Figure 4.10). The room temperature value 

of cmT (5.80 emu‧K‧mol-1, Figure 4.10) is much lower than that expected for eight non-
described as a central Fe4 rectangle (Fe1, Fe1′, Fe2, Fe2′)
with two additional Fe atoms (Fe3 and Fe3′) at two opposite
ends and 1.544(2) Å above and below the central Fe4 plane
(Figure 2). However, a better description of the structure is
as two triangular [Fe3(µ3-O2-)] units joined together at two
of their apexes; each connection, between Fe1/Fe2′ and Fe1′/
Fe2, consists of two bridging hmp- alkoxo groups. Each
[Fe3(µ3-O2-)] triangular unit is essentially isosceles (Fe1 · · ·Fe3
) 3.127(5) Å, Fe2 · · ·Fe3 ) 3.095(3) Å, Fe1 · · ·Fe2 )
3.648(3) Å) and essentially planar (the oxide is only 0.004
Å from the Fe3 plane), and the µ3-oxide has Y-shaped
geometry with the largest angle Fe1-O3-Fe2 being 149.1(1)°.
The two equivalent sides of each isosceles triangle are
bridged by an alkoxide O atom of a hmp- group that chelates
to a basal Fe atom. The ligation is completed by two
monodentate NO3

- groups on each apical Fe atom Fe3 and
Fe3′, each of the latter also possessing a terminal H2O ligand.
All the Fe atoms are six-coordinate with distorted octahedral
geometries. The distortions at the four central Fe atoms are
particularly pronounced, with angles at cis and trans ligands
ranging from 72.6(8) to 114.9(8)° and 147.5(8) to 173.3(8)°,
respectively. The NO3

- counterions are hydrogen bonded
to the terminal water groups on Fe3 and Fe3′ (O6 · · ·O15 )
2.689(2) Å, O6 · · ·O14 ) 2.672(2) Å) and serve to bridge
separate Fe6 molecules in the crystal.

There are several structural types of FeIII
6 clusters already

in the literature, differing in the Fe6 topology. These have
been conveniently referred to as (a) planar,34 (b) twisted-
boat,35 (c) chairlike,6a,36 (d) parallel triangles,37 (e) octahe-
dral,38 (f) fused or extended butterflies,39 (g) cyclic,40 and

(h) linked triangles.41 As can be anticipated, these
different Fe6 topologies have led to a variety of ground-state
spin S values among these complexes, spanning S ) 0, 1, 3,
and 5. There are two other FeIII

6 complexes possessing a
chairlike conformation, [Fe6O2Cl4(hmp)8](ClO4)2

36 and

Figure 1. (Top) Labeled PovRay representation of the structure of 1 , with
the hydrogen atoms omitted for clarity. (Bottom) A stereopair.

Table 2. Selected Interatomic Distances (Å) and Angles (deg) for
1 ·6MeCN, 2 ·2MeOH, and 3 ·7MeOHa

1 ·6MeCN

Fe(1) · · ·Fe(2) 3.648(3) Fe(2) · · ·Fe(3) 3.095(3)
Fe(1) · · ·Fe(3) 3.127(5) Fe(1) · · ·Fe(2′) 3.190(6)
Fe(1)-O(1) 1.890(2) Fe(2)-O(5) 1.996(2)
Fe(1)-O(2) 1.997(2) Fe(2)-N(3) 2.151(2)
Fe(1)-O(3) 2.010(2) Fe(2)-N(4) 2.159(2)
Fe(1)-O(4′) 1.999(2) Fe(3)-O(1) 2.018(2)
Fe(1)-N(1) 2.194(2) Fe(3)-O(2) 1.996(2)
Fe(1)-N(2) 2.180(2) Fe(3)-O(5) 1.992(2)
Fe(2)-O(1) 1.894(2) Fe(3)-O(6) 2.034(2)
Fe(2)-O(3′) 1.975(2) Fe(3)-O(7) 2.044(4)
Fe(2)-O(4) 2.005(2) Fe(3)-O(10) 2.107(5)
Fe(1)-O(1)-Fe(2) 149.1(1) Fe(1)-O(3)-Fe(2′) 106.4(8)
Fe(1)-O(1)-Fe(3) 106.2(9) Fe(1)-O(4′)-Fe(2′) 105.7(8)
Fe(2)-O(1)-Fe(3) 104.5(8) Fe(2)-O(5)-Fe(3) 101.8(8)
Fe(1)-O(2)-Fe(3) 103.1(8)

2 ·2MeOH
Fe(1) · · ·Fe(1′) 3.165(1) Fe(2) · · ·Fe(2′) 8.709(3)
Fe(1) · · ·Fe(2) 3.170(1) Fe(2)-O(1) 2.058(2)
Fe(1)-O(1) 1.954(2) Fe(2)-O(3) 2.072(2)
Fe(1)-O(2) 1.997(2) Fe(2)-N(3) 2.191(3)
Fe(1)-O(2′) 1.988(2) Fe(2)-N(4) 2.012(3)
Fe(1)-O(3) 1.989(2) Fe(2)-N(7) 1.988(3)
Fe(1)-N(1) 2.139(3) Fe(2)-N(10) 2.016(3)
Fe(1)-N(2) 2.135(3) Fe(1)-O(1)-Fe(2) 104.3(1)
Fe(1)-O(2)-Fe(1′) 105.2(1) Fe(1)-O(3)-Fe(2) 102.6(9)

3 ·7MeOH
Fe(1)-O(1) 2.090(4) Fe(5)-O(7) 2.034(4)
Fe(1)-O(2) 2.177(4) Fe(5)-O(12) 2.078(4)
Fe(1)-O(3) 2.072(4) Fe(5)-O(13) 2.145(5)
Fe(1)-O(9) 2.177(4) Fe(5)-O(14) 2.074(5)
Fe(1)-O(21) 2.009(4) Fe(5)-O(15) 1.973(4)
Fe(1)-O(22) 1.978(4) Fe(5)-O(16) 2.160(5)
Fe(1)-N(1) 2.220(5) Fe(5)-N(6) 2.240(5)
Fe(2)-O(3) 2.010(4) Fe(6)-O(15) 1.920(4)
Fe(2)-O(4) 2.147(5) Fe(6)-O(16) 2.006(4)
Fe(2)-O(5) 2.005(4) Fe(6)-O(17) 2.000(4)
Fe(2)-O(6) 2.020(4) Fe(6)-O(18) 1.998(4)
Fe(2)-O(22) 1.865(4) Fe(6)-O(19) 2.096(4)
Fe(2)-N(2) 2.106(6) Fe(6)-N(7) 2.051(6)
Fe(3)-O(6) 2.059(4) Fe(7)-O(5) 2.011(4)
Fe(3)-O(7) 2.072(4) Fe(7)-O(17) 2.033(4)
Fe(3)-O(8) 2.068(4) Fe(7)-O(19) 1.958(4)
Fe(3)-O(10) 1.992(4) Fe(7)-O(20) 2.053(4)
Fe(3)-O(19) 1.952(4) Fe(7)-O(21) 2.088(4)
Fe(3)-N(3) 2.084(5) Fe(7)-N(8) 2.060(5)
Fe(4)-O(10) 2.026(4) Fe(8)-O(8) 2.003(4)
Fe(4)-O(11) 2.157(4) Fe(8)-O(9) 2.015(4)
Fe(4)-O(12) 1.993(4) Fe(8)-O(18) 1.948(4)
Fe(4)-O(15) 1.856(4) Fe(8)-O(19) 2.089(4)
Fe(4)-O(20) 2.005(4) Fe(8)-O(22) 1.915(4)
Fe(4)-N(5) 2.109(5) Fe(8)-N(4) 2.080(5)
Fe(1)-O(3)-Fe(2) 100.3(2) Fe(3)-O(19)-Fe(8) 99.7(2)
Fe(1)-O(9)-Fe(8) 95.3(2) Fe(4)-O(12)-Fe(5) 100.4(2)
Fe(1)-O(21)-Fe(7) 126.3(2) Fe(4)-O(15)-Fe(5) 109.5(2)
Fe(1)-O(22)-Fe(2) 109.2(2) Fe(4)-O(15)-Fe(6) 139.4(2)
Fe(1)-O(22)-Fe(8) 105.6(2) Fe(4)-O(20)-Fe(7) 118.3(2)
Fe(2)-O(5)-Fe(7) 117.1(2) Fe(5)-O(15)-Fe(6) 105.3(2)
Fe(2)-O(6)-Fe(3) 118.1(2) Fe(5)-O(16)-Fe(6) 95.9(2)
Fe(2)-O(22)-Fe(8) 138.1(2) Fe(6)-O(17)-Fe(7) 99.3(2)
Fe(3)-O(7)-Fe(5) 125.2(2) Fe(6)-O(18)-Fe(8) 106.4(2)
Fe(3)-O(8)-Fe(8) 98.8(2) Fe(6)-O(19)-Fe(7) 98.5(2)
Fe(3)-O(10)-Fe(4) 117.0(2) Fe(6)-O(19)-Fe(8) 98.1(2)
Fe(3)-O(19)-Fe(6) 112.5(2)

a Primed and unprimed atoms are related by the inversion center.

Taguchi et al.

4100 Inorganic Chemistry, Vol. 47, No. 10, 2008
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interacting FeIII ions (35.0 emu.K.mol-1 with g = 2.0), consistent with very strong 

antiferromagnetic coupling. The value of cmT decreases monotonically to around 20 K 

where it forms a plateau around 0.27 emu‧K‧mol-1, corresponding to ca. 7% of the value 

expected for an isolated S = 5/2 paramagnet. The very strong exchange coupling precludes 

extrapolation of meaningful values for C and q in the region up to 300 K. 

 

Figure 4.10 The temperature dependence of a) cMT;(centre) cM and; b) 1/cM for 4.5. 

Dotted red lines correspond to the best fit to the spin Hamiltonian (Equation 4.6) with J1 

fixed at -100 cm-1. 

Complex 4.5 exhibits four crystallographically unique FeIII centers which as 

previously mentioned are related via a crystallographic inversion center (Figure 4.11, left). 

An analysis of the exchange couplings based on Christou’s magneto-structural correlation  

for exchange coupling between FeIII centers via O atom bridges21 (Equation 4.3) was 

performed, and the results reveal strong similarities in the exchange couplings between 

Fe2/Fe3 and Fe2/Fe4 (Table 4.6). Within this equation for each Fe‧‧‧Fe pair, r corresponds 

to the average Fe−O distance and f is the Fe-O-Fe angle. The calculated J value is given 

in cm-1.21  

𝐽 = (1.23 ×	10C)(−0.12 + 1.57𝑐𝑜𝑠	∅ + 𝑐𝑜𝑠#∅)exp	(−8.99𝑟)                   Equation 4.3 
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Figure 4.11 (left) The core structure of 4.5 highlighting the four crystallographically 

independent FeIII centers, their coordination geometries and 1-atom bridges; (right) a 

schematic of the eight FeIII centers and the four magnetic exchange pathways.   

Based on this analysis the spin Hamiltonian approximates to: 

𝐻" = −2𝐽''𝑆'" 𝑆(" + 𝑆)" 𝑆*" * − 2𝐽('𝑆(" 𝑆+" + 𝑆(" 𝑆," + 𝑆-" 𝑆)" + 𝑆." 𝑆)" * − 2𝐽+'𝑆+" 𝑆-" + 𝑆," 𝑆." * − 2𝐽-(𝑆+" 𝑆," + 𝑆-" 𝑆." )                                                                                            

Equation 4.4 

Table 4.6 Estimated exchange couplings in 4.5 based on the magnetostructural correlation 

(Equation 4.3). 

Exchange pathway Fe1/Fe2 Fe2/Fe3 Fe3/Fe4’ Fe3/Fe4 

J/cm-1 -100.2 -7.8 -30.5 -7.5 

Exchange pathway  Fe2/Fe4’   

J/cm-1  -8.1   

Average -100.2 -7.95 -30.5 -7.5 

Unfortunately, this system was too large to model within PHI and the initial spin 

Hamiltonian reviewed (see equation 4.4), based on the strength of the estimated exchange 

couplings based on Christou’s magneto-structural correlation. Of the exchange couplings, 

J1 is by far the strongest exchange coupling and antiferromagnetic. Since J2 is weak and 

only likely important at low temperatures (at which point the Fe1/Fe2 and Fe7/Fe8 dimers 

will almost exclusively populate the S = 0 ground state), J2 was neglected. The model then 

becomes a combination of a tetranuclear core and two strongly antiferromagnetically 

coupled dimers (Equation 4.5). 
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𝐻" = −2𝐽%d𝑆%" 𝑆#" + 𝑆D" 𝑆E" e − 2𝐽-d𝑆-" 𝑆3" + 𝑆;" 𝑆F" e − 2𝐽3(𝑆-" 𝑆;" + 𝑆3" 𝑆F" )               Equation 4.5 

The raw cMT data for Fe8 was treated by subtracting the computed cMT data for 

two S = 5/2 dimers based on the estimated exchange coupling from Christou’s magneto-

structural correlation (J = -100 cm-1, g = 2.0), recognizing that errors in this value may lead 

to some error in the high temperature region. The residual susceptibility of the rectangular 

core was then modelled within PHI using Equation 4.6, considering a fixed 7% S = 5/2 

impurity (< 1% S = 5/2 impurity per Fe) to model the plateau in cMT at low temperature.  

𝐻" = −2𝐽-d𝑆-" 𝑆3" + 𝑆;" 𝑆F" e − 2𝐽3(𝑆-" 𝑆;" + 𝑆3" 𝑆F" )                                               Equation 4.6 

Although it is not possible to uniquely assign J3 and J4 when modelling a 

rectangular exchange model, the two refined parameters [J3 = -17.4(3), J4 = -39.1(3) cm-1 

] qualitatively match those estimated from the molecular geometry (-7.5 and -30.5 cm-1), 

providing good agreement to the experimental data (R = 0.060), though it should be noted 

that there was a strong correlation (0.90) between the two exchange couplings and similar 

fits could be generated using equivalent exchange couplings. The temperature dependence 

of cMT, cM and 1/cM are presented with the curve fit J1 = -100 cm-1, J3 = -17.4(3) and J4 = 

-39.1(3) cm-1 in Figure 4.10 (dashed red line). 

As previously mentioned, although the core of this cluster has a very similar 

structural topology to that reported for Christou’s Fe6 system 4.9, its magnetic properties 

are considerably different. In our case, dominant antiferromagnetic interactions give rise 

to an S = 0 spin ground state, versus an S=3 ground state and SMM properties reported for 

4.9. 
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4.3.4 Synthesis and Magnetostructural Studies of an {Fe6} Cluster 

Isolation of the {Fe8} cluster, encouraged us to also explore the cluster chemistry 

of chiral mpmH with FeIII. Employing the strategy previously described for the {Fe8} 

system resulted in the isolation of dark brown blocks of a new cluster 4.6, following the 

reaction conditions shown in Scheme 4.6.  

                     
Scheme 4.6 Reaction scheme followed for the synthesis of 4.6.  

The molecular structure of S-4.6 was elucidated by X-ray diffraction which reveals 

it is an Fe6 cluster that crystallizes in the polar monoclinic space group P21. The molecular 

formula was confirmed by, BVS calculations and charge balance considerations, as well as 

experimentally by CHN elemental analysis. The cluster comprises six crystallographically 

independent FeIII ions, where the Fe5 core of the molecule again adopts a chair 

conformation, reminiscent of the previously described Fe6 core with one missing FeIII 

centre (Figure 4.12). In this respect, the core is comprised of one Fe3-Fe4-Fe5 triangular 

unit, where the Fe3 and Fe4 ions are linked via a µ2-oxide and the Fe4 and Fe3 are linked 

to Fe5 by µ2-alkoxo groups from mpm- ligands that are chelated to Fe4 and Fe3. As seen 

in the Fe8 system the apical Fe5 is linked to an additional Fe6 centre via a µ2-oxide bridge. 

On the other side of the core, Fe1 and Fe2 are linked to Fe3 and Fe4 by two sets of µ2 

alkoxo groups from four mpm- ligands, and Fe1 and Fe2 are connected via a µ2-oxide 

bridge. An addition chloride ligand on the Fe1 and Fe2 centres completes their coordination 

spheres (Figure 4.12, right).  

FeCl3 + R/S—mpmH + Et3N
MeCN

[Fe6(mpm)6Cl6O3]
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Figure 4.12 left) Molecular structure of 4.6 with appropriate atomic labeling scheme. H 

atoms are omitted for clarity; b) Core structure of 4.6 consisting of six crystallographically 

independent FeIII ions arranged in a chair-like topology. Color scheme: FeIII orange, O red, 

N purple, Cl green, C dark gray, H light gray. 

Selected bond distances and angles for 4.6 are summarized in Table 5.4 of the 

Appendix section of the thesis. Fe3 and Fe4 have distorted octahedral geometries, whereas 

Fe1, Fe2, and, Fe5 are square pyramidal with t5 parameters of 0.307, 0.313, and 0.443 

respectively. The peripheral Fe6 center is tetrahedral with t4, and t4’ values of 0.954, and 

0.945, respectively. As also previously observed for the Fe8 cluster, the tetrahedral OFeX3 

(X= Cl, Br) moiety is well-known in the coordination chemistry of FeIII.17,22 Both R and S 

enantiomers of this cluster were successfully isolated and their chirality was further 

confirmed by CD spectroscopy, where they show opposite Cotton effects (Figure 4.13). 
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Figure 4.13 CD spectra for R- and S-4.6 in MeCN. 

Variable temperature dc magnetic susceptibility data were collected by Dr. 

Theocharis Stamatatos at the University of Marburg, on a freshly prepared microcrystalline 

sample of S-4.6 from 2 to 300 K in an applied field of 0.1 T. The room temperature value 

of cMT (2.25 emu‧K‧mol-1, Figure 4.14a) is much lower than that expected for six non-

interacting FeIII (26.25 emu‧K‧mol-1 with g = 2.0), indicative of very strong 

antiferromagnetic coupling. The value of cMT decreases monotonically to around 50 K 

where it forms a plateau around 0.20 emu‧K‧mol-1 corresponding to ca. 5% of the value 

expected for an S = 5/2 paramagnet. The very strong exchange coupling precludes 

extrapolation of meaningful values for C and q in the region up to 300 K.  

 

Figure 4.14 a) The temperature dependence of (left) cMT; b) cm and; c) 1/cM for 4.6. The 

dotted red lines correspond to the best fit to the spin Hamiltonian (Equation 4.8). 
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The Fe complex 4.6 exhibits an unusual structural topology with six 

crystallographically distinct Fe centers which are related via a non-crystallographic 2-fold 

symmetry (mirror plane) (Figure 4.15). An analysis of the exchange couplings based on 

Christou’s magneto-structural correlation for exchange coupling between FeIII centers via 

O atom bridges (Equation 4.3) reveals strong similarities in the exchange couplings 

between Fe1/Fe3 and Fe2/Fe4, al as Fe3/Fe5 and Fe4/Fe5 (Table 4.7).21 

 

Figure 4.15 (left) The core structure of 4.6, highlighting the six crystallographically 

independent FeIII centres, their coordination geometries and 1-atom bridges; (right) a 

schematic of the six FeIII centres and the five magnetic exchange pathways. 

Table 4.7 Estimated exchange couplings in 4.6 based on the magnetostructural correlation 

given in Equation 4.3. 

Exchange pathway Fe1/Fe2 Fe1/Fe3 Fe3/Fe4 Fe3/Fe5 Fe5/Fe6 

J/cm-1 -98.5     

Exchange pathway  Fe2/Fe4  Fe4/Fe5  

J/cm-1      

Average -98.5 -7.4 -36.2 -8.8 -104.8 

 

Based on this analysis the spin Hamiltonian approximates to: 
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𝐻" = −2𝐽%"𝑆%" 𝑆#" − 2𝐽#d𝑆%" 𝑆-" + 𝑆#" 𝑆3" e − 2𝐽-𝑆-" 𝑆3" − 2𝐽3d𝑆-" 𝑆;" + 𝑆3" 𝑆F" e − 2𝐽;𝑆;" 𝑆F"       

Equation 4.7 

Initial attempts to model the magnetic properties of 4.6 within PHI was hampered 

by the size of the matrix required to model the magnetism of 4.6 which exhibits (2S+1)n 

microstates. For example, a copper dimer (S = ½ and n = 2) has 22 microstates 

corresponding to a singlet and triplet configuration.  For 4.6 (2S+1)n = 46656 and the 

resultant 46656 × 46656 matrix is too large to be handled with our current computational 

power. In order to reduce this system to a tractable problem, the estimated exchange 

couplings (Table 4.7) were examined. Of the exchange couplings, the Fe3/Fe5 and Fe4/Fe5 

exchange (average -8.8 cm-1) are small. If this exchange term is neglected, then the system 

simplifies to a tetranuclear complex (Fe1/Fe2/Fe3/Fe4) and a simple iron dimer (Fe5/Fe6). 

Within the dimer the Fe5/Fe6 exchange coupling is strongly antiferromagnetic based on 

the geometric calculations (ca. -105 cm-1). For an isolated FeIII dimer with 

antiferromagnetic coupling the spin ground state is S = 0 with the first excited state (S = 1) 

lying at 2J cm-1 higher in energy and the second excited state 6J cm-1 above the ground 

state. For strong antiferromagnetic exchange, the populations of the second and higher 

lying states are negligible and the value of cMT is both small and decreases upon cooling. 

Representative data for an isolated FeIII dimer with strong antiferromagnetic exchange is 

shown in Figure 4.16. It is notable that the rise in cT in the high temperature region is 

essentially monotonic and the paramagnetic contribution from the dimer could be 

approximated to a temperature independent paramagnetism (TIP) term, cTIP, such that the 

contribution to cMT is cTIPT. 
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Figure 4.16 The temperature dependence of cMT for an S = 5/2 dimer with g = 2.0 and J/k 

ranging from -50 to -200 K. 

We therefore took a first approximation to model the magnetism of 4.6 by 

simplifying the Hamiltonian to Equation 4.8, taking into account the small residual 

paramagnetism arising from the Fe5/Fe6 dimer as a temperature independent 

paramagnetism term: 

𝐻" = −2𝐽%𝑆%" 𝑆#" − 2𝐽#d𝑆%" 𝑆-" + 𝑆#" 𝑆3" e − 2𝐽-𝑆-" 𝑆3"    Equation 4.8 

The smaller dimensions of the Fe4 system permitted it to be fit within PHI [(2S + 

1)n = 1296 microstates], providing a direct estimate of J1, J2 and J3, while the TIP term 

provides a indirect measure of J5 (Equation 4.8). Given the strong Fe1/Fe2 

antiferromagnetic coupling (comparable with Fe5/Fe6), a strong correlation between J1 and 

cTIP was anticipated. An estimate of the TIP term (0.0034 emu‧mol-1) was implemented 

based on a linear fit of cMT vs T to the dimer model using J = -105 cm-1 (equivalent to J5). 

With the TIP term fixed, refinement commenced using initial exchange terms based on the 

magnetostructural correlation data (Table 4.7). The best fit to the data (R = 0.019) revealed 

J1 = -99(2) cm-1, J2 = -10.9(3) cm-1 and J3 = -28.7(1) cm-1, in excellent agreement with the 



 134 

values estimated using the magnetostructural correlations. The temperature dependence of 

cMT, cM and 1/cM are presented in Figure 4.14. Although polynuclear complexes with Fe6 

and Fe8 cores are well known in FeIII cluster chemistry, complex 4.6 has an unusual Fe5 

topology, crystallizing in a polar space group with six crystallographically unique FeIII 

centers. Unfortunately, strong antiferromagnetic interactions afforded an S = 0 spin ground 

state which makes the system unsuitable as a single molecule magnet.  Attempts to isolate 

single crystals of this cluster by employing the racemic ligand have failed to-date, 

indicating that there is likely subtle differences in the polymetallic clusters isolated in the 

solid state from chiral vs racemic ligands. 

4.4 Conclusion and Future Perspectives 

The synthesis and characterization of two CuII complexes, namely a tetramer and a 

chain, and two polynuclear Fe6 and Fe8 clusters were reported in this chapter. The 

magnetostructural properties of all four complexes were studied. The magnetic dc data of 

complexes 4.3, 4.5, and 4.6 were fit using the PHI program to extract the sign and 

magnitude of the exchange couplings. The magnetic data for the 1-D chain 4.4 could not 

be fit since Hatfield’s model for an alternating antiferromagnetic chain is only valid at the 

temperature above and in the vicinity of the maximum in c. Magnetic studies reveal 

dominant antiferromagnetic interactions between the spin centers of all four complexes 

which in the case of the Fe-O-Fe bridged systems can be rationalized based on the 

magnitude of the bond angles. When comparing the cluster chemistry of chiral vs racemic 

mpmH we do notice subtle differences in the coordination chemistry. While reaction of 

CuII afforded single crystals of the tetramer with both chiral and racemic ligands, changing 

the conditions afforded a 1-D chain with the racemic ligand, yet we were unable to isolate 
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single crystals of this chain when employing the chiral ligands. Furthermore, reaction of 

the racemic ligand with FeIII afforded single crystals of an Fe8 chain, yet reaction of chiral 

mpmH afforded a Fe6 complex which has an unusual Fe5 structural core that lacks the 

symmetry normally observed in Fex clusters, (where x = 4, 6 and 8). In future studies the 

coordination chemistry of mpmH together with both 3d and 4f ions should be investigated 

in order to target the discovery of 3d/4f heterometallic clusters that possess large spin 

ground states and the significant magnetic anisotropy attributed to 4f ions. In addition, 

bridging ligands that promote ferromagnetic interactions such as N3- could also be 

employed to increase the spin ground state of the resulting clusters. Furthermore, other 

substituents could be introduced into the chiral center of the pyridyl alkoxide to investigate 

what effect increasing the steric bulk has on the structural topologies and nuclearities of 

the resulting clusters. Finally, if chiral clusters can be isolated displaying ferromagnetic 

exchange interactions then these might also be useful candidates for study as potential 

ferroelectric materials. 
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Chapter 5: Appendices 

5.1 Crystallographic data 

Table 5.1 Bond Lengths and Angles for 4.3. 

Bond Length (Å) Bond Length (Å) 

Cu1—O1 1.926 (4) C7—H7A 0.9800 

Cu1—O2 1.972 (4) C7—H7B 0.9800 

Cu1—N1 1.978 (5) C7—H7C 0.9800 

Cu1—Cl1 2.2318 (15) C8—C9 1.357 (9) 

Cu1—O4 2.426 (4) C8—H8 0.9500 

Cu1—Cu2 3.0184 (9) C9—C10 1.403 (9) 

Cu2—O1 1.917 (4) C9—H9 0.9500 

Cu2—O2 1.953 (4) C10—C11 1.377 (8) 

Cu2—N2 1.980 (5) C10—H10 0.9500 

Cu2—Cl2 2.2094 (16) C11—C12 1.377 (8) 

Cu3—O3 1.943 (4) C11—H11 0.9500 

Cu3—O4 1.968 (4) C12—C13 1.526 (8) 

Cu3—N3 1.981 (5) C13—C14 1.525 (8) 

Cu3—Cl3 2.2170 (16) C13—H13 1.0000 

Cu3—Cu4 3.0195 (9) C14—H14A 0.9800 

Cu4—O3 1.914 (4) C14—H14B 0.9800 

Cu4—O4 1.965 (4) C14—H14C 0.9800 

Cu4—N4 1.984 (5) C15—C16 1.382 (8) 

Cu4—Cl4 2.2184 (16) C15—H15 0.9500 

N1—C1 1.349 (8) C16—C17 1.376 (8) 

N1—C5 1.369 (8) C16—H16 0.9500 

N2—C8 1.338 (7) C17—C18 1.393 (8) 

N2—C12 1.348 (8) C17—H17 0.9500 

N3—C19 1.331 (7) C18—C19 1.385 (8) 

N3—C15 1.337 (7) C18—H18 0.9500 

N4—C26 1.343 (8) C19—C20 1.535 (8) 

N4—C22 1.361 (7) C20—C21 1.504 (8) 

O1—C6 1.387 (7) C20—H20 1.0000 

O2—C13 1.422 (7) C21—H21A 0.9800 

O3—C20 1.401 (7) C21—H21B 0.9800 
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O4—C27 1.414 (7) C21—H21C 0.9800 

C1—C2 1.388 (8) C22—C23 1.382 (8) 

C1—H1 0.9500 C23—C24 1.391 (9) 

C2—C3 1.390 (8) C24—C25 1.408 (8) 

C2—H2 0.9500 C25—C26 1.399 (8) 

C3—C4 1.401 (8) C26—C27 1.520 (8) 

C3—H3 0.9500 C27—C28 1.538 (8) 

C4—C5 1.368 (8) C27—H27 1.0000 

C4—H4 0.9500 C28—H28A 0.9800 

C5—C6 1.521 (8) C28—H28B 0.9800 

C6—C7 1.526 (8) C28—H28C 0.9800 

C6—H6 1.0000   

Bond Angle (°) Bond Angle (°) 

O1—Cu1—O2 77.23 (18) N1—C5—C6 113.3 (5) 

O1—Cu1—N1 81.8 (2) O1—C6—C5 109.2 (5) 

O2—Cu1—N1 158.85 (19) O1—C6—C7 111.4 (5) 

O1—Cu1—Cl1 172.97 (15) C5—C6—C7 108.1 (5) 

O2—Cu1—Cl1 101.13 (13) O1—C6—H6 109.4 

N1—Cu1—Cl1 99.28 (16) C5—C6—H6 109.4 

O1—Cu1—O4 94.28 (18) C7—C6—H6 109.4 

O2—Cu1—O4 84.43 (16) C6—C7—H7A 109.5 

N1—Cu1—O4 100.29 (19) C6—C7—H7B 109.5 

Cl1—Cu1—O4 92.35 (11) H7A—C7—H7B 109.5 

O1—Cu1—Cu2 38.15 (13) C6—C7—H7C 109.5 

O2—Cu1—Cu2 39.52 (12) H7A—C7—H7C 109.5 

N1—Cu1—Cu2 119.33 (15) H7B—C7—H7C 109.5 

Cl1—Cu1—Cu2 139.00 (5) N2—C8—C9 122.9 (6) 

O4—Cu1—Cu2 93.69 (10) N2—C8—H8 118.5 

O1—Cu2—O2 77.89 (17) C9—C8—H8 118.5 

O1—Cu2—N2 159.57 (19) C8—C9—C10 118.5 (6) 

O2—Cu2—N2 81.97 (19) C8—C9—H9 120.7 

O1—Cu2—Cl2 100.76 (14) C10—C9—H9 120.7 

O2—Cu2—Cl2 177.45 (14) C11—C10—C9 118.8 (6) 

N2—Cu2—Cl2 99.50 (16) C11—C10—H10 120.6 

O1—Cu2—Cu1 38.36 (13) C9—C10—H10 120.6 

O2—Cu2—Cu1 39.97 (12) C12—C11—C10 119.3 (6) 
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N2—Cu2—Cu1 121.23 (15) C12—C11—H11 120.3 

Cl2—Cu2—Cu1 138.91 (5) C10—C11—H11 120.3 

O3—Cu3—O4 77.85 (17) N2—C12—C11 121.5 (6) 

O3—Cu3—N3 81.3 (2) N2—C12—C13 114.5 (5) 

O4—Cu3—N3 159.07 (18) C11—C12—C13 124.0 (5) 

O3—Cu3—Cl3 170.02 (16) O2—C13—C14 111.1 (5) 

O4—Cu3—Cl3 100.39 (13) O2—C13—C12 107.4 (5) 

N3—Cu3—Cl3 99.93 (15) C14—C13—C12 109.5 (5) 

O3—Cu3—Cu4 38.13 (13) O2—C13—H13 109.6 

O4—Cu3—Cu4 39.82 (12) C14—C13—H13 109.6 

N3—Cu3—Cu4 119.25 (15) C12—C13—H13 109.6 

Cl3—Cu3—Cu4 138.68 (5) C13—C14—H14A 109.5 

O3—Cu4—O4 78.60 (18) C13—C14—H14B 109.5 

O3—Cu4—N4 157.02 (19) H14A—C14—H14B 109.5 

O4—Cu4—N4 81.97 (19) C13—C14—H14C 109.5 

O3—Cu4—Cl4 99.34 (14) H14A—C14—H14C 109.5 

O4—Cu4—Cl4 177.14 (14) H14B—C14—H14C 109.5 

N4—Cu4—Cl4 100.45 (15) N3—C15—C16 121.8 (6) 

O3—Cu4—Cu3 38.83 (13) N3—C15—H15 119.1 

O4—Cu4—Cu3 39.88 (12) C16—C15—H15 119.1 

N4—Cu4—Cu3 120.24 (14) C17—C16—C15 119.4 (6) 

Cl4—Cu4—Cu3 138.16 (5) C17—C16—H16 120.3 

C1—N1—C5 117.8 (5) C15—C16—H16 120.3 

C1—N1—Cu1 127.1 (4) C16—C17—C18 118.7 (5) 

C5—N1—Cu1 114.8 (4) C16—C17—H17 120.6 

C8—N2—C12 118.9 (6) C18—C17—H17 120.6 

C8—N2—Cu2 127.5 (4) C19—C18—C17 118.6 (5) 

C12—N2—Cu2 113.6 (4) C19—C18—H18 120.7 

C19—N3—C15 119.4 (5) C17—C18—H18 120.7 

C19—N3—Cu3 114.9 (4) N3—C19—C18 122.1 (5) 

C15—N3—Cu3 125.7 (4) N3—C19—C20 115.7 (5) 

C26—N4—C22 120.5 (5) C18—C19—C20 122.2 (5) 

C26—N4—Cu4 113.6 (4) O3—C20—C21 112.8 (5) 

C22—N4—Cu4 125.8 (4) O3—C20—C19 107.5 (4) 

C6—O1—Cu2 134.5 (4) C21—C20—C19 110.9 (5) 

C6—O1—Cu1 117.5 (4) O3—C20—H20 108.5 
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Cu2—O1—Cu1 103.5 (2) C21—C20—H20 108.5 

C13—O2—Cu2 111.7 (3) C19—C20—H20 108.5 

C13—O2—Cu1 130.6 (4) C20—C21—H21A 109.5 

Cu2—O2—Cu1 100.51 (19) C20—C21—H21B 109.5 

C20—O3—Cu4 134.4 (4) H21A—C21—H21B 109.5 

C20—O3—Cu3 116.7 (4) C20—C21—H21C 109.5 

Cu4—O3—Cu3 103.0 (2) H21A—C21—H21C 109.5 

C27—O4—Cu4 112.2 (3) H21B—C21—H21C 109.5 

C27—O4—Cu3 128.7 (3) N4—C22—C23 120.5 (5) 

Cu4—O4—Cu3 100.30 (19) C22—C23—C24 119.8 (6) 

C27—O4—Cu1 112.9 (3) C23—C24—C25 119.5 (6) 

Cu4—O4—Cu1 100.52 (18) C26—C25—C24 117.8 (6) 

Cu3—O4—Cu1 98.04 (17) N4—C26—C25 121.7 (5) 

N1—C1—C2 122.7 (6) N4—C26—C27 115.0 (5) 

N1—C1—H1 118.6 C25—C26—C27 123.3 (5) 

C2—C1—H1 118.6 O4—C27—C26 107.6 (5) 

C1—C2—C3 119.2 (5) O4—C27—C28 112.7 (5) 

C1—C2—H2 120.4 C26—C27—C28 108.4 (5) 

C3—C2—H2 120.4 O4—C27—H27 109.4 

C2—C3—C4 118.1 (6) C26—C27—H27 109.4 

C2—C3—H3 120.9 C28—C27—H27 109.4 

C4—C3—H3 120.9 C27—C28—H28A 109.5 

C5—C4—C3 119.9 (6) C27—C28—H28B 109.5 

C5—C4—H4 120.0 H28A—C28—H28B 109.5 

C3—C4—H4 120.0 C27—C28—H28C 109.5 

C4—C5—N1 122.1 (6) H28A—C28—H28C 109.5 

C4—C5—C6 124.5 (5) H28B—C28—H28C 109.5 

Table 5.2 Bond Lengths and Angles for 4.4. 

Bond Length (Å) Bond Length (Å) 

Cu1—O11 1.9196 (14) C12—H12 0.9500 

Cu1—O11 1.9223 (15) C13—C14 1.382 (4) 

Cu1—N11 1.9912 (17) C13—H13 0.9500 

Cu1—Cl1 2.2424 (5) C14—C15 1.375 (3) 

Cu1—Cu1 3.0348 (5) C14—H14 0.9500 

O11—C16 1.403 (2) C15—H15 0.9500 
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O11—Cu1 1.9196 (14) C16—C17 1.523 (3) 

N11—C11 1.344 (3) C16—H16 1.0000 

N11—C15 1.351 (3) C17—H17A 0.9800 

C11—C12 1.384 (3) C17—H17B 0.9800 

C11—C16 1.516 (3) C17—H17C 0.9800 

C12—C13 1.384 (3)   

Bond Angle (°) Bond Angle (°) 

O11—Cu1—O11 75.64 (7) C14—C13—C12 119.8 (2) 

O11—Cu1—N11 156.15 (7) C14—C13—H13 120.1 

O11—Cu1—N11 81.26 (7) C12—C13—H13 120.1 

O11—Cu1—Cl1 100.60 (5) C15—C14—C13 118.6 (2) 

O11—Cu1—Cl1 171.46 (5) C15—C14—H14 120.7 

N11—Cu1—Cl1 101.45 (5) C13—C14—H14 120.7 

O11—Cu1—Cu1 37.85 (4) N11—C15—C14 122.1 (2) 

O11—Cu1—Cu1 37.79 (4) N11—C15—H15 119.0 

N11—Cu1—Cu1 118.83 (5) C14—C15—H15 119.0 

Cl1—Cu1—Cu1 137.964 (19) O11—C16—C11 107.32 (16) 

C16—O11—Cu1 136.87 (13) O11—C16—C17 111.06 (17) 

C16—O11—Cu1 117.65 (12) C11—C16—C17 110.36 (17) 

Cu1—O11—Cu1 104.36 (7) O11—C16—H16 109.4 

C11—N11—C15 119.13 (19) C11—C16—H16 109.4 

C11—N11—Cu1 114.19 (14) C17—C16—H16 109.4 

C15—N11—Cu1 126.58 (15) C16—C17—H17A 109.5 

N11—C11—C12 121.69 (19) C16—C17—H17B 109.5 

N11—C11—C16 115.73 (17) H17A—C17—H17B 109.5 

C12—C11—C16 122.57 (19) C16—C17—H17C 109.5 

C11—C12—C13 118.7 (2) H17A—C17—H17C 109.5 

C11—C12—H12 120.7 H17B—C17—H17C 109.5 

C13—C12—H12 120.7   

Table 5.3 Bond Lengths and Angles for 4.5. 

Bond Length (Å) Bond Length (Å) 

Fe1—O6 1.746 (11) C7B—H7B1 0.9800 

Fe1—Br3A 2.343 (12) C7B—H7B2 0.9800 

Fe1—Br1 2.364 (3) C7B—H7B3 0.9800 

Fe1—Br3B 2.375 (9) C8—C9 1.40 (2) 

Fe1—Br2A 2.383 (4) C8—H8 0.9500 
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Fe1—Br2B 2.410 (12) C9—C10 1.36 (2) 

Fe2—O6 1.806 (11) C9—H9 0.9500 

Fe2—O5 1.977 (9) C10—C11 1.34 (2) 

Fe2—O2 2.001 (9) C10—H10 0.9500 

Fe2—O1 2.008 (10) C11—C12 1.41 (2) 

Fe2—Br4 2.406 (3) C11—H11 0.9500 

Fe3—O5 1.913 (9) C12—C13 1.50 (3) 

Fe3—O1 1.967 (9) C13—C14A 1.39 (3) 

Fe3—O3 1.991 (9) C13—C14B 1.39 (3) 

Fe3—O4 2.013 (9) C13—H13 1.0000 

Fe3—N3 2.143 (11) C14A—H14A 0.9800 

Fe3—N1 2.221 (12) C14A—H14B 0.9800 

Fe4—O5 1.912 (9) C14A—H14C 0.9800 

Fe4—O2 1.966 (9) C14B—H14D 0.9800 

Fe4—O4 2.003 (9) C14B—H14E 0.9800 

Fe4—O3 2.005 (9) C14B—H14F 0.9800 

Fe4—N4 2.150 (12) C15—C16 1.40 (2) 

Fe4—N2 2.214 (11) C15—H15 0.9500 

N1—C1 1.322 (18) C16—C17 1.37 (2) 

N1—C5 1.36 (2) C16—H16 0.9500 

N2—C12 1.32 (2) C17—C18 1.35 (2) 

N2—C8 1.35 (2) C17—H17 0.9500 

N3—C15 1.33 (2) C18—C19 1.41 (2) 

N3—C19 1.33 (2) C18—H18 0.9500 

N4—C26 1.326 (19) C19—C20 1.51 (2) 

N4—C22 1.337 (19) C20—C21 1.52 (2) 

O1—C6 1.375 (18) C20—H20 1.0000 

O2—C13 1.386 (19) C21—H21A 0.9800 

O3—C27 1.420 (16) C21—H21B 0.9800 

O4—C20 1.448 (17) C21—H21C 0.9800 

C1—C2 1.41 (2) C22—C23 1.37 (2) 

C1—H1 0.9500 C22—H22 0.9500 

C2—C3 1.38 (2) C23—C24 1.39 (2) 

C2—H2 0.9500 C23—H23 0.9500 

C3—C4 1.37 (2) C24—C25 1.37 (2) 

C3—H3 0.9500 C24—H24 0.9500 

C4—C5 1.41 (2) C25—C26 1.39 (2) 

C4—H4 0.9500 C25—H25 0.9500 
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C5—C6 1.50 (2) C26—C27 1.52 (2) 

C6—C7B 1.41 (3) C27—C28 1.49 (2) 

C6—C7A 1.42 (3) C27—H27 1.0000 

C6—H6 1.0000 C28—H28A 0.9800 

C7A—H7A1 0.9800 C28—H28B 0.9800 

C7A—H7A2 0.9800 C28—H28C 0.9800 

C7A—H7A3 0.9800   

Bond Angle (°) Bond Angle (°) 

O6—Fe1—Br3A 110.4 (7) C6—C7A—H7A1 109.5 

O6—Fe1—Br1 108.1 (4) C6—C7A—H7A2 109.5 

Br3A—Fe1—Br1 113.2 (5) H7A1—C7A—H7A2 109.5 

O6—Fe1—Br3B 109.6 (6) C6—C7A—H7A3 109.5 

Br1—Fe1—Br3B 107.2 (11) H7A1—C7A—H7A3 109.5 

O6—Fe1—Br2A 114.2 (4) H7A2—C7A—H7A3 109.5 

Br3A—Fe1—Br2A 100.3 (7) C6—C7B—H7B1 109.5 

Br1—Fe1—Br2A 110.5 (2) C6—C7B—H7B2 109.5 

O6—Fe1—Br2B 107.8 (6) H7B1—C7B—H7B2 109.5 

Br1—Fe1—Br2B 100.9 (5) C6—C7B—H7B3 109.5 

Br3B—Fe1—Br2B 122.3 (12) H7B1—C7B—H7B3 109.5 

O6—Fe2—O5 121.7 (5) H7B2—C7B—H7B3 109.5 

O6—Fe2—O2 97.7 (5) N2—C8—C9 122.2 (16) 

O5—Fe2—O2 77.3 (4) N2—C8—H8 118.9 

O6—Fe2—O1 96.9 (4) C9—C8—H8 118.9 

O5—Fe2—O1 77.2 (4) C10—C9—C8 117.1 (16) 

O2—Fe2—O1 154.4 (4) C10—C9—H9 121.5 

O6—Fe2—Br4 119.2 (4) C8—C9—H9 121.5 

O5—Fe2—Br4 119.1 (3) C11—C10—C9 121.6 (15) 

O2—Fe2—Br4 94.8 (3) C11—C10—H10 119.2 

O1—Fe2—Br4 96.3 (3) C9—C10—H10 119.2 

O5—Fe3—O1 79.7 (4) C10—C11—C12 118.8 (17) 

O5—Fe3—O3 99.0 (4) C10—C11—H11 120.6 

O1—Fe3—O3 108.3 (4) C12—C11—H11 120.6 

O5—Fe3—O4 113.0 (4) N2—C12—C11 121.2 (16) 

O1—Fe3—O4 166.6 (4) N2—C12—C13 115.3 (13) 

O3—Fe3—O4 74.9 (4) C11—C12—C13 123.4 (16) 

O5—Fe3—N3 92.5 (4) O2—C13—C14A 125 (2) 

O1—Fe3—N3 99.8 (4) O2—C13—C14B 120.3 (18) 

O3—Fe3—N3 151.1 (4) O2—C13—C12 109.4 (14) 
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O4—Fe3—N3 76.1 (4) C14A—C13—C12 117.3 (19) 

O5—Fe3—N1 154.0 (4) C14B—C13—C12 126 (2) 

O1—Fe3—N1 74.6 (4) O2—C13—H13 99.6 

O3—Fe3—N1 92.9 (4) C14A—C13—H13 99.6 

O4—Fe3—N1 92.4 (4) C12—C13—H13 99.6 

N3—Fe3—N1 87.9 (4) C13—C14A—H14A 109.5 

O5—Fe4—O2 79.7 (4) C13—C14A—H14B 109.5 

O5—Fe4—O4 99.6 (4) H14A—C14A—H14B 109.5 

O2—Fe4—O4 105.7 (4) C13—C14A—H14C 109.5 

O5—Fe4—O3 107.8 (4) H14A—C14A—H14C 109.5 

O2—Fe4—O3 172.4 (4) H14B—C14A—H14C 109.5 

O4—Fe4—O3 74.8 (4) C13—C14B—H14D 109.5 

O5—Fe4—N4 94.6 (4) C13—C14B—H14E 109.5 

O2—Fe4—N4 102.0 (4) H14D—C14B—H14E 109.5 

O4—Fe4—N4 150.7 (4) C13—C14B—H14F 109.5 

O3—Fe4—N4 76.4 (4) H14D—C14B—H14F 109.5 

O5—Fe4—N2 153.4 (4) H14E—C14B—H14F 109.5 

O2—Fe4—N2 74.5 (4) N3—C15—C16 120.7 (16) 

O4—Fe4—N2 93.8 (4) N3—C15—H15 119.7 

O3—Fe4—N2 97.9 (4) C16—C15—H15 119.7 

N4—Fe4—N2 84.4 (5) C17—C16—C15 119.1 (16) 

C1—N1—C5 120.8 (14) C17—C16—H16 120.4 

C1—N1—Fe3 125.2 (10) C15—C16—H16 120.4 

C5—N1—Fe3 113.8 (10) C18—C17—C16 119.8 (16) 

C12—N2—C8 118.7 (13) C18—C17—H17 120.1 

C12—N2—Fe4 114.9 (10) C16—C17—H17 120.1 

C8—N2—Fe4 126.3 (10) C17—C18—C19 119.1 (16) 

C15—N3—C19 120.6 (13) C17—C18—H18 120.4 

C15—N3—Fe3 123.1 (10) C19—C18—H18 120.4 

C19—N3—Fe3 116.3 (9) N3—C19—C18 120.6 (15) 

C26—N4—C22 120.5 (13) N3—C19—C20 117.6 (13) 

C26—N4—Fe4 115.3 (9) C18—C19—C20 121.8 (15) 

C22—N4—Fe4 124.3 (10) O4—C20—C19 107.3 (12) 

C6—O1—Fe3 126.1 (9) O4—C20—C21 110.6 (13) 

C6—O1—Fe2 132.7 (9) C19—C20—C21 113.1 (13) 

Fe3—O1—Fe2 100.0 (4) O4—C20—H20 108.6 

C13—O2—Fe4 124.7 (11) C19—C20—H20 108.6 

C13—O2—Fe2 134.2 (10) C21—C20—H20 108.6 



 148 

Fe4—O2—Fe2 99.9 (4) C20—C21—H21A 109.5 

C27—O3—Fe3 130.5 (8) C20—C21—H21B 109.5 

C27—O3—Fe4 121.8 (8) H21A—C21—H21B 109.5 

Fe3—O3—Fe4 103.6 (4) C20—C21—H21C 109.5 

C20—O4—Fe4 130.2 (8) H21A—C21—H21C 109.5 

C20—O4—Fe3 121.9 (8) H21B—C21—H21C 109.5 

Fe4—O4—Fe3 102.8 (4) N4—C22—C23 121.9 (15) 

Fe4—O5—Fe3 153.8 (5) N4—C22—H22 119.0 

Fe4—O5—Fe2 102.7 (4) C23—C22—H22 119.0 

Fe3—O5—Fe2 103.0 (4) C22—C23—C24 118.2 (15) 

Fe1—O6—Fe2 167.1 (8) C22—C23—H23 120.9 

N1—C1—C2 121.8 (15) C24—C23—H23 120.9 

N1—C1—H1 119.1 C25—C24—C23 120.0 (15) 

C2—C1—H1 119.1 C25—C24—H24 120.0 

C3—C2—C1 118.1 (15) C23—C24—H24 120.0 

C3—C2—H2 120.9 C24—C25—C26 118.6 (15) 

C1—C2—H2 120.9 C24—C25—H25 120.7 

C4—C3—C2 119.8 (15) C26—C25—H25 120.7 

C4—C3—H3 120.1 N4—C26—C25 120.7 (14) 

C2—C3—H3 120.1 N4—C26—C27 117.4 (13) 

C3—C4—C5 120.1 (16) C25—C26—C27 121.8 (14) 

C3—C4—H4 119.9 O3—C27—C28 113.1 (12) 

C5—C4—H4 119.9 O3—C27—C26 107.6 (11) 

N1—C5—C4 119.2 (16) C28—C27—C26 112.2 (13) 

N1—C5—C6 115.8 (14) O3—C27—H27 107.9 

C4—C5—C6 125.0 (15) C28—C27—H27 107.9 

O1—C6—C7B 129 (3) C26—C27—H27 107.9 

O1—C6—C7A 117.9 (15) C27—C28—H28A 109.5 

O1—C6—C5 108.8 (13) C27—C28—H28B 109.5 

C7B—C6—C5 112 (2) H28A—C28—H28B 109.5 

C7A—C6—C5 121.4 (18) C27—C28—H28C 109.5 

O1—C6—H6 101.6 H28A—C28—H28C 109.5 

C7A—C6—H6 101.6 H28B—C28—H28C 109.5 

C5—C6—H6 101.6   

Table 5.4 Bond Lengths and Angles for 4.6. 

Bond Length (Å) Bond Length (Å) 
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Fe1—O7 1.818 (9) C12—H12 0.9500 

Fe1—O1 1.975 (10) C13—C14 1.57 (2) 

Fe1—O6 2.015 (10) C13—H13 1.0000 

Fe1—N1 2.146 (14) C14—H14A 0.9800 

Fe1—Cl1 2.250 (5) C14—H14B 0.9800 

Fe2—O7 1.750 (10) C14—H14C 0.9800 

Fe2—O5 1.999 (12) N3—C15 1.3900 

Fe2—O2 2.005 (10) N3—C19 1.3900 

Fe2—N2 2.163 (15) C15—C16 1.3900 

Fe2—Cl2 2.271 (4) C15—H15 0.9500 

Fe3—O8 1.911 (9) C16—C17 1.3900 

Fe3—O4 1.984 (10) C16—H16 0.9500 

Fe3—O6 2.003 (10) C17—C18 1.3900 

Fe3—O1 2.015 (11) C17—H17 0.9500 

Fe3—N4 2.151 (6) C18—C19 1.3900 

Fe3—N5 2.163 (16) C18—H18 0.9500 

Fe4—O8 1.877 (9) C19—C20 1.524 (19) 

Fe4—O2 1.956 (11) C20—C21 1.49 (3) 

Fe4—O3 1.974 (10) C20—H20 1.0000 

Fe4—O5 2.017 (11) C21—H21A 0.9800 

Fe4—N6 2.164 (8) C21—H21B 0.9800 

Fe4—N3 2.175 (7) C21—H21C 0.9800 

Fe5—O9 1.775 (13) N4—C22 1.3900 

Fe5—O4 1.995 (10) N4—C26 1.3900 

Fe5—O8 2.005 (10) C22—C23 1.3900 

Fe5—O3 2.035 (9) C23—C24 1.3900 

Fe5—Cl3 2.248 (5) C24—C25 1.3900 

Fe6—O9 1.759 (13) C25—C26 1.3900 

Fe6—Cl6 2.160 (9) C26—C27 1.461 (17) 

Fe6—Cl4 2.166 (9) C27—C28 1.46 (3) 

Fe6—Cl5 2.190 (8) C27—H27 1.0000 

N1—C1 1.32 (2) C28—H28A 0.9800 

N1—C5 1.36 (2) C28—H28B 0.9800 

N2—C8 1.35 (2) C28—H28C 0.9800 

N2—C12 1.36 (2) C29—C30 1.33 (3) 

N5—C29 1.35 (2) C29—H29 0.9500 

N5—C33 1.42 (2) C30—C31 1.40 (3) 

O1—C6 1.426 (18) C30—H30 0.9500 
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O2—C13 1.43 (2) C31—C32 1.35 (3) 

O3—C20 1.41 (2) C31—H31 0.9500 

O4—C27 1.451 (16) C32—C33 1.32 (3) 

O5—C41 1.331 (19) C32—H32 0.9500 

O6—C34 1.47 (2) C33—C34 1.49 (3) 

C1—C2 1.45 (2) C34—C35 1.49 (2) 

C1—H1 0.9500 C34—H34 1.0000 

C2—C3 1.36 (2) C35—H35A 0.9800 

C2—H2 0.9500 C35—H35B 0.9800 

C3—C4 1.33 (2) C35—H35C 0.9800 

C3—H3 0.9500 N6—C36 1.3900 

C4—C5 1.40 (2) N6—C40 1.3900 

C4—H4 0.9500 C36—C37 1.3900 

C5—C6 1.46 (2) C36—H36 0.9500 

C6—C7 1.60 (3) C37—C38 1.3900 

C6—H6 1.0000 C37—H37 0.9500 

C7—H7A 0.9800 C38—C39 1.3900 

C7—H7B 0.9800 C38—H38 0.9500 

C7—H7C 0.9800 C39—C40 1.3900 

C8—C9 1.44 (2) C39—H39 0.9500 

C8—C13 1.50 (2) C40—C41 1.45 (2) 

C9—C10 1.43 (2) C41—C42 1.59 (3) 

C9—H9 0.9500 C41—H41 1.0000 

C10—C11 1.32 (2) C42—H42A 0.9800 

C10—H10 0.9500 C42—H42B 0.9800 

C11—C12 1.37 (2) C42—H42C 0.9800 

C11—H11 0.9500   

Bond Angle (°) Bond Angle (°) 

O7—Fe1—O1 118.7 (4) C11—C10—C9 121.6 (18) 

O7—Fe1—O6 102.1 (4) C11—C10—H10 119.2 

O1—Fe1—O6 73.7 (4) C9—C10—H10 119.2 

O7—Fe1—N1 99.4 (5) C10—C11—C12 122.5 (18) 

O1—Fe1—N1 75.4 (5) C10—C11—H11 118.8 

O6—Fe1—N1 148.2 (5) C12—C11—H11 118.8 

O7—Fe1—Cl1 111.3 (4) N2—C12—C11 118.5 (17) 

O1—Fe1—Cl1 129.7 (3) N2—C12—H12 120.7 

O6—Fe1—Cl1 100.8 (3) C11—C12—H12 120.7 

N1—Fe1—Cl1 92.8 (4) O2—C13—C8 112.2 (15) 
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O7—Fe2—O5 103.7 (5) O2—C13—C14 111.7 (13) 

O7—Fe2—O2 113.4 (4) C8—C13—C14 111.2 (16) 

O5—Fe2—O2 75.8 (4) O2—C13—H13 107.1 

O7—Fe2—N2 100.2 (5) C8—C13—H13 107.1 

O5—Fe2—N2 149.7 (5) C14—C13—H13 107.1 

O2—Fe2—N2 77.7 (5) C13—C14—H14A 109.5 

O7—Fe2—Cl2 115.6 (4) C13—C14—H14B 109.5 

O5—Fe2—Cl2 95.4 (3) H14A—C14—H14B 109.5 

O2—Fe2—Cl2 130.9 (3) C13—C14—H14C 109.5 

N2—Fe2—Cl2 90.9 (4) H14A—C14—H14C 109.5 

O8—Fe3—O4 78.0 (4) H14B—C14—H14C 109.5 

O8—Fe3—O6 114.5 (4) C15—N3—C19 120.0 

O4—Fe3—O6 166.0 (4) C15—N3—Fe4 124.3 (6) 

O8—Fe3—O1 97.6 (4) C19—N3—Fe4 115.7 (6) 

O4—Fe3—O1 112.6 (4) N3—C15—C16 120.0 

O6—Fe3—O1 73.1 (4) N3—C15—H15 120.0 

O8—Fe3—N4 154.0 (4) C16—C15—H15 120.0 

O4—Fe3—N4 76.1 (4) C17—C16—C15 120.0 

O6—Fe3—N4 91.4 (4) C17—C16—H16 120.0 

O1—Fe3—N4 90.4 (4) C15—C16—H16 120.0 

O8—Fe3—N5 91.5 (5) C16—C17—C18 120.0 

O4—Fe3—N5 97.8 (5) C16—C17—H17 120.0 

O6—Fe3—N5 76.5 (5) C18—C17—H17 120.0 

O1—Fe3—N5 149.4 (5) C19—C18—C17 120.0 

N4—Fe3—N5 94.1 (5) C19—C18—H18 120.0 

O8—Fe4—O2 98.2 (4) C17—C18—H18 120.0 

O8—Fe4—O3 80.7 (4) C18—C19—N3 120.0 

O2—Fe4—O3 110.2 (4) C18—C19—C20 126.9 (10) 

O8—Fe4—O5 106.5 (4) N3—C19—C20 113.1 (10) 

O2—Fe4—O5 76.5 (4) O3—C20—C21 109.0 (16) 

O3—Fe4—O5 169.7 (5) O3—C20—C19 109.6 (14) 

O8—Fe4—N6 96.0 (4) C21—C20—C19 114.3 (14) 

O2—Fe4—N6 150.6 (4) O3—C20—H20 107.9 

O3—Fe4—N6 97.4 (5) C21—C20—H20 107.9 

O5—Fe4—N6 74.9 (5) C19—C20—H20 107.9 

O8—Fe4—N3 156.4 (5) C20—C21—H21A 109.5 

O2—Fe4—N3 89.2 (4) C20—C21—H21B 109.5 

O3—Fe4—N3 75.8 (4) H21A—C21—H21B 109.5 
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O5—Fe4—N3 96.9 (5) C20—C21—H21C 109.5 

N6—Fe4—N3 88.0 (5) H21A—C21—H21C 109.5 

O9—Fe5—O4 101.9 (5) H21B—C21—H21C 109.5 

O9—Fe5—O8 125.3 (5) C22—N4—C26 120.0 

O4—Fe5—O8 75.6 (4) C22—N4—Fe3 125.3 (5) 

O9—Fe5—O3 93.8 (5) C26—N4—Fe3 114.7 (5) 

O4—Fe5—O3 151.8 (4) C23—C22—N4 120.0 

O8—Fe5—O3 76.2 (4) C24—C23—C22 120.0 

O9—Fe5—Cl3 113.0 (5) C23—C24—C25 120.0 

O4—Fe5—Cl3 96.3 (3) C26—C25—C24 120.0 

O8—Fe5—Cl3 121.6 (3) C25—C26—N4 120.0 

O3—Fe5—Cl3 98.9 (3) C25—C26—C27 122.4 (8) 

O9—Fe6—Cl6 107.1 (5) N4—C26—C27 117.5 (8) 

O9—Fe6—Cl4 111.4 (5) O4—C27—C28 112.5 (14) 

Cl6—Fe6—Cl4 103.3 (6) O4—C27—C26 107.8 (11) 

O9—Fe6—Cl5 114.1 (5) C28—C27—C26 114.0 (14) 

Cl6—Fe6—Cl5 109.5 (4) O4—C27—H27 107.4 

Cl4—Fe6—Cl5 110.7 (5) C28—C27—H27 107.4 

C1—N1—C5 120.9 (15) C26—C27—H27 107.4 

C1—N1—Fe1 122.2 (12) C27—C28—H28A 109.5 

C5—N1—Fe1 115.9 (12) C27—C28—H28B 109.5 

C8—N2—C12 121.7 (16) H28A—C28—H28B 109.5 

C8—N2—Fe2 114.7 (12) C27—C28—H28C 109.5 

C12—N2—Fe2 123.4 (12) H28A—C28—H28C 109.5 

C29—N5—C33 119.6 (16) H28B—C28—H28C 109.5 

C29—N5—Fe3 125.3 (13) C30—C29—N5 121 (2) 

C33—N5—Fe3 114.6 (12) C30—C29—H29 119.3 

C6—O1—Fe1 121.9 (9) N5—C29—H29 119.3 

C6—O1—Fe3 128.9 (9) C29—C30—C31 119 (2) 

Fe1—O1—Fe3 104.1 (5) C29—C30—H30 120.5 

C13—O2—Fe4 133.8 (11) C31—C30—H30 120.5 

C13—O2—Fe2 116.2 (9) C32—C31—C30 119.1 (19) 

Fe4—O2—Fe2 104.0 (5) C32—C31—H31 120.5 

C20—O3—Fe4 123.1 (9) C30—C31—H31 120.5 

C20—O3—Fe5 134.4 (10) C33—C32—C31 122.5 (19) 

Fe4—O3—Fe5 99.2 (4) C33—C32—H32 118.8 

C27—O4—Fe3 123.7 (8) C31—C32—H32 118.8 

C27—O4—Fe5 133.8 (9) C32—C33—N5 118.2 (18) 
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Fe3—O4—Fe5 101.9 (4) C32—C33—C34 124.3 (18) 

C41—O5—Fe2 137.5 (11) N5—C33—C34 117.4 (16) 

C41—O5—Fe4 119.6 (11) O6—C34—C33 107.2 (14) 

Fe2—O5—Fe4 102.0 (5) O6—C34—C35 112.3 (15) 

C34—O6—Fe3 124.1 (10) C33—C34—C35 110.6 (14) 

C34—O6—Fe1 127.3 (9) O6—C34—H34 108.9 

Fe3—O6—Fe1 103.1 (4) C33—C34—H34 108.9 

Fe2—O7—Fe1 141.8 (6) C35—C34—H34 108.9 

Fe4—O8—Fe3 152.1 (6) C34—C35—H35A 109.5 

Fe4—O8—Fe5 103.7 (5) C34—C35—H35B 109.5 

Fe3—O8—Fe5 104.2 (4) H35A—C35—H35B 109.5 

Fe6—O9—Fe5 172.6 (9) C34—C35—H35C 109.5 

N1—C1—C2 121.5 (17) H35A—C35—H35C 109.5 

N1—C1—H1 119.2 H35B—C35—H35C 109.5 

C2—C1—H1 119.2 C36—N6—C40 120.0 

C3—C2—C1 116.7 (17) C36—N6—Fe4 123.7 (6) 

C3—C2—H2 121.7 C40—N6—Fe4 116.3 (6) 

C1—C2—H2 121.7 C37—C36—N6 120.0 

C4—C3—C2 119.7 (17) C37—C36—H36 120.0 

C4—C3—H3 120.1 N6—C36—H36 120.0 

C2—C3—H3 120.1 C36—C37—C38 120.0 

C3—C4—C5 123.3 (18) C36—C37—H37 120.0 

C3—C4—H4 118.3 C38—C37—H37 120.0 

C5—C4—H4 118.3 C39—C38—C37 120.0 

N1—C5—C4 117.3 (16) C39—C38—H38 120.0 

N1—C5—C6 114.9 (15) C37—C38—H38 120.0 

C4—C5—C6 127.7 (17) C38—C39—C40 120.0 

O1—C6—C5 110.0 (14) C38—C39—H39 120.0 

O1—C6—C7 109.4 (13) C40—C39—H39 120.0 

C5—C6—C7 112.3 (14) C39—C40—N6 120.0 

O1—C6—H6 108.4 C39—C40—C41 129.5 (10) 

C5—C6—H6 108.4 N6—C40—C41 110.5 (10) 

C7—C6—H6 108.4 O5—C41—C40 116.4 (13) 

C6—C7—H7A 109.5 O5—C41—C42 109.0 (18) 

C6—C7—H7B 109.5 C40—C41—C42 106.7 (15) 

H7A—C7—H7B 109.5 O5—C41—H41 108.2 

C6—C7—H7C 109.5 C40—C41—H41 108.2 

H7A—C7—H7C 109.5 C42—C41—H41 108.2 
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H7B—C7—H7C 109.5 C41—C42—H42A 109.5 

N2—C8—C9 120.6 (17) C41—C42—H42B 109.5 

N2—C8—C13 114.0 (16) H42A—C42—H42B 109.5 

C9—C8—C13 125.3 (16) C41—C42—H42C 109.5 

C10—C9—C8 114.7 (16) H42A—C42—H42C 109.5 

C10—C9—H9 122.6 H42B—C42—H42C 109.5 

C8—C9—H9 122.6   
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5.2 Spectroscopic Data 

5.2.1 IR spectra 

 
Figure 5.1 IR spectrum for 2.5.  
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Figure 5.2 IR spectrum for 3.1. 

 
Figure 5.3 IR spectrum for 4.3. 
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Figure 5.4 IR spectrum for 4.4. 

 
Figure 5.5 IR spectrum for 4.5. 
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Figure 5.633IR spectrum for 4.6. 

5.2.2 Mass spectrometry data 

 
Figure 5.7 ESI mass spectrum of 2.1. 
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Sample Name: PA-MPMM-1 Ion Source Type(Polarity): ESI+
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Figure 5.834ESI mass spectrum of 2.5. 

 
Figure 5.935ESI mass spectrum of 4.3. 

Sample Name: ATA880C S-Ni8 Ion Source Type(Polarity): ESI+/-

File Name: MPH0807c, d Solvent:ACN for ESI+;ACN (0.1%FA) for ESI-

  Tried to dissolve very small amount of the sample in 500 ul ACN. Even after sonication, most of the sample settled down at the bottom as 

precipitation. The clear top solution was fed into the mass spec, and it gave some signal at positive ESI (Page 1-7), but not much at negative 

mode. 

By adding 1ul formic acid to the above solution, the green precipitation mostly disappeared. However, too many high noise spikes showed 

up in the spectrum, suppressing the actual signals. The solution was then diluted ~ 3 times (with ACN), from which a better ESI- spectrum 

was obtained (Page 8-20). But ESI+ of this solution was not good (not shown). 
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Figure 5.1036ESI mass spectrum of 4.4. 

 
Figure 5.1137ESI mass spectrum of 4.5. 

MS Instrument: Bruker HCTplus Ion-Trap 

Sample Name: PA-Cu2-2 Ion Source Type(Polarity): ESI+/-

File Name: MPH3087 Solvent : MeOH

Please read through the 8-page report. 
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Figure 5.1238ESI mass spectrum of 4.5. 

 
 

MS Instrument: Bruker HCTplus Ion-Trap 

Sample Name: PA-Fe8 Ion Source Type(Polarity): ESI+/-

File Name: MPH3088 Solvent : MeOH

Please read through the 12-page report. 
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