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Abstract
This thesis covers many areas within the field of molecular magnetism. With the
exception of chapter 6, all novel complexes in this thesis have been synthesized using
the bidentate ligand 2,2′-biphenol (LH2), usually in conjunction with various pyridyl
co-ligands. Investigation of this ligand in the context of molecular magnetism has
been immensely successful and has led to a plethora of beautiful novel complexes.
In chapter 2 we report a new family of five μ-alkoxide bridged [Mn(III)2] dimers.
These complexes (1-5) have been used towards a full magnetic and DFT analysis of
all [Mn(III)-(OR)2-Mn(III)] dimers in the literature. We have categorized this type of
dimeric Mn(III) complex into three distinct groups, based on the relative orientations
of the Mn(III) ions’ Jahn-Teller axes. This study is an extremely useful contribution
to the field of molecular magnetism as we have concluded that the main structural
feature that determines the magnetic exchange coupling in these systems is in fact the
Jahn-Teller axes relative orientation. Since the magnetic skeletons of large
polynuclear Mn(III) clusters are often made up of dimeric building blocks linked via
alkoxide bridges, this study aids in the rationalization of magnetic interactions in
these larger clusters. These findings have been published in the Wiley journal:
Chemistry - A European Journal [1].
From here we proceeded to investigate the ability of 2,2′-biphenol to complex both
manganese and copper ions, which led to the production of two novel Cu(II)–Mn(III)
dimers (6 and 7), each possessing a rare Jahn-Teller compressed Mn(III) ion, as
detailed in chapter 3. To our knowledge, these are the first Cu(II)–Mn(III) dimers to
possess a Mn(III) ion in a compressed octahedral environment. This chapter details
another comparative study, in which we contrast the ferrimagnetic interaction
between the Cu(II) and Mn(III) ions in one of our novel dimers (complex 6), with that
of a ferromagnetic Cu(II)–Mn(III) Single-Molecule Magnet from the literature
(complex 9). DFT calculations offer insight into the mechanism of magnetic coupling
where the origin of the antiferromagnetic interaction is related to the nature of the
Jahn-Teller distortion. The electronic structure and zero-field splitting of our Cu(II)Mn(III) dimer (complex 6) was analysed using single crystal high-frequency highfield EPR. This interesting study has been submitted for publication to the RSC
journal: Dalton Transactions [2].
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Continuing on the topic of heterometallic chemistry, in chapter 4 we report a family
of 1–D coordination polymers (complexes 10-15 and 17), whose nodes are comprised
of alternating M(III) and Na(I) units (M = Mn / Fe). This M(III)–Na(I)–M(III)–Na(I)
motif is extremely rare, and these complexes represent the first coordination polymers
built using 2,2′-biphenol. These infinite chains have been obtained through the
modification of the synthetic procedures used in the preparation of the [Mn(III)2]
dimers described in chapter 2. By adding an excess of both 2,2′-biphenol and NaOH,
1-D Mn(III)/Na(I) coordination polymers are produced, rather than discrete [Mn(III)2]
complexes. Additionally, in this study we show how modifying the functionality of
the pyridyl co-ligand (from -CH3 to -CH2CH3) or changing the position of the ligand
functional group (from the 3- to the 4-position), changes the nature of the polymer
formed; from a M(III)/Na(I) chain whereby the metal ions are bridged via the
coordinate bonds of intermediate L2- oxygen atoms, to an ionic 1–D array comprising
[Na]+ and [M]- monomeric units linked via hydrogen bonding. Our initial findings
have been published in the RSC journal CrystEngComm in 2010 [3], which was
followed by a full paper in 2011 in the same journal [4].
In chapter 5 we move on to investigate the chemistry of 2,2′-biphenol with the highly
magnetically anisotropic Co(II) ion. Here we report the Co(II) analogues (complexes
18 and 19) to the homo- and heterometallic dimers of chapter 3, a ferromagnetic
[Co(II)8] cluster (20), and 1– and 2–dimensional coordination polymers comprising
magnetically dilute Co(II) nodes (21 and 22 respectively). This family of five novel
complexes represent the first complexes of cobalt constructed using 2,2′-biphenol,
while the [Co(II)8] cluster is the second largest discrete cluster ever synthesized using
this ligand. This structural and magnetic study has been published in CrystEngComm
[5].
Attempts to utilize 2-hydroxypyridine (2-hpH) as a co-ligand in conjunction with 2,2′biphenol in the synthesis of Cu(II)-Ln(III) systems led to the production of eleven
heterometallic complexes containing both Cu(II) and Ln(III) ions. This family
comprises a family of [Cu(II)4Ln(III)4] clusters (23-25), alongside a series of 1-D
coordination polymers comprising {Ln(III)2Cu(II)8} nodes (24-33). Although 2,2′biphenol is not present in these complexes (2-hp being the only ligand present), these
complexes significantly build on previous research. The gadolinium analogues in
these families are currently being investigated for their ability to perform as molecular
11	
  

coolant materials, while the anisotropic terbium and dysprosium versions will be
probed for SMM behaviour. Once these experiments have been completed, this study
will be ready for publication.
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Introduction
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1.1 History and background of magnetism
Thousands of years ago, human beings already knew about the fascinating properties
of naturally magnetized magnetite. According to legend, these properties were first
discovered by an elderly shepherd called Magnes in ancient Greece [6]. As he was
herding his sheep, Magnes noticed that the nails of his sandals and the metal tip of his
staff became stuck to the large black rock on which he was standing. This myth
explains the origin of the terms magnet and magnetite, although according to many
historians, they are named after the Grecian town of Magnesia. The English called
pieces of magnetized magnetite ‘Lodestone’, which in Middle English means ‘coursestone’ or ‘leading-stone’, referring to the material’s first practical application as a
compass needle. The compass was not invented by the English however, in fact many
historians believe that it was used as early as the 13th century BC in China [7].
Hans Christian Ørsted was the first scientist to prove the relationship between
electricity and magnetism. He made his initial discovery during a lecture in 1920
when he noticed that a compass needle moved when the electric current from a
battery was switched on and off [8]. This led him to perform experiments which
confirmed that an electric current produces a magnetic field as it flows through a wire.
It was not until 1897, that the origin of electric current – the electron, was discovered
by J. J. Thompson and his team while attempting to gain some information as to the
nature of cathode rays [9]. His experiments, in which he measured the velocity and
the mass to charge ratio for cathode rays, involved combining the magnetic deflection
of the rays with their heating on a thermocouple. Velocities of up to 1/10th of that of
light along with mass to charge ratios of only 1/1000th of that for the hydrogen ion
were found. It was thus concluded that the particles might be “detached and hitherto
hypothetical individual electrons or atoms of electricity themselves” [10].
In the same way that electrons moving along a wire produce a magnetic field, in
magnetic materials the magnetization results from electron motion in atoms. This
motion includes the electron’s orbital angular momentum (its movement about the
nucleus) and also the intrinsic spin of the particle. This property of ‘spin’ was first
described by Pauli in 1924 as a “peculiar not classically describable two-valuedness
of the quantum properties of the valence electron” [11], in an attempt to explain the
‘anomalous’ Zeeman effect displayed by the valence electron of alkali metals. This
observed spectral line splitting was then described by Goudsmit and Uhlenbeck in
15	
  

1925 [12], as arising due to an intrinsic angular momentum or spin of the electron
giving rise to a magnetic dipole moment, which could align parallel or antiparallel to
the external magnetic field, thus giving rise to two different energy levels as observed
in Zeeman splitting. At first, Pauli ridiculed the notion of an electron spinning on its
axis, but later accepted the concept as a quantum mechanical property [13]. Each
electron thus possesses a spin quantum number S = ½, and can have a spin direction
of either ms = +½ or –½ (Figure 1). These mS levels are referred to as microstates.

	
  
Figure 1. Schematic diagram depicting Zeeman Splitting. The electrons can either align
themselves parallel or antiparallel with the external magnetic field (H), leading to two energy
states (microstates).

The magnetic moment of an atom in a magnetic material arises from a combination of
the orbital and spin angular momenta of its individual electrons. Paired electrons in
orbitals cancel out each other’s moments, leaving only the unpaired electrons to
contribute to the overall atomic moment. For this reason, elements belonging to the
transition metal and lanthanoid series are employed in the construction of magnetic
materials, as each metal ion can possess up to five (3d5) and seven (4f7) unpaired
electrons respectively. Because these unpaired electrons occupy non-overlapping dor f-orbitals, their spins align parallel to one another due to Hund’s rule (intra-atomic
ferromagnetic exchange), leading to a net atomic moment.
There are several ways in which the individual atomic moments in a magnetic solid or
molecule can arrange themselves, dictating the overall magnetic behaviour of the
material. These arrangements are listed below (section 1.2).
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1.2 Types of magnetic behaviour
1.2.1 Paramagnetism
A paramagnetic material possesses unpaired electrons (unlike a diamagnetic material
where all the electrons are spin paired). In pure paramagnetism the individual atomic
magnetic moments do not interact with one another and are randomly oriented in the
absence of an external magnetic field due to thermal agitation, resulting in a zero net
magnetic moment of the material (Figure 2A). When a magnetic field is applied, the
individual moments will tend to align with the applied field, resulting in a net
magnetic moment in the direction of the applied field. Paramagnetic materials have a
positive magnetic susceptibility and are thus attracted by an external magnetic field,
whereas diamagnetic materials are repelled by an external field.

	
  
Figure 2. Schematic diagram depicting the alignment of individual magnetic moments in (A)
paramagnetic, (B) ferromagnetic, (C) antiferromagnetic and (D) ferrimagnetic systems.
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1.2.2 Ferromagnetism
Ferromagnetism arises as a result of the parallel alignment of adjacent atomic
moments in the absence of an applied field (Figure 2B). This type of ordering leads to
a large net magnetic moment of the material. The Curie temperature (TC) of a
ferromagnetic material is the temperature below which ferromagnetic ordering occurs.
Above this Curie temperature, paramagnetic behavior is observed in the material.
1.2.3 Antiferromagnetism
In antiferromagnetism, the individual magnetic moments align antiparallel to one
another (Figure 2C). These dipoles are of the same magnitude, and as a result
complete cancellation occurs, leading to a net magnetic moment of zero. Above their
Néel temperature (TN – the temperature below which antiferromagnetic ordering is
observed, analogous to the Curie temperature in ferromagnetism), antiferromagnetic
materials exhibit paramagnetic behaviour.
1.2.4 Ferrimagnetism
A ferrimagnetic material is one in which the individual moments are aligned
antiparallel, as seen in antiferromagnetism. However, in this case the individual
moments are not of equal magnitude, and so incomplete cancellation occurs (Figure
2D). This leads to a net magnetic moment in the direction of the dipoles of greater
magnitude. Magnetite (Fe(III)2Fe(II)O4), the naturally occurring spontaneous magnet
mentioned in section 1.1 is a ferrimagnet as the atomic moment of one Fe(III) ion
orients antiparallel to the moments of the other two cations of the formula unit
(Fe(III) and Fe(II)). Akin to ferromagnetism, spontaneous magnetization of a
ferromagnetic material is only observed below its Curie temperature.
1.2.5 Superparamagnetism
Sufficiently small ferro- or ferrimagnetic nanoparticles and a little more recently
Single-Molecule Magnets (SMMs) (discussed in section 1.8.1) can exhibit a form of
magnetism known as superparamagnetism. In their superparamagnetic state these
particles can randomly flip their magnetization under the influence of temperature,
and transition to this state can occur below the particles’ Curie temperature. This
behaviour is different to paramagnetism as the atoms of each individual nanoparticle
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or molecule remain ferro- or ferrimagnetically ordered. The typical time between flips
is called the Néel relaxation time (τN), a value that increases with increasing
temperature. If the nanoparticle or molecule is magnetically anisotropic (possessing a
preferred direction for its magnetic moment), its magnetic moment will have only two
stable orientations antiparallel to each other, separated by an energy barrier (ΔE or
Ueff). These stable orientations define the particle’s so called easy axis.
The blocking temperature (TB) of a magnetic nanoparticle or SMM describes the
ability of that particle to retain its magnetization in just one direction. It is the
temperature at which the magnetic relaxation time of the particle becomes longer than
the timescale of the magnetization measurements (τ = 100 s). At this temperature, the
magnetization does not flip during the measurement and appears blocked in one
direction.
The magnetic relaxation of a material is typically given as the relaxation time at
infinite temperature τ0. This value is related to the energy barrier to magnetization
reversal (ΔE), and the magnetic relaxation time τ at a specific temperature (T) by the
Arrhenius law (kB is the Boltzmann constant):

τ = τ0exp(ΔE/kBT)
1.3 Quantifying magnetic properties
Magnetic interactions are typically characterized by their responses to variations in
temperature and applied magnetic field.
The Magnetic Moment (μ) of a sample of magnetic material determines both how the
material responds to an external magnetic field and the way that the material changes
the field. A common unit is the Bohr Magneton (BM or μB), which is a physical
constant and the natural unit for expressing the magnetic dipole moment of a single
electron (1 BM = 9.274 × 10-24 J T-1 or 9.274 × 10-21 Erg G-1). The “spin only”
magnetic moment of a single atom or molecule can be calculated using the spin-only
formula:

μS.O. = 2[S(S+1)]1/2
S is the spin quantum number and describes the total number of unpaired electrons
that contribute to the magnetic moment, where each unpaired electron contributes S =
½. The value of μ obtained using this formula relates to the magnetic moment that
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arises only from the spin angular momenta of the electrons, and not their orbital
angular momenta. In molecules or atoms where the orbital angular momentum has
been quenched (see section 1.6), this calculated value is very often close to the
measured value. However in materials where orbital angular momentum is
unquenched, the measured magnetic moment of a sample can deviate significantly
from the calculated spin-only value.
The Molar Magnetization (M) of a sample can be explained as the “amount of
magnetic moment per mole” of material. The magnitude of the magnetization of a
sample is dependent on the strength of the external magnetic field – the stronger the
external field, the greater the value of the magnetization. In the field of molecular
magnetism (see section 1.7), the most common unit for magnetization is G cm3 mol-1,
where Gauss is the cgs measurement of magnetic field and the cm3 and mol-1 entities
arise in the conversion of the Volume Magnetization (which has units of Gauss) to the
Molar Magnetization.
The Molar Magnetic Susceptibility (χM) is the proportionality constant between the
molar magnetization (M) and the external magnetic field (H) in small external fields
and not extremely low temperatures:

M = χM H
Thus, the molar magnetic susceptibility gives greater insight into how attracted a
sample is to a magnetic field as this value is independent of the external field. The
most common unit for the magnetic susceptibility of a sample in the field of
molecular magnetism is cm3 mol-1. For systems in which orbital angular momentum
has been quenched, and magnetic behaviour arises solely from electronic spin, the
magnetic susceptibility and the spin only magnetic moment can be related by:

μS.O = 2.828(χMT)1/2
The Curie Law describes the temperature dependence of the magnetic susceptibility
for an ideal paramagnet. This is due to the fact that a reduction in thermal agitation
leads to an increase in individual moments aligning with the external field:

χM = C/T
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The value C is a material specific Curie constant. This formula only applies to
systems in which the individual magnetic moments are not communicating with each
other (i.e. magnetically dilute materials). In such systems plotting 1/χM vs. T gives a
straight line with slope C that intersects the origin. To account for magnetic
interactions between neighbouring spins, a modified version called the Curie-Weiss
law was devised:

χM = C/(T – θ)
The θ value is the Weiss constant. Plotting 1/χM vs. T gives a straight line with C as
the slope and θ as the intercept. If θ is positive, the material is ferromagnetic, while
an antiferromagnetic material gives a negative value of θ. To show deviations from
Curie behaviour, and thus to reveal the strength of the magnetic coupling between
atomic moments, a plot χMT vs. T is commonly reported. In a system where the
individual moments were magnetically dilute, χMT does not vary as a function of
temperature. This type of material obeys the Curie Law and χM is inversely
proportional to the temperature. However, in systems where magnetic coupling is
observed χMT can vary immensely with T, particularly at low temperature. Figure 3
shows the deviations from Curie behaviour for ferromagnetic, ferrimagnetic and
antiferromagnetic materials.

	
  
Figure 3. Graph depicting the variation of χMT with temperature, for materials exhibiting
different types of magnetic behaviour.
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Magnetic Hysteresis measurements give insight into how ‘hard’ or ‘soft’ a magnet is.
When an external magnetic field is applied to a magnetic material, the atomic dipoles
align themselves with it. Upon removal of the field, part of this alignment will be
retained as the material has become magnetized. Once magnetized, a ‘hard’ ferro- or
ferrimagnet will stay magnetized for a long period of time, whereas a ‘soft’ ferro- or
ferrimagnet will retain its magnetized state for a much shorter time. A pure
paramagnet however will lose its memory of the applied magnetic field due to thermal
agitation almost instantly upon removal of the field. Hysteresis measurements show
the ability of a magnet to retain its magnetization when the field is removed and when
the field is applied in the opposite direction. A hysteresis loop is a plot of the variation
of magnetization with magnetic field for two opposing directions of the field (+H and
–H). The field is gradually increased in one direction until it reaches a maximum, and
then is decreased gradually until it reaches zero. The field is then gradually increased
and decreased in the opposite direction in the same fashion. Magnetization
measurements are carried out on the sample simultaneously. An example of hysteresis
loops for both hard and soft ferromagnets is shown in Figure 4.

	
  
Figure 4. Schematic diagrams depicting hysteresis loops for a ‘hard magnet’ (left) and a ‘soft
magnet’ (right). Although magnetization saturation is the same for both types, much larger
values of coercivity and retentivity are exhibited by the ‘hard’ magnet.

Figure 4 shows the points of saturation, retentivity and coercivity on each hysteresis
curve. These points are identical for the opposite direction of the field. The saturation
magnetization for each magnet is the same in this schematic, however the ability of
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the hard magnet to retain this magnetization (retentivity – often called remnance)
upon removal of the external field is far greater than that of the soft magnet. The
coercivity is the intensity of the opposing applied magnetic field required to reduce
the magnetization of each magnet to zero after the magnetization of the sample has
been driven to saturation. For a hard magnet, a strong opposing magnetic field is
required to reduce its magnetization to zero, while a lower field strength is needed for
a softer magnet. The area surrounded by a hysteresis loop is called the coercive field.
The size of this area is a good indication of a materials magnetic hardness. A
superparamagnet will exhibit magnetic hysteresis below its blocking temperature (TB).

1.4 Measuring magnetic properties
1.4.1 SQUID Magnetometry
In the field of molecular magnetism (see section 1.7), the most common instrument
employed in the measurement of magnetic properties is the SQUID (Superconducting
Quantum Interference Device), as it is highly sensitive and can measure very subtle
changes to a magnetic field. In a SQUID the sample becomes magnetized in a field
produced by a superconducting magnet. Within the device, the sample is surrounded
by a superconducting sensing coil, which is coupled to a second loop. As the
magnetized sample is moved through the coil, it induces a current in the double loop
circuit. Due to their superconducting nature, these loops do not cause any signal loss.
A change in the magnetic flux of these coils changes the current in the detection
circuit, which produces a variation in the SQUID output voltage. This output voltage
is directly proportional to the magnetic moment of the sample.
1.4.2 Electron Paramagnetic Resonance (EPR)
EPR spectroscopy is a technique used to probe the electronic properties of magnetic
materials. As we have mentioned, each electron possesses a spin quantum number S =
½, with magnetic components (microstates – mS) of +½ and –½. In the presence of an
external magnetic field (H), the electrons’ magnetic moment aligns itself either
parallel (+½) or antiparallel (–½) to the field, each alignment having a specific energy
(giving rise to the Zeeman effect). The parallel alignment corresponds to the lower
energy state, and the energy separation between it and the upper state is:
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ΔE = geμBH
The symbol ge represents the electron's so-called g-factor, μB is the Bohr Magneton,
and H is the applied magnetic field. The difference in energy between these two states
can be determined by the absorption of a photon of the same energy, usually of
microwave frequency, which causes a transition from the mS = +½ to the mS = -½
states. (Figure 5). Because the energy gap is proportional to the external field
strength, either by keeping the incident photon frequency constant and varying the
field strength (or vice versa), we can pinpoint ΔE for a specific value of the field
(Figure 5). Thus the electrons g-factor can be determined. The g-factor is basically a
proportionality constant that relates the magnetic dipole moment and the angular
momentum of an electron. For an electron that possesses only spin angular
momentum (no orbital angular momentum) its g-factor is close to the free electron
value of 2.0023. However, many transition metal and lanthanoid ions possess large
orbital angular momentum, which changes the value of the g-factor (due to spin-orbit
coupling – discussed in section 1.6). In this way, EPR measurements are extremely
useful in shedding light on the electronic behaviour of an atom or molecule. In
addition, the g-factor of the electron may not have the same value for all orientations
of the atom, a concept known as magnetic anisotropy, also discussed in section 1.6.
Because an unpaired electron will respond not only to a spectrometer’s applied
magnetic field, but also to any local magnetic fields arising due to neighbouring
electrons, knowledge of the g-factor can give additional information about a
paramagnetic center’s electronic structure.

Figure 5. Schematic representation depicting the splitting of the ms states in the presence of
an applied magnetic field. The difference in energy (ΔE) between the two states increases with
increasing field strength and is probed using microwave frequency radiation of energy hv.
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1.5 Magnetic exchange
1.5.1 Introduction to magnetic exchange
When positioned in close proximity, electronic spins communicate, causing both
spins to arrange themselves either parallel or antiparallel with one another. In section
1.1 we briefly mentioned intra-atomic exchange. In order to reduce the coulombic
repulsion between two electrons occupying separate degenerate orbitals, they prefer to
align parallel with one another so that their wavefunctions cannot overlap, due to the
Pauli principle [14]. The tendency for these unpaired electrons to align parallel is
described by Hund’s rule of maximum multiplicity. This concept is applicable to a
case of ferromagnetic coupling between neighbouring atoms. If a magnetic (halffilled) orbital on one atom is mutually orthogonal with a magnetic orbital on a
neighbouring atom (no overlap), the unpaired electrons prefer to align parallel with
one another to avoid the greater coulombic repulsion involved with spin pairing.
However, if overlap occurs between adjacent magnetic orbitals on separate atoms, the
unpaired electrons will prefer to align antiparallel in accordance with the Pauli
exclusion principle, leading to an antiferromagnetic interaction. The interaction
involved in these two scenarios between orbitals on two adjacent atoms is referred to
as direct exchange, as the magnetic centres are close enough to communicate directly.
The net magnetic exchange between two neighbouring atoms is a combination of the
individual interactions between all magnetic orbitals on one atom with all magnetic
orbitals on the other (and interactions between half-filled with filled and empty
orbitals). This net interaction is described by the Isotropic Exchange Hamiltonian:

Ĥ = -2JŜ1•Ŝ2
The terms Ŝ1 and Ŝ2 are spin operators and describe the spin quantum number of the
two exchange coupled atoms. For example, high spin Mn(III) ions possess 4 unpaired
electrons, and a spin quantum number S = 2 (due to the fact that each electron is s =
½). The nature of the exchange coupling between two atoms (i.e. ferro- or
antiferromagnetic) is described by J. This term, referred to as the J-value, is negative
for antiferromagnetic exchange coupling, and positive for ferromagnetic interactions.
The magnitude of this value describes the strength of the interaction, and is related to
the energy difference between the ferromagnetic and antiferromagnetic states of an
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exchange coupled pair. J is most commonly reported in cm-1 and occasionally in
Kelvin (K).
This thesis is concerned with the magnetic and structural properties of inorganic
polynuclear complexes comprising paramagnetic metal centers. These complexes can
be discrete clusters comprising two or more paramagnetic ions (coordination clusters),
or infinite 1-, 2- and 3–dimensional arrays (coordination polymers) and will be
discussed in section 1.7. In these types of complexes the individual magnetic ions are
separated by one or several ligand atoms, which link the ions together into the
aforementioned topologies, while forming an organic sheath around the inorganic
core of the molecule. Unlike the atoms in metallic or ionic solids, the magnetic
centers in most molecules of these types are too far apart for direct exchange to be of
any significance. However, weak exchange couplings are observed between magnetic
ions separated by one or more diamagnetic groups, a discovery which gave rise to the
theory of superexchange. This type of exchange can also be described by the
exchange Hamiltonian for magnetically isotropic systems.
1.5.2 Superexchange
The phenomenon of superexchange emerged as a result of experiments carried out by
Kramers in the 1930’s on the cooling of paramagnetic salts under an external
magnetic field [15]. He noticed weak magnetic interactions between the metal ions
separated by diamagnetic atoms, and concluded that these ions could cause spin
dependent perturbations in the wave functions of the intervening atoms. This
occurrence, which was later termed kinetic exchange, is mediated by the
delocalization of electrons between the two magnetic ions through the ligand orbitals.
Kramers proposed a generalized scheme for this observed phenomenon which
involved a partial electron transfer between magnetic orbitals and the ligand orbitals
[16]. For example, in the case of manganese oxide (MnO), the largest contribution to
the magnetic exchange involves the interaction between unpaired electrons in the dz2
orbitals of the Mn(II) ions. These orbitals point directly towards the lobes of the filled
pz orbital on the oxygen ions, which lie between the metal centers (the Mn(II)–O2-–
Mn(II) bond angle is 180°). Taking into account a single Mn(II)–O2-–Mn(II) entity, if
partial electron transfer occurs from an electron in the pz orbital to the dz2 orbital on
one Mn(II) centre, the electron in the receiving dz2 orbital ion must be aligned
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antiparallel to this electron in accordance with the Pauli exclusion principle. The
oxygen ion from which the electron is transferred now has a net spin due to the
remaining electron whose spin is antiparallel to the removed electron. Due to the
overlap of the pz orbital with the dz2 orbital of Mn(II) ion on the other side, the
remaining pz electron and the one in the dz2 orbital align antiparallel, again due to the
Pauli exclusion principle. The net effect is the antiferromagnetic coupling of the two
Mn(II) ions (Figure 6).

	
  
Figure 6. Schematic diagram depicting the kinetic exchange interaction involving the halffilled metal dz2 orbitals of two Mn(II) ions and the pz orbital of the intervening O2- anion in a
180° bonding situation.

Using this model one can consider a similar dz2–pz–dz2 situation, where one dz2 orbital
is half filled while the other is empty. Partial electron transfer occurs from the pz
orbital to the empty dz2 orbital and aligns itself parallel to the net spin of the cation in
accordance with Hund’s rule. The net spin of the oxygen atom is thus antiparallel to
the spin of this cation, and also couples with the cation on the other side
antiferromagnetically. This leads to an overall ferromagnetic exchange interaction
between the cations. These two scenarios deal with superexchange interactions where
the M–L–M bond angle is 180° and thus magnetic communication can occur through
the lobes of the same p orbital. In a 90° bonding situation, the half-filled 3d orbital of
one cation may overlap with a pz orbital on the ligand atom, while the interacting halffilled 3d orbital on the other cation may overlap with a p orbital perpendicular to pz
(px or py). Since each 3d orbital overlaps with a different ligand orbital, there is no
kinetic exchange between the two cations and the interaction can be ferromagnetic. In
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the case where the magnetic orbitals are mutually orthogonal (i.e. zero overlap), the
interaction between them is always ferromagnetic (Figure 7).

	
  
Figure 7. Schematic diagram depicting the ferromagnetic superexchange interaction in a
hypothetical Mn(II)-O2--Mn(II) 90° bonding scenario.

1.6.3 Superexchange: Developments upon Kramers’ proposed mechanism
The 1950’s saw an emergence of many publications concerning the mechanism of
superexchange. In 1950, Anderson refined Kramers’ model and reported formulae for
Kramers’ proposed interaction in terms of spin operators [17]. For this reason
superexchange is often referred to as Kramers-Anderson superexchange. A few years
later Goodenough and Loeb published a paper in which the effect of semicovalence
between the cations and anions involved in superexchange was considered [18], [19].
Predictions based on their idea concerning the type of exchange (F or AF) mostly
agree with those based on the Kramers/Anderson model, though in some cases they
are conflicting. In 1958, Yamashita and Kondo [20] explained how non-orthogonality
of orbitals could produce superexchange without any electron transfer, a phenomenon
known as spin-polarization. For example, if a d-orbital and a p-orbital are nonorthogonal to each other, effective deformations of these orbitals will occur due to the
Pauli principle, leading to communication between magnetic centers. In 1959,
Kanamori published an article in which he discussed the relationship of the orbital
symmetry with the magnetic exchange [21]. In the same year Anderson reported a
revised version of his 1950 publication, this time taking a molecular orbital approach
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in which the mixing of the 3d orbitals on the metal ion and the p orbitals on the
intervening ligand give rise to bonding and antibonding MOs [22]. The two electrons
originally occupying the p orbital now reside in the bonding MO, while the 3d
electron(s) occupy the antibonding MO. In this way, the 3d electrons from each
magnetic ion can interact. The molecular orbital diagrams of Figure 8 illustrate this
concept. Both schematics represent the exchange interaction between two Cu(II) ions
(possessing an unpaired electron in their dx2-y2 orbitals) separated via an intermediate
oxygen atom. In a 180° bonding situation, just one oxygen p orbital (py) overlaps with
both dx2-y2 orbitals (one from each Cu(II) ion), leading to three MOs. The four
electrons thus reside in the two lower energy MOs – leading to a non-magnetic
ground state, or antiferromagnetic coupling between the Cu(II) ions (S = 0). However,
in a 90° bonding situation, each of the two dx2-y2 orbitals interacts with a different
oxygen p orbital (px and py) leading to four MOs. The magnetic (S = 1) ground state
arises due to the two higher energy MOs being degenerate, as depicted in Figure 8.

	
  
Figure 8. MO diagrams depicting the exchange interaction between two Cu(II) ions separated
by a bridging oxygen atom. A 180° bond angle leads to a non-magnetic ground state
(antiferromagnetic interaction), while a 90° bond angle leads to a ground state of S = 1
(ferromagnetic interaction).

Goodenough and Kanamori developed a set of semi-empirical rules – the
Goodenough-Kanamori rules [23], for rationalizing the magnetic properties of a wide
range of materials on a qualitative level. By consideration of the symmetry and the
electron occupancy of the interacting orbitals on neighboring magnetic centers the
sign and relative magnitude of the resulting kinetic exchange can often be predicted.
These rules possess roots in Kramers’ original model, and basically state that if there
is a large overlap between half-filled orbitals at two magnetic ions, the superexchange
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mechanism is strongly antiferromagnetic; whereas overlap between partly occupied
and unoccupied orbitals gives a ferromagnetic interaction. However, complications
arise when the M–L–M bond angle deviates away from 120°, as is the case for most
cluster compounds, and further complications can arise when spin-orbit coupling
becomes significant. In addition, these rules inaccurately predict that the net kinetic
exchange coupling between transition metal ions is always antiferromagnetic, and
cases where ferromagnetic coupling is observed is assumed to be due to spin
polarization or direct exchange. The rationale behind this hypothesis was that the
largest contribution to the kinetic exchange is the interaction between two nonorthogonal half filled orbitals which is always antiferromagnetic. The minor
(ferromagnetic) contributions are the interactions between a half-filled orbital and
either a filled or empty orbital, and that of a filled orbital with an empty orbital. The
sum of these ferromagnetic contributions was assumed too small to cancel out the
major antiferromagnetic contribution, and so the net kinetic exchange was believed to
be always antiferromagnetic. This widely held belief was found to be incorrect in
1997, when Weihe and Güdel proved that ferromagnetic exchange terms were more
important than had been previously assumed [24].
1.5.4 Current methods used to rationalize superexchange
Nowadays, superexchange interactions are rationalized using a combination of spin
delocalization (kinetic exchange) and spin polarization mechanisms. Both of these
mechanisms lead to spin densities on ligand atoms, which can be assessed using
density functional theory (DFT). For example if an unpaired electron on a metal ion
has positive spin (i.e. its spin is aligned with the external field), its delocalization
results in a distribution of positive spin density throughout the molecule. The amount
of spin delocalization is more important for the atoms directly bonded to the
paramagnetic centre and it increases with the covalent character of the metal – ligand
bond [25]. The spin polarization mechanism induces negative spin density on atoms
directly bonded to the metal ion with positive spin. This effect propagates through the
molecule away from the paramagnetic centre thus generating densities of alternating
spin at rather long distances. The net spin density at a particular atom arises from the
combination of these two mechanisms. Generally, when the unpaired electrons are
located in a metal π-type orbital (t2g in an octahedral complex) spin polarization is
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expected to dominate, while if it is in a σ-type orbital (eg), there is direct overlap with
the ligand orbitals and a spin delocalization mechanism is expected to predominate. In
chapters 2 and 3 of this thesis we have used density functional theory in order to
assess the spin densities of a new family of [Mn(III)2] dimers and a heterometallic
[Cu(II)Mn(III)] dimer respectively. We have then related these spin densities to their
observed exchange couplings. Considering the many exchange pathways present
between the magnetic ions in these dimers, assigning each contribution to the
observed spin densities is not an easy task.

1.6 Magnetic anisotropy, spin-orbit coupling and zero-field splitting
The magnetic anisotropy of a bulk solid, a molecule or an atom is the tendency of that
material to align its magnetic moment(s) in a specific direction, i.e. the magnetic
properties are not equal in all spatial directions. This effect is very important in the
field of molecular magnetism (see sections 1.7 and 1.8) as magnetic anisotropy is
essential in order for a molecular magnet to retain its magnetization upon removal of
the external field. In transition metal and lanthanoid complexes, this effect arises
mainly due to the spin-orbit coupling of the constituent metal ions (the coupling of the
electronic spins with their orbital angular momenta). Dipolar spin-spin interactions
also contribute to the anisotropy in these complexes, but to a much lesser extent [26].
A paramagnetic ion will possess orbital angular momentum if it possesses electrons
that can move between orbitals. This occurs in orbitally degenerate states where the
degenerate orbitals containing the moving electron are exchangeable via rotation
about an axis. For example, an electron in degenerate dxz and dyz orbitals possesses
angular momentum since rotation about the z-axis exchanges the two orbitals.
However, an electron in degenerate dz2 and dx2-y2 has no angular momentum since
these orbitals are not exchangeable via rotation. This moving charge circulating about
the atom generates a magnetic dipole moment perpendicular to the plane of motion,
which the electronic spins can couple with, leading to the phenomenon of spin-orbit
coupling. In metal ions whose orbital angular momentum has been quenched (due to
crystal field splitting), spin-orbit coupling may be observed due to the presence of low
lying excited electronic states. In this case, the ground state can interact with excited
states that have different orbital occupations via spin-orbit coupling. This interaction
can be interpreted as electrons in the ground state configuration ‘jumping’ into orbital
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vacancies (thus giving the excited state electronic configuration) and generating
orbital angular momentum and thus spin-orbit coupling. Again these transitions are
only allowed if the two orbitals involved in the electron ‘jump’ are related by a
rotation around a given axis, and the resultant magnetic dipole generated possesses a
specific orientation.
Spin-orbit coupling introduces magnetic anisotropy to an atom, ion or molecule by
making some directions preferable even in the absence of an applied magnetic field
(zero-field splitting) [26]. For a state with a given spin S there are 2S+1 magnetic
microstates (MS levels) with MS = S, S-1, …, -S, each state composed of a specific
arrangement of electrons. In these different MS levels the orientation of the electron
spins differ relative to a given axis. In the MS = S state the spins are aligned parallel
with this axis, while in the MS = -S state the spins are antiparallel. The spins are tilted
in each of the intermediate MS states. Since the orbital angular momentum generates a
magnetic dipole moment that is oriented in a specific direction, each of these MS
levels interact differently with it. The MS levels that are in close alignment with this
dipole moment will be of lower energy than those that are in poor alignment with it,
and thus, the microstate degeneracy is removed even in the absence of an applied
magnetic field. Since the electronic spins in each MS level possess a specific
orientation, the ground state (the lowest lying pair of MS levels) will be anisotropic.
This phenomenon is known as zero-field splitting (ZFS).
ZFS can only occur in atoms or molecules that possess a ground spin state of S ≥ 1.
For an S = 3/2 system, ZFS splits the spin microstates into MS = ±3/2 and MS ±1/2,
where the energy separation between these two states is twice the axial zero-field
splitting parameter (D). If the doublet MS = ±3/2 is the lowest energy state, this means
that the magnetization is preferentially aligned along an easy axis and D is negative.
However, if the lowest energy state is MS = ±1/2, the magnetization is within an easy
plane, and D assumes a positive value [27]. These pairs of degenerate MS levels of
opposite sign are called Kramers doublets, and the energy separation between them
may be probed using high-frequency high-field EPR spectroscopy (see chapter 3)
[28]. A schematic representation of the zero-field splittings of several systems with S
= 1 to S = 5/2 is shown in Figure 9.
The Co(II) ion exhibits large and negative D value and high magnetic anisotropy due
to first order spin-orbit coupling. For this reason coordination clusters possessing
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Co(II) ions have the potential to possess large barriers to magnetization reversal.
However, due to the unpredictable nature of the magnitude of the orbital angular
momentum in these complexes, their magnetic data is often quite difficult to interpret.
We have dedicated chapter 5 to novel complexes of Co(II).

	
  
Figure 9. Schematic representation of the zero-field splittings of several systems with S = 1
to S = 5/2. All four systems depicted in this diagram possess negative D values which are
related to the energy separations between the microstates.

Complexes of many lanthanoid ions (such as Dy(III) and Tb(III)) possess large spinorbit couplings owing to the ‘core like’ nature of their f-orbitals which are virtually
unaffected by the ligand field. Gd(III) possesses no orbital angular momentum
however, as it possesses one unpaired electron in each of its seven f-orbitals. As these
electrons prefer to align parallel, movement of electrons between orbitals is forbidden
due to the Pauli exclusion principle. Gd(III) is thus magnetically isotropic, while
Dy(III) and Tb(III) are highly anisotropic. Chapter 6 details the synthesis and
characterization of novel heterometallic Cu(III)-Ln(III) clusters and 1–D coordination
polymers, comprising both isotropic (Gd(III)) and anisotropic (Dy(III) and Tb(III))
lanthanoid ions.

1.7 Molecular magnetism
The field of molecular magnetism is a vibrant area of research. Researchers in the
field are concerned with the magnetic properties of individual molecules rather than
bulk solids or nanoparticles, in an attempt to understand magnetic behaviour,
electronic structure and the nature of magnetic exchange interactions at the atomic
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and electronic level. Molecular crystals provide us with aggregates of iso-oriented
magnetic objects on which we can study physical properties, offering us insight into
the magnetic intricacies at this fundamental level.
Chemists in this field provide the test-beds for this type of investigation by
synthesizing discrete coordination cluster compounds and 1–, 2– and 3–dimensional
coordination polymers (a.k.a. metal-organic frameworks – MOFs). These topologies
comprise paramagnetic metal ions linked together via various organic ligands or
anions, usually containing oxygen or nitrogen donor centres. Discrete magnetic
clusters are contained within ligand shells that limit the growth of the metal ion
structure to an infinite mineral, while coordination polymers extend into 1–, 2– and 3–
D

arrays.
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[Co(II)8]

coordination

cluster

of

formula

[Co(II)8(OMe)2(L)4(LH)2(2-hp)4(MeCN)4]·MeCN (20), and a 1–D coordination
polymer containing both paramagnetic Mn(III) and diamagnetic Na(I) nodes of
formula [Na(I)2Mn(III)2(L)4(py)3(EtOH)2]n (10), are shown in Figure 10. Both
structures are reported in this thesis (labeled complex 10 and 20 respectively). The
magnetic properties of such clusters, which can be considered zero-dimensional, and
compounds with higher dimensionalities (1–, 2– and 3–D) are dependent on several
factors including the nature of the magnetic ions, the exchange mechanisms mediated
by the bridging ligands (superexchange – see section 1.5.2) and the zero-field splitting
of the individual ions (see section 1.6).

	
  
Figure 10. Crystal structures of Co(II)8(OMe)2(L)4(LH)2(2-hp)4(MeCN)4]·MeCN (20) (left),
and [Na(I)2Mn(III)2(L)4(py)3(EtOH)2]n (10) (right), examples of a discrete cluster and a 1–D
coordination polymer respectively.
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The field of molecular magnetism is currently experiencing a renaissance due to the
discovery of Single-Molecule Magnetism – the ability of a single molecule to behave
as a tiny magnet and exhibit magnetic hysteresis of purely molecular origin (see
section 1.8.1). Such molecules are an important sub-class of spin clusters – molecular
cluster compounds in which ferro- or ferrimagnetic interactions between neighbouring
paramagnetic ions lead to a non-zero ground spin state of the molecule. This ground
spin state can be described by the spin quantum number S.

1.8 Applications of Molecular Magnetism
In addition to the pursuit of understanding magnetic properties and interactions at the
atomic and molecular level, molecules in which the magnetic ions are ferro- or
ferrimagnetically exchange coupled have many potential technological applications
listed below.
1.8.1 Single-Molecule Magnets
Single-Molecule Magnets, (SMMs) are a class of ferro- or ferrimagnetic coordination
clusters that exhibit superparamagnetic behaviour. At their blocking temperature TB
(see section 1.2.5) these individual complexes can retain their magnetic moment in
one direction for 100 seconds, and for up to years at temperatures lower than TB. At
these temperatures, SMMs exhibit magnetic hysteresis of purely molecular origin. In
order for a coordination cluster to exhibit SMM properties it must possess a large
energy barrier to reversal of its magnetization ΔE (or U), which is dependent on the
ground spin quantum number (S) and the zero-field splitting parameter (D) of the
molecule. The cluster must possess a sizable and negative D value for it to be an
SMM. The relationship between ΔE, S and D is given by the formulae:

ΔE = S2|D|
for integer values of S, and:

ΔE = (S2– ¼)|D|
for half integer values of S.
The spin quantum number S is the sum of all unpaired spins of the coordination
cluster, where each electron possesses a spin of ½, and opposing spins cancel each
other out. For example, in chapter 3 we compare a ferromagnetic Cu(II)–Mn(III)
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dinuclear cluster to a ferrimagnetic analogue. As the Cu(II) and Mn(III) ions possess
one (S = ½) and four (S = 2) unpaired electrons respectively, ferromagnetic coupling
would lead to a cluster spin ground state of S = 5/2, while ferrimagnetic coupling
would give S = 3/2. The axial zero-field splitting parameter (D) describes the systems
anisotropy, and is discussed in section 1.3. In chapter 3 we report the use of high-field
and high-frequency electron paramagnetic resonance (EPR) in the determination of
the D value for the aforementioned Cu(II)–Mn(III) dimer.
Due to the fact that SMMs exhibit magnetic hysteresis below their blocking
temperature, they are ideal candidates for information storage as each molecule can
possess either a ‘spin up’ or ‘spin down’ orientation, where each orientation can
represent either a ‘one’ or a ‘zero’ in binary code [29]. In today’s computer hard
drives, binary units are stored in magnetic domains, where each magnetic domain is
composed of hundreds of grains, each grain being typically 10 nm in size. Discrete
molecules are several orders of magnitude smaller than these domains; therefore
SMMs offer the alternative of much denser information storage. SMMs are also
candidates as qubits in quantum computing [30], a potential technology in which the
fundamental units of information are ‘one’, ‘zero’ (as in classical computing), and a
quantum superposition of both these states. Having three possible units of
information, coupled with the nano-scale size of SMMs, could potentially lead to
further miniaturization of information storage devices.

	
  
Figure 11. Crystal structure of the archetypal SMM – Mn12OAc, taken from ref [31].
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The first molecule ever discovered to exhibit Single-Molecule Magnet behaviour is a
dodecanuclear
.

manganese

cluster

of

formula

[Mn12O12(CH3COO)16(H2O)4]

2CH3COOH.4H2O, usually shortened to Mn12OAc. Its crystal structure (Figure 11)

was first reported by Lis et al in 1980 [32]. However it was not until 1991 that this
molecule was shown to exhibit slow magnetic relaxation below 10 K [33]. Sessoli et
al reported that the cluster exhibits magnetic hysteresis of purely molecular origin
[34], i.e. the observed hysteresis effect is not associated with bulk magnetic order, but
arises due to the slow relaxation of the magnetization of individual [Mn12OAc]
molecules. Several years after the discovery that Mn12OAc could exhibit hysteresis of
molecular origin, the term ‘Single-Molecule Magnet’ appeared [35], suggesting that
the individual molecules behave as tiny magnets.
This cluster was found to possess a ground spin state of S = 10. This is due to an inner
core of four ferromagnetically coupled Mn(IV) ions, which are antiferromagnetically
coupled to an external ring of eight Mn(III) ions (all aligned spin-parallel to one
another). In a large fraction of the molecules in a bulk sample of Mn12OAc, all eight
Mn(III) ions display parallel alignment of their Jahn-Teller axes. As the anisotropic
easy axis run along the Jahn-Teller axis in Mn(III) ions, this leads to a large and
negative cluster anisotropy (D ≈ –0.5 cm-1). However, it is worth noting here that a
number of analogues of Mn12OAc possess a single misaligned Jahn-Teller axis (lying
perpendicular to the other seven Mn(III) ions) [36], [37] which can be switched to a
parallel conformation under the influence of pressure, thereby increasing the cluster
anisotropy [37]. Rather than investigating the effect of the relative orientation of the
Jahn-Teller axes on the cluster anistotropy, we have investigated its effect on the
exchange coupling between Mn(III) ions in chapter 2 of this thesis.
A schematic diagram of the spin microstates (MS levels) associated with Mn12OAc is
shown in Figure 12, split due to zero-field splitting (see section 1.6). As the cluster
possesses a ground spin state of 10, the formula (2S + 1) tells us the number of
available microstates. The equation ΔE = S2|D| may be used to work out the energy
barrier to magnetization reversal for this cluster. However, a phenomenon known as
quantum tunneling can lead to a lowering of this calculated energy barrier [38], [39],
due to a small percentage of the molecules in a sample undergoing this effect and
reversing their magnetization. This results in the occurrence of steps in the
magnetization on the hysteresis loop, observed in Mn12OAc below 3 K.
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Figure 12. Microstates associated with the Mn12OAc SMM, which are split due to ZFS
effects.

The Mn12OAc cluster kick-started an upsurge in polynuclear complex chemistry, and
despite many attempts to create better SMMs, this complex and its carboxylatesubstituted derivatives held the highest blocking temperatures of ~3.5 K for almost 15
years. However in 2007, Brechin et al reported a [Mn6] cluster possessing a barrier to
magnetization reversal of 60 cm-1, and a blocking temperature of ~4.5 K [40], finally
breaking the long standing record held by the [Mn12] family. The current record
holder is a radical bridged Tb(III) dimer, which possesses a barrier to magnetization
reversal of 227.0 cm-1, and a blocking temperature of 13.9 K [41].
1.8.2 Single-Chain Magnets
Single-Chain Magnets or SCMs are 1–D coordination polymers that exhibit longrange magnetic ordering and display slow relaxation to their magnetization. They
provide, at low temperatures, a magnetic hysteretic behaviour for a single polymeric
chain [42], with no inter-chain exchange interactions present.
1.8.3 Molecular Coolants
The magneto-caloric effect (MCE) is based on the change of the magnetic entropy
(∆SM) of a material upon application of a magnetic field. When an external magnetic
field is applied to a magnetic material, the individual atomic moments align
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themselves with the field, and there is a reduction of the materials’ magnetic entropy
(SM) and heat capacity (CP). Under adiabatic conditions (insulated from the
environment) this magnetic entropy change must be compensated for by an equal but
opposite change in the entropy associated with the lattice, resulting in a change in
temperature of the material, i.e. the material heats up. This heat can be removed via a
liquid or a gas, and the material is kept under the external field to avoid re-absorption
of the heat by the magnetic dipoles. The material is then returned to adiabatic
conditions and the magnetic field is removed. The magnetic dipoles then absorb heat
from the material in order to become randomly aligned, thus increasing the magnetic
entropy of the material and lowering the temperature significantly according to a
process known as adiabatic demagnetization. For a molecule to be a good magnetic
coolant, it must exhibit a large value of ∆SM. In order to achieve this, the molecule
must possess negligible anisotropy (D ~ 0 cm-1) (unlike SMMs), and exhibit weak
ferromagnetic interactions between its magnetic ions leading to a large ground spin
state (S) [43]. Isotropic clusters are favoured as they have no preferred orientation of
their magnetic moment, and thus respond well to an external field in any direction.
They will also continue to relax rapidly even at low temperatures (no blocking
temperature). In order to achieve negligible anisotropy and weak exchange, synthesis
of clusters containing both Gd(III) ions and Cu(II) ions is becoming popular [44],
[45], due to the magnetically isotropic nature of Gd(III) and the ferromagnetic
character of the Cu(II) – Gd(III) couple [46].
If this technology succeeds, it offers an energy efficient and environmentally friendly
alternative to conventional refrigeration methods, and could also replace helium-3 for
cooling in the ultra-low temperature region. For this purpose we have investigated the
synthesis of Cu(II) – Gd(III) systems in chapter 6.
1.8.4 Molecular Spintronic Devices
Spintronics, also known as magnetoelectronics, is an emerging technology exploiting
the intrinsic spin of the electron, in addition to its fundamental electronic charge, in
solid-state devices. In electronic devices, the electronic spins are randomly aligned,
however in spintronic devices, the spins are polarized in a certain direction. Hence
information can be carried not only by the electron’s charge, but also by its spin
direction. SMMs are thought of as promising candidates for spintronic devices [47].
39	
  

1.8.5 Spin Crossover Complexes
Spin crossover is a phenomenon exhibited by some metal complexes, in which their
spin state may be changed due to external perturbations in temperature, pressure, light
irradiation or the influence of a magnetic field [48]. A typical example is the
transition from low-spin to high-spin in transition metal complexes comprising
octahedral 3d4–3d7 ions [49]. These complexes have potential technological
applications as molecular switches and sensors.

1.9 Synthesis of magnetic clusters and coordination polymers
1.9.1 Choice of ligand
In the design and synthesis of cluster compounds and coordination polymers, one of
the most basic steps is choosing a ligand. In this sense of the word, a ligand is a
molecular moiety that possesses at least one donor atom (an atom with a non-bonding
electron pair - usually oxygen or nitrogen), which can form a coordinate bond with a
metal ion. Certain types of ligand can act as connecting blocks, which provide the
bridges necessary to link the metal centres together, and as terminal blocks, which
prevent the complex from growing to an infinite size. In the synthesis of coordination
polymers, ligands taking the role of terminal blocks are obviously undesirable as they
prevent the formation of infinite networks. Many different families of ligand have
been employed in the production of both SMMs and coordination polymers, and the
employment of these different types of ligands are usually what separates the research
of many groups involved in these two fields. Examples of the ligands used in the
synthesis of SMMs and coordination polymers are displayed in Figure 13.

	
  
Figure 13. Popular ligands employed in the field of molecular magnetism (examples taken
from ref [50]). The hydroxide groups can be deprotonated under basic reaction conditions
giving alkoxide anions.
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Alkoxides (–OR), can coordinate to between one and three metal atoms via their
oxygen atom, thus making them an ideal candidate for use in the synthesis of
polymetallic compounds. Alkoxide linkers can be introduced to a reaction by the
deprotonation of an alcohol in the presence of a base.
1.9.2 2,2′-Biphenol (LH2)
In this study we have investigated of the coordination chemistry of the ligand 2,2′biphenol (Figure 14), which can be singly- or doubly-deprotonated to form an
alkoxide anion. This ligand has been severely under-investigated in the context of
molecular magnetism, with only a few reported metal complexes in the literature
comprising this ligand [51–53]. The most notable of these reported structures is the
high-spin [Mn10] cluster [53–55], synthesized by Lippard et al in 1993.

	
  
Figure 14. Diagram of 2,2′-biphenol (LH2), a ligand that has been thoroughly investigated in
this work.

	
  
This thesis reports a wide variety of coordination modes exhibited by this ligand,
ranging from chelating to the bridging of up to three metal ions (adopting the η1:η2,μ3bridging motif). In addition this ligand has accessed all three possible levels of
deprotonation in the complexes reported in this thesis; we will refer to each one as
LH2, LH– and L2–.
1.9.3 The role of co-ligands
In the synthesis of cluster compounds and coordination polymers, a co-ligand is
usually employed in the reaction scheme to work in conjunction with the original
ligand. A co-ligand can assist in the bridging of metal ions, or simply help to
complete coordination spheres around the ions. In this study we adopt pyridine, and
many of its derivatives to assist 2,2′-biphenol in complex formation. This type of
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ligand is very popular in the synthesis of coordination compounds [56–58]. Figure 15
shows just three of the pyridine ligands successfully utilized in this study.
In chapter 4 we show that even a slight change in functionality on the pyridine ligand
(a -CH3 group compared with a -CH2CH3 group), or a change in the position of the
functional group (the 3- compared with the 4-position) can lead to significant
differences in the topology of a series of heterometallic 1–D coordination polymers.
In chapter 5 we show that by changing the co-ligand in a reaction scheme, completely
different complexes can be obtained, from [Co(II)2] and [Co(II)8] discrete clusters, to
1– and 2–D coordination polymers.

	
  
Figure 15. Diagrams of three pyridyl ligands successfully utilized in this work.

1.9.4 Reactant ratios
In the previous section we discussed how slightly altering the functionality of the coligand in the synthesis of coordination compounds can drastically influence the
products obtained. In a similar fashion, the ratios of the reactants in the synthesis of
coordination clusters and polymers are of utmost importance in determining the
outcome of the reaction. For instance in the complexes reported in chapter 6 of this
thesis, the ratio of Cu(I)Br to Gd(III)(NO3)3.6H2O in the reaction determines whether
a [Gd(III)4Cu(II)4] discrete cluster, or a 1-D coordination polymer comprising
{Gd(III)2Cu(II)8} cluster units will be obtained.
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What Controls the Magnetic Interaction in
bis-μ-Alkoxo Mn(III) Dimers? A Combined
Experimental and Theoretical Exploration
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2.1 Introduction
The construction of families of polynuclear cluster compounds containing multiple
paramagnetic metal centres and the understanding and development of the
relationship between structure and magnetism (magneto-structural correlations) is an
area of widespread interest [59]. In practice of course this is not a trivial task, even
assuming that a large number of structurally-related compounds can be synthesised,
crystallized and characterized, because the super-exchange mechanisms involved are
influenced by many structural factors including, for example, the type of metal ion(s)
(M) and bridging ligand(s) (L) employed, and the specific M–M and M–L distances
and the M-L-M and M-L-L-M angles in the molecule [59]. Despite these obstacles
such studies are extremely important because the ability to control and modulate the
type and magnitude of magnetic exchange within a complex has enormous
ramifications for materials science and nanotechnology as discussed in section 1.8.
Understanding the magneto-structural relationship in small compounds, such as
dimers and trimers, is an important step towards understanding the magnetic
behaviour of large or very large polymetallic complexes, since the magnetic skeletons
of the latter are often made up of the same basic building blocks.
Studies on magnetic dinuclear complexes began in 1952, when Bleaney and Bowers
demonstrated that the “anomalous” paramagnetism of copper acetate was due to the
dimeric nature of the molecule (previously thought to be monomeric) using EPR
spectroscopy [60]. The structure of this antiferromagnetically coupled Cu(II) dimer
was later validated via single crystal X-ray diffraction [61]. These findings coincided
with the rapid development of structure determination and soon led to the evolution of
magneto-structural correlation studies within other dinuclear Cu(II) species. The first
example of a quantitative relationship was developed by Hatfield and Hodgson using
a large family of di-μ-OH bridged [Cu(II)2] complexes, in which the magnetic
exchange (J) was found to be governed by the magnitude of the Cu-OH-Cu angle
[62–65]. These observations were then followed by other studies on dimeric cupric
complexes containing, for example, symmetric halide bridging ligands [66], [67],
asymmetric mixed ligand combinations [68], and a family of end-on azide-bridged
complexes containing both ferro- and antiferromagnetically coupled siblings in which
the magnetic exchange was very elegantly shown to depend on the Cu-N-Cu angle
[69]. Thereafter, magneto-structural correlations were also attempted and established
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for (dimeric) complexes containing other first row transition metal ions such as
Fe(III) [70–73], Cr(III) [74–76], Mn(II) [77] and Mn(III) [78].
If the magnetic behaviour of small dimeric building blocks that can self-assemble to
form larger architectures are known and understood, the magnetic behaviour of larger
molecules can be more easily rationalised. Such polynuclear compounds often possess
very elaborate topologies comprising multiple M-L-M and/or M-L-L-M exchange
pathways that may not be accurately deciphered due to over parameterisation and/or
computational limitations [79], [80]. Indeed the last few years have seen both
qualitative and quantitative magneto-structural trends established for tri- [81], [82],
tetra- [83–86], hexa- [87–89], and octanuclear [90] complexes of first row transition
metals, as well as with mixed metal 3d– 4f species [91].
In addition to experimental observations, theoretical methods based on density
functional theory (DFT) have become increasingly popular tools with which to
compute magnetic exchange interactions and develop magneto-structural correlations
[92]. Established theoretical protocols have provided excellent numerical estimates of
J values and of the underlying electronic structure. One major advantage of the
theoretical approach is that magneto-structural correlations for a particular structure
type can be developed on simplified model complexes in which structural parameters
can be modified in a methodical manner, offering insights into the effect of one
particular structural change at a time on the sign and magnitude of J.
Due to its large single ion anisotropy the Jahn–Teller elongated Mn(III) ion is often
the metal of choice for the synthesis of Single-Molecule Magnets (SMMs), an
important class of compounds with potential applications in information storage
(discussed in section 1.8.1). To build such molecules it is preferable to have strong
ferromagnetic exchange between neighbouring Mn(III) centres and as such
knowledge of what controls the pairwise magnetic exchange is vital. A literature
search reveals however that the majority of di- and polynuclear Mn(III) complexes
exhibit, with few exceptions [93], [94], very weak ferro- or antiferromagnetic
exchange interactions and that the parameters that control the magnitude and sign of J
have not been clearly established – even for simple Mn(III) dimers. The bis-alkoxo
bridged dinuclear Mn(III) compounds reported in the literature to date are collected in
Tables 4-6, and have J values (based on the 2JŜ1•Ŝ2' formalism) ranging from –15.5
cm-1 to +19.7 cm-1. Herein, we describe the synthesis and magnetic characterization of
49	
  

a new family of bis-μ-alkoxide bridged Mn(III) dinuclear complexes of general
formula [Mn(III)2(μ-OR)2(L)2(ROH)y(X)z] (where R = Me, Et and X = MeOH,
pyridine, 2-hydroxypyridine, 3-picoline, 4-picoline) and establish a magnetostructural correlation for all known bis-alkoxo bridged dinuclear Mn(III) compounds
using a combined experimental and theoretical study.

2.2 Results and Discussion
2.2.1 Structural Descriptions
All significant bond distances and angles along with single crystal X-ray diffraction
data for complexes 1-5 are given in Tables 1-3, respectively. Structural parameters
pertinent to our correlation studies are given in Tables 4-6. The first member of this
family is [Mn(III)2(μ-OMe)2(L)2(MeOH)4] (1) formed via the reaction of
Mn(NO3)2.6H2O, 2,2′-biphenol (LH2) and NaOH in alcohol. Complex 1 (Figure 16)
crystallizes in the triclinic P-1 space group with an asymmetric unit composed of one
dinuclear molecule. The two six-coordinate Mn(III) ions, which lie about an inversion
centre (Mn1 and symmetry equivalent (s.e.)), are bridged via two μ-OMe anions with
a Mn1-O1-Mn1′ angle of 103.66° and Mn1···Mn1′ distance of 3.071 Å. Each Mn(III)
cation is ligated by two oxygen atoms from a chelating, doubly deprotonated 2,2′biphenolate ligand (L2–). The six coordinate distorted octahedral geometries of each
metal ion are completed by two terminal methanol molecules which bond on the
Jahn–Teller axes at distances of 2.37 Å (Mn1–O4) and 2.27 Å (Mn1–O5). The
oxidation state of the Mn(III) was confirmed through bond length and charge balance
considerations and BVS calculations (as were all others described in this chapter).
Table 1. Selected bond lengths (Å) and angles (°) for complexes 1-3.

1

2

3

Mn1-O1
Mn1-O1′
Mn1-O2
Mn1-O3
Mn1-O4
Mn1-O5

1.956(19)
1.950(2)
1.896(2)
1.852(2)
2.366(3)
2.270(2)

Mn1-O1
Mn1-O2
Mn1-O3
Mn1-O4
Mn1-N1
Mn1-N2

1.972(6)
1.936(2)
1.841(6)
1.879(6)
2.321(7)
2.420(8)

Mn1-O1
Mn1-O1′
Mn1-O2
Mn1-O3
Mn1-N1

1.938(2)
1.935(2)
1.853(2)
1.842(2)
2.196(2)

Mn1-O1Mn1′
Mn1···Mn1′

103.65(10)

Mn1-O1Mn1′
Mn1···Mn1′

101.1(2)

Mn1-O1Mn1′
Mn1···Mn1′

104.11(9)

3.071
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3.007(2)

3.0537(9)

Table 2. Selected bond lengths (Å) and angles (°) for complexes 4 and 5.

4

5

Mn1-O1
Mn1-O1′
Mn1-O2
Mn1-O3
Mn1-N1

1.9388(14)
1.9475(14)
1.8363(15)
1.8645(15)
2.1847(19)

Mn1-O1
Mn1-O1′
Mn1-O2
Mn1-O3
Mn1-O4
Mn1-O5

1.9372(15)
1.9496(15)
1.8563(14)
1.8839(15)
2.3056(16)
2.2839(16)

Mn1-O1-Mn1′
Mn1···Mn1′

103.03(6)
3.0422(8)

Mn1-O1-Mn1′
Mn1···Mn1′

102.85(6)
3.039

Table 3. Crystallographic data obtained from complexes 1-5.
a
Formulaa
MW
Crystal
System
Space group
a/Å
b/Å
c/Å
α/o
β/o
γ/o
V/Å3
Z
T/K
λb/Å
Dc/g cm-3
µ(Mo-Ka)/
mm-1
Meas./indep.(
Rint) refl.
wR2 (all data)
R1
G.O.F on F2

1

2

3

4

5

C30H38O10Mn2

C41H37N3O6Mn2

C38H36N2O6Mn2

C40H40N2O6Mn2

C42H48N2O10Mn2

668.48
Triclinic

777.62
Monoclinic

726.57
Monoclinic

754.62
Monoclinic

850.70
Monoclinic

P-1
7.1410(14)
10.822(2)
10.979(2)
110.86(3)
104.73(3)
95.21(3)
751.2(3)

P21/n
13.827(3)
20.677(4)
12.657(3)
90
93.53(3)
90
3611.8(12)

C2/c
18.445(4)
9.0195(18)
21.421(4)
90
104.33(3)
90
3452.9(12)

P21/n
10.974(2)
9.3942(19)
17.383(4)
90
92.11(3)
90
1790.9(6)

C2/c
11.772(2)
15.946(3)
21.458(4)
90
90.77(3)
90
4027.6(14)

1
150(2)
0.7107
1.478
0.896

4
150(2)
0.7107
1.430
0.752

4
150(2)
0.7107
1.398
0.780

2
150(2)
0.7107
1.399
0.755

4
150(2)
0.7107
1.403
0.687

2647 / 1924
(0.0408)
0.0814
0.0655
0.982

6597 / 4818
(0.0936)
0.2681
0.1136
1.221

3153 / 2734
(0.0398)
0.1250
0.0468
1.099

3274 / 2482
(0.0300)
0.0740
0.0498
1.055

3682 / 3086
(0.0340)
0.0783
0.0446
1.085

The introduction of N-donor (pyridine type) ligands into the synthetic procedure used
for the formation of 1 gives rise to the remaining members of this family. For
instance, the addition of pyridine (py) and 3-picoline (3-pic) affords [Mn(III)2(μOMe)2(L)2(py)3] (2) and [Mn(III)2(μ-OMe)2(L)2(3-pic)2] (3), respectively. Complexes
2 and 3 (Figure 16) crystallize in the monoclinic space groups P21/c and C2/c
respectively and share many structural similarities with complex 1. Both contain
central μ-OMe ligands, this time producing Mn–O–Mn angles of 101.14° (Mn1-O1Mn2) and 100.70° (Mn1-O2-Mn2) in 2 and 104.04° (Mn1-O1-Mn1′) in 3.
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Figure 16. Crystal structures of the complexes 1–5 viewed as ball and stick (left) and spacefill (right). Pink = Mn, red = O, blue = N, light grey = C, dark grey = H.
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Indeed 2 and 3 differ to complex 1 only due to the presence of terminally bonded Ndonor ligands rather than terminally bonded alcohol. More specifically, complex 2
contains two pyridine ligands axially coordinated to the Jahn–Teller axis of [distorted
octahedral] Mn1 (via N1 and N2), and one pyridine molecule attached (N3) to Mn2.
The latter is in a distorted square based pyramidal geometry (τ = 0.28) [95],
presumably due to the steric effects of the rather twisted biphenoxide ligands. The
Mn1–N1 and Mn1–N2 bond lengths in 2 are 2.322 Å and 2.420 Å respectively, while
the Mn–N3 distance is slightly shorter, at a value of 2.207 Å. The steric constraints
present in 2 give rise to a puckering of the {Mn(III)2(μ-OMe)2} plane. This core
distortion can be quantified via the Mn1-O1-Mn2-O2 torsion angle of 15.08° which
can be directly compared to the completely flat {Mn(III)2(μ-OMe)2} plane in complex
1 (Mn1-O1-Mn1′-O1′ = 0.0°).

	
  
Figure 17. Polyhedral representation of the packing observed in the unit cell of 1 as viewed
along the a axis.

The individual {Mn(III)2} units in 1 stack in superimposable rows along the a axis of
the unit cell (Figure 17). These 1–D rows are stabilised by two symmetry related Hbonding interactions between an O atom of a L2– ligand (O2) and a nearby alcoholic
proton (H4A-O4) belonging to a terminal EtOH ligand of a juxtaposed {Mn(III)2}
unit (O2···H4A(O4) = 1.909 Å). These hydrogen bonded chains arrange in the
common brickwork pattern in the remaining two directions. No significant intermolecular interactions are observed between the chains in 1. The packing
arrangement in 2 also comprises superimposable 1–D rows propagating along the c
axis of the unit cell (Figure 18). These chains are held in position by only weak
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interactions; however these rows are connected in 3-dimensions via strong C–H···π
dipolar interactions at a distance of 2.496 Å ([C24–C29]···H4(C4)) emanating from
L2– and pyridyl aromatic rings on neighbouring dimeric units.

	
  
Figure 18. Packing diagram detailing the arrangement of individual {Mn(III)2} polyhedral
units in 2 as viewed down the c (left) and a axis respectively.

In complex 3 (Figure 16) both Mn(III) ions are five coordinate and adopt squarebased pyramidal geometry (τ = 0.02), with one 3-picoline ligand coordinated to each
metal centre at a distance of 2.198 Å (Mn1–N1). This change in metal coordination
number is presumably due to the presence of the bulkier 3-picoline ligand (Figure 16).
This is also true for [Mn2(μ-OEt)2(biphen)2(3-pic)2] (4) (Figure 16), whose structure is
essentially analogous to complex 3 but in which the bridging methoxide ions are
replaced with bridging ethoxide ligands, as a result of the change of solvent from
MeOH to EtOH. 4 crystallizes in the monoclinic space group P21/n. The Mn–O–Mn
angles in 3 and 4 are given as 104.11° and 103.03° resulting in Mn···Mn distances of
3.054 and 3.402 Å, respectively. Moreover the Mn-O-Mn-O torsion angles produced
in 3 and 4 are both 0°. The crystal packing in the unit cells of 3 and 4 bear striking
similarities (Figure 19). Both comprise 1–D superimposable chains running across
(dissecting) the ab plane in 3 and along the b axis in 4. The individual {Mn(III)2}
units in these siblings are connected through intra-chain H-bonding interactions via O
atoms and methyl protons belonging to 2,2′-biphenolate and 3-picoline ligands,
respectively, of nearest neighbour {Mn(III)2} units (O3···H18A(C18) = 2.715 Å in 3;
O2···H19(C19) = 2.420 Å in 4). In terms of 3–D connectivity the 1–D rows in 3 and 4
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each alternate in direction along the c axis of their unit cells. Inter-chain close
contacts were observed in both structures via interactions between O and H atoms of
neighbouring L2– ligands (O2···H9(C9) = 2.550 Å in 3; O2···H19(C19) = 2.420 Å in
4) (Figure 19).

	
  
Figure 19. Packing diagrams for complexes 3-5. H-atoms omitted for clarity, colour scheme
as in Figure 16.

The final member of the family, [Mn(III)2(μ-OEt)2(biphen)2(EtOH)2(2-hpH)2] (5;
Figures 16 and 19), is made from the reaction of Mn(ClO4)2.6H2O, LH2, 2hydroxypyridine (2-hpH) and NMe4OH in EtOH. The common central {Mn-(μ-OEt)2Mn} core is retained, with a Mn1-O1-Mn1′ angle of 102.85° and a Mn···Mn distance
of 3.039 Å (Mn-O-Mn′-O′ torsion angle = 0°). Indeed the only major structural
difference between 5 and its siblings lies in the nature of the bonding of the 2hydroxypyridine ligands; the ligand bonds to the metal centre via the deprotonated
phenolic O-atom (Mn1–O4, 2.306 Å), with the pyridyl N atom now protonated and
H-bonding to an O-atom of the chelating biphenoxide (O3···H1(N1) = 1.913 Å). A
second intra-molecular H-bond is observed between the terminal EtOH ligands, that
complete the octahedral coordination spheres at each Mn(III) centre, and O4
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O4′···H5(O5), 1.907 Å). Akin to the other family members, the {Mn(III)2} units in 5
connect into chains (dissecting the ab plane of the cell) via two symmetry equivalent
C–H···π close contacts ((C17–C21)···H16(C16) = 3.293 Å), derived from interactions
between aromatic pyridyl ring and ethyl protons of a close by terminal EtOH
molecule (Figure 19). Furthermore, these 1–D rows further connect in the remaining
directions via further C–H···π interactions comprising aromatic rings and aromatic
protons of juxtaposed biphenolate ligands of neighbouring {Mn(III)2} complexes
([C9–C14]···H7(C7) = 2.583 Å).
2.2.2 Magnetic Susceptibility Measurements
Magnetic susceptibility measurements on complexes 1–5 were carried out in the 300–
5 K temperature range in an applied field of 0.1 T (Figures 20 and 21). The room
temperature χMT products for 1–5 lie in the 4.03–4.55 cm3 mol 1 K range and are
-

significantly lower than the expected value for two non-interacting Mn(III) ions of
6.00 cm3 mol 1 K, assuming g = 2.00. This is an indication of antiferromagnetic
-

exchange between the metal centres, as supported by the uniform drop in χMT on
decreasing temperature. In each case, the T = 5 K value is close to zero. Fitting of
these data with a simple 1–J isotropic Hamiltonian: Ĥ = -2JŜ1•Ŝ2 affords the best fit
parameters documented in Table 4 and represented by the solid lines in Figures 20
and 21. The J values span the small range of -10.5 cm-1 (in 4) to -14.3 cm-1 (in 3).

	
  
Figure 20. Plots of magnetic susceptibility (χMT) vs T for complexes 1 and 2. Solid red lines
represent the best-fit to give the parameters given in Table 4.
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Figure 21. Plots of magnetic susceptibility (χMT) vs T for complexes 3-5. Solid red lines
represent the best-fit to give the parameters shown in Table 4.

2.3 Magneto-structural correlation study
2.3.1 Types I – III
To put these results into context we have compared the structural and magnetic
properties of 1–5 to those of all known μ-OR bridged [Mn(III)2] clusters reported in
the literature. Each compound may be grouped in to one of three distinct categories
(see type I–III in Figure 22) based on the orientation of the Jahn–Teller axes, using
an approach proposed by Tuchagues and co-workers in 1995 [117]. Each of these
three families can be categorised by noting the relative orientation of their associated
Jahn–Teller axes with respect to one another as well as their orientation with respect
to the μ-OR bridging plane (Figure 22). These classifications are reported in Tables 46 along with their associated magnetic spin Hamiltonian parameters (J- and g- values;
ground spin state S), and all structural parameters, which may have a significant
bearing on their resultant magnetic properties. These parameters were then utilised in
our subsequent magneto-structural correlation studies.
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Type I: Complexes belonging to the first category exhibit a co-linear orientation of
their Jahn–Teller axes, each of which are perpendicular to the bridging plane of the
dimer as observed here and elsewhere in the literature (Figure 22). Indeed the
introduction of complexes 1-5 almost doubles the literature basis set for this type of
dinuclear species. Magnetic exchange parameters (J) for these compounds are all
weakly antiferromagnetic with values ranging from -8.2 cm-1 [103] to -15.5 cm-1
[105]. Interestingly, a group of O2– bridged [Mn(III)2O2] complexes exhibiting type I
conformations are known. As these compounds possess μ-O2– bridging anions rather
than μ-OR species they are exempt from our comparative study. The μ-O2– bridging
angles of these dimers are significantly more acute than the μ-OR analogues (ca. 93–
95°), leading to much shorter Mn···Mn distances (ca. 2.65-2.7 Å) and as a result these
compounds exhibit strong antiferromagnetic interactions with J values of
approximately -100 cm-1 [96–99].
Type II: This is the most common conformation exhibited by alkoxide bridged
dinuclear Mn(III) complexes. Here, the Jahn–Teller axes of the Mn(III) ions are
parallel to one another as well as being parallel to the bridging μ-OR plane (Figure
22). The Mn–OR bonds in these types of complexes are thus elongated and as a result
the extent of orbital overlaps amongst d-based orbitals appears to be altered. Indeed
this may explain the magnetic coupling observed within these species as they exhibit
magnetic exchange parameters that lie on the ferro↔antiferromagnetic interface. For
instance, J values ranging from the weakly antiferromagnetic (–5.00 cm-1) in [Mn2(2OH(5-NO2-sal)pn)2] [115], to weakly ferromagnetic (J = +6.3cm-1) in the complex
[Mn2(salen)2(H2O)2](ClO4)2, where H2salen = N,N’-bis(salicylideneaminoato)ethylene
[109], have been reported (Table 5).

	
  
	
  

Figure 22. Schematic illustrating the three types of magnetic orbital spatial orientations
observed within recognised μ-OR bridged [Mn(III)2] complexes.
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Table 4. Selected magneto-structural parameters for type I dinuclear complexes discussed in
this chaper (t.c.) and in the literature. Magnetic data is reported in the Ĥ = -2JŜ1•Ŝ2 formalism.

[Mn2(OMe)2(L)2(MeOH)4] (1)
[Mn2(OMe)2(L)2(py)3] (2)
[Mn2(OMe)2(L)2(3-pic)2] (3)
[Mn2(OEt)2(L)2(3-pic)2] (4)
[Mn2(OEt)2(L)2(hpy)2(EtOH)2] (5)

1.98
1.98
1.98
1.98
1.98

-12.2
-12.5
-14.3
-10.5
-13.5

-10.5
-12.4
-11.6

3.071
3.007
3.054
3.042
3.039

Av.
Mn-OMn
angle
(O )
103.66
100.93
104.04
103.03
102.85

[Mn2(L)(OMe)(OAc)(MeOH)2]Br
[Mn2(3-OMesalpentO)(OMe)(OAc)(MeOH)2]Br
[Mn2(5-NO2salpentO)(OMe)(OAc)(MeOH)2]I3
[Mn2(LSe)2(OMe)2(MeOH)2]
[Mn2(LS)2(OMe)2(MeOH)2]
[Mn2(3-MesalpentO)(OMe)(OAc)(MeOH)2]Br
[Mn2(L)(OMe)Cl2(MeOH)2]
[Mn2(OMe)2(sal)2(MeOH)4]

1.90

-13.1

-

2.942

97.86

14.85

0.6

1.952

[100]

1.98

-13.7

-

2.928

98.11

15.10

3.3

1.938

[101]

1.98

-12.4

-

2.911

97.95

15.75

4.5

1.930

[102]

2.00
2.00

-11.8
-8.2

-

3.038
n.c.a

102.57
n.c.a

7.06
n.c.a

6.5
-

1.947
n.c.a

[103]
[103]

2.02

-15.1

-

2.929

98.22

16

0

1.937

[104]

2.00
2.00

-15.5
-10.3

-

3.006
3.025

101.50
102.97

n.c.a
0

5.2

1.941
1.934

[105]
[106]

g
Formula

Jvalue
(cm-1)
Expt

Jvalue
(cm-1)
DFT

Mn…Mn
(Å)

Mn-OMn-O
torsion

JahnTeller
Dihedral
(O )

Av.
Mn-O
(Å)

Ref

0
15.37
0
0
0

5.4
0
0

1.953
1.950
1.936
1.944
1.944

t.c.
t.c.
t.c.
t.c.
t.c.

Table 5. Selected magneto-structural parameters for type II dinuclear complexes discussed in
this chaper (t.c.) and in the literature. Magnetic data is reported in the Ĥ = -2JŜ1•Ŝ2 formalism.
Formula
[Mn2(bbml)2(acac)2](BF4)2
[Mn2(saltmen)2(ReO4)2]
[Mn2(salen)2(H2O)2](ClO4)2
[Mn2(saltmen)2(O2CMe)2]
[Mn2(saltmen)2(N3)2]
[Mn2(salen)2(NCO)2]
[Mn(3,5-Br-salen)(3,5-Brsalicylal)]2
[Mn2(5-Brsalen)2(MeOH)2](ClO4)2
[Mn2(L)2(H2O)2](ClO4)2
[Mn2(Hthme)2(bpy)2](ClO4)2
[Mn2(L1)2(N3)2]
[Mn2(L2)2(N3)2]
[Mn2(OMe)2(dbm)4]
[Mn2(2-OH(5-NO2-sal)pn)2]
[Mn2(bbml)2(tol)2](ClO4)2
[Mn2(saltmen)2(H2O)2](ClO4)2
[Mn2(naphtmen)2(H2O)2](ClO4)2
[Mn2(saltmen)2(NCS)2](ClO4)2
[Mn2(napthmen)2(NCS)2](ClO4)2
[Mn2(napthmen)2(Cl)2](ClO4)2
[Mn2(3-NO2-salpro)2(H2O)].H2O
[Mn2(salpn)2(NCO)2]
[Mn2(salmen)2(N3)2]
[Mn2(acphpn)2(N3)2]
[Mn2(L)2(N3)2]
[Mn2(salpn)2(N3)2]
[Mn2(salpn)2(NCS)2]
[Mn2(sapln)2(H2O)2]
[Mn2(acphen)2(NCS)2]

g

J-value
(cm-1)
Expt

1.97
2.00
2.00
1.98
1.98
2.03

-0.18
+2.65K
+6.30
+1.35
+0.60
+0.73

Jvalue
(cm-1)
DFT
0.73
-

Mn-OMn-O
torsion

3.178
3.330
3.334
3.641
3.922
3.584

Av.
Mn-OMn
angle
105.27
98.00
100.59
99.57
98.39
97.82

2.00

+0.55

1.96

n.c.a
0
0
0
0
0

JahnTeller
Dihedral
(O )
180
152.5
180
180

Av.
MnO
(Å)
1.99
2.193
2.156
2.352
2.527
2.346

[107]
[108]
[109]
[110]a
[110]b
[110]c

-

3.597

100.00

0

180

2.323

[110]d

-0.45

-0.62

3.307

99.85

0

180

2.152

[110]e

2.01
1.71
2.04

-1.68
+2.13
-0.55

-

3.318
3.096
3.341

103.38
101.56

0
0
0

180
180

2.109
1.996
2.144

[111]
[112]
[113]a

1.99
1.98
1.95
1.97
1.93
1.96
1.99
2.03
2.04
2.04
2.02
2.00
2.00
2.03
2.00
2.01
2.00
2.00

+1.32
+0.28
-5.0
-1.19
+1.79
+1.20
+0.55
+0.12
+0.38
-1.62
0.42
0.58
-0.20
0.59
0.90
0.14
1.10
-0.79

-

3.361
3.104
3.247
3.209
3.381
3.541
4.092
4.388
4.102
3.223
3.429
3.433
3.425
3.368
3.388
3.369
3.315
3.374

96.76
101.21
99.07
106.29
101.58
100.59
96.24
96.57
94.20
100.52
100.58
98.54
101.23
98.06
98.42
99.39
99.50
102.14

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

180
180
180
177.9
180
180
180
180
180
180
180
180
180
180
180
180
180
180

2.375
2.005
2.127
2.004
2.172
2.279
2.657
2.818
2.699
2.095
2.241
2.246
2.202
2.215
2.221
2.192
2.158
2.159

[113]b
[114]
[115]
[116]
[108]a
[108]b
[108]c
[108]d
[108]e
[117]
[118]a
[118]b
[118]c
[119]
[120]a
[120]b
[120]c
[121]

Mn…Mn
(Å)

-
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101.84

180

Ref

Type III: In this conformation the Jahn–Teller axes of the metal ions are
perpendicular to one another: one lying parallel to the bridging plane, the other
perpendicular to it (Figure 22). Just two alkoxide bridged [Mn(III)2] complexes
exhibiting this conformation have been reported to date. Furthermore both complexes
exhibit relatively strong ferromagnetic coupling, proposed due to the non-colinearity
of their respective elongated axes [93], [94]. The rarity of these compounds is perhaps
due to the low level of symmetry this conformation requires, with the complexes
possessing different ligands at each of their two Mn(III) centres (Table 6).
Table 6. Selected magneto-structural parameters for type III dinuclear complexes discussed
this chaper (t.c.) and in the literature. Magnetic data is reported in the Ĥ = -2JŜ1•Ŝ2 formalism.
Formula
[Mn2(OMe)2(L)(MeOH)](ClO4)
[Mn2(OMe)2(HL)4]

g

2.00
1.90

Jvalue
(cm-1)
Expt
+6.25
+9.85

Jvalue
(cm-1)
DFT
+9.45
+9.8

Mn…Mn
(Å)
3.122
3.084

Av.
Mn-OMn
angle
101.10
102.51

Mn-OMn-O
torsion
7.32
2.20

JahnTeller
Dihedral
(Å)
81.9
117.1

Av.
Mn-O
(Å)

Ref

2.022
1.976

[93]
[94]

Since only the orientation between the two planes differs in the three types, we have
defined a dihedral plane between the two Jahn–Teller axes which emerges as the key
structural factor governing the differences in magnetic behaviour between types I–III
and this parameter clearly defines the three categories of structures noted above. The
collected experimental structures are plotted in Figure 23 as J versus dihedral plane.

	
  
-1

Figure 23. Plot of J (cm ) versus the angle forged between the two Jahn-Teller axes in
[Mn(III)2] dimers of types I–III.
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The way the dihedral angle has been measured within the dihedral plane is shown in
Figure 23 (solid blue lines). As per our classification, all three types can be clearly
distinguished. This is not true for any other structural parameters such as short/long
Mn–O distances (where a scattered picture emerges). Accordingly, type I structures
have dihedral planes < 10°, type II structures fall into the 152 – 180° range and type
III structures (where a strong ferromagnetic exchange has been observed) fall in the
middle ground with dihedral angles of 81.9 and 117.1° for the two structures reported.
As is apparent from Tables 4-6 and Figure 23 the magnitude of the exchange
interaction J varies across the three types I–III. To understand in detail the difference
in sign and magnitude of J observed among these structures and also to develop
magneto-structural correlations based on other structural parameters, an extensive
theoretical study based on density functional methods has been undertaken. Figure 24
shows one dimer (taken from the crystal data) from each of the three types
(highlighting Jahn-Teller orientations) that have been used in our theoretical studies.

	
  
Figure 24. Crystal structures of complex 1 (a), complex II-2 (b) and complex III-2. Green
arrows highlight the orientation of each Jahn-Teller axis. The structures of complexes II-2 and
III-2 have been taken from cif data obtained from references [110] and [94] respectively. All
three complexes have been studied extensively using DFT.
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2.3.2 Theoretical Studies
2.3.2.1 DFT calculations
To explain the variation in magnetic behaviour between the three types of complexes
presented here, we have carried out DFT calculations on selected structures from type
I (1, 4 and 5) type II (II-1 [110]a, II-2 [110]e) and type III (III-1 [93], III-2 [94]). The
computed J values are given in Tables 4-6. As is evident from the presented data the J
values calculated are in good agreement with the experimentally reported values for
these complexes. In fact, apart from complex III-2, excellent agreement in terms of
the sign and magnitude of J has been observed in all the computed cases. The chosen
method and the theoretical level are also able to effectively reproduce the magnitude
and values of J even in borderline cases where the J values are less than 1 cm-1.

	
  
Figure 25. B3LYP computed spin density plot for 1, II-2 [110]e and III-2 [94] with a cut-off
value of 0.005 a.u. Red regions represent positive (up) spin density, while blue represents
regions of negative (down) spin density.

	
  
To probe the electronic origin of the differences between the three types, a spin
density plot has been computed for one structure from each type (1, II-2 [110]e and
III-2 [94]), as shown in Figure 25. As previously mentioned in section 1.5.4, positive
spin density refers to regions of electron density whose spin is aligned parallel with
the external field, while negative spin density refers to antiparallel alignment with the
field. The computed spin densities of the metal atoms and the atoms which are
coordinated to Mn(III) for complexes 1, II-2 and III-2 are listed in Table 7. The
modulus of the spin densities on each manganese atom is calculated to be >3.7 in all
three types, indicating that the magnetic orbitals are centred on the metals and that
there is some unpaired spin density on the ligands. Generally, when the unpaired
electrons are located in a metal π-type orbital spin polarization is expected to
dominate, while if it is in a σ-type orbital a spin delocalization mechanism is expected
to predominate. However this also then depends on the nature of the donor atoms
[122]. For Mn(III) ions, since the unpaired electrons are located in three t2g-like
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orbitals and in the dz2 orbital, a mechanism encompassing a mixture of spin
delocalization and spin polarization is expected. As the Jahn–Teller axis coincides
with the dz2 orbital direction, the ligand atoms which are coordinated via the Jahn–
Teller axis are expected to have the positive spin density as here the spin
delocalization will be predominant. In other directions, a mechanism comprising a
mixture of spin delocalization and spin polarization is found, leading to either positive
or negative spin densities on the donor atoms. In all three cases (1, II-2 and III-2) the
superexchange propagates through the two bridging μ-alkoxo groups and the spin
density on these bridging oxygen atoms is expected to influence the sign and
magnitude of the J values.
Table 7. DFT computed spin densities of selected atoms of complex 1, II-2 and III-2.
Complex (1)
Complex (II-2)
Complex (III-2)
Atom
Spin
Atom
Spin
Atom
Spin
specification
densities
specification
densities
specification
densities
Mn1
3.9414
Mn1
3.7468
Mn1
3.8862
Mn2
3.9414
Mn2
3.7468
Mn2
3.8738
O3
0.0026
O3
0.0278
O11
-0.0028
O4
-0.0023
O6
0.0220
O14
-0.0045
O5
0.0114
O7
0.2793
O17
-0.0141
O6
0.0082
N8
-0.0833
O20
-0.0297
O7
0.0166
N9
-0.0561
O23
0.0379
O42
0.0026
O44
0.0278
O24
0.0069
O43
-0.0023
O45
0.0220
N26
0.0258
O44
0.0114
O46
0.2793
N28
0.0205
O45
0.0082
N47
-0.0803
N30
0.0040
O46
0.0166
N48
-0.0561
N32
0.0283

For type I structures, both μ-O-atoms have a very small positive spin density
indicating that both the spin polarization and delocalization mechanisms compete,
leading to very small spin densities on both oxygen atoms. In type II structures, since
the Jahn-Teller axis points towards the μ-O-atoms, a predominant spin delocalization
from one of the Mn atoms and a mixture from the second Mn atom is expected,
leading to a significant increase in the spin density compared to type I structures. In
type III structures, since the Jahn-Teller axes are perpendicular, behaviour lying inbetween that of types I and II is observed, where one of the oxygen atoms (O23) has
significant spin density, while the other (O24) has negligible spin density. These
differences in the mechanism and differing magnitude of spin densities on the μalkoxo group is expected to be exemplified in the computed exchange interaction
(Figure 25) [122].
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Figure 26. Alpha magnetic orbitals of complexes 1, II-2 and III-2 in order of decreasing
energy (top to bottom).
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2.3.2.2 Orbital analysis
To probe the electronic origin further, molecular orbital (MO) analysis has been
performed on complexes 1, II-2 and III-2. The DFT Kohn–Sham orbitals are very
useful for qualitatively analysing the J values, and for providing some insight into the
coupling mechanism. The qualitative model of Kahn-Briat [123] takes into
consideration the overlap between the non-orthogonal magnetic orbitals and relates it
to the J values. Even though types I – III differ in their net J values, the net exchange
interactions have contributions from both the antiferromagnetic (JAF) and
ferromagnetic (JF) parts. The computed overlap integral between the singly occupied
orbitals is directly proportional to JAF. It has been noted in several instances that the
so-called cross-interaction between the empty dx2-y2 orbitals and the singly occupied
orbitals leads to ferromagnetic interactions and this has been qualitatively studied to
rationalise the weak interactions observed in Mn(III) dimers in general [124]. We
have decided to compute the overlap integral for this pair, since its magnitude is
expected to reveal the strength of the ‘cross-interaction’ that exists in these molecules
and thus can be translated as the contribution to JF. The d-based orbitals of the alpha
set (Mn1) for types I–III are shown in Figure 26. The results of the overlap integral
calculation are summarised in the computed energy level diagram of Figure 27. A
double-headed arrow connecting the alpha (3d orbitals of Mn1) and beta (3d orbitals
of Mn2 or Mn1’) sets indicates a significant overlap between the two orbitals (the
grey arrows indicate significant cross-interaction). As is evident from the graph, type
I structures experience significant overlap between the singly occupied orbitals or
SOMOs (dxy, dyz, dxz and dz2 in Jahn-Teller elongated Mn(III)), leading to
antiferromagnetic exchange interactions (see section 1.5.2). The dx2-y2 orbitals of type
I structures, which are empty do not experience significant interaction leading to a
decrease in the JF contribution (See Appendix A for the complete list of computed
overlap integrals). Among others, the dyz-dyz, dz2-dyz, dyz-dz2, dyz-dxy, dz2-dxy, dxy-dz2,
interactions are notable. A larger JAF contribution and a negligible JF contribution lead
to a large antiferromagnetic net J for this type of complex. For type II structures, both
the JF and JAF contributions exist with the significant exchanges being dyz-dyz, dxz-dyz,
dyz-dxz, dxz-dxz and dxy-dxy along with some significant cross-interactions. Here the JAF
and JF contributions essentially cancel each other out, leading to a very weak net
exchange. The sign of the exchange (ferro- or antiferromagnetic) in this type of
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complex is determined by the predominant factor. For type III structures on the other
hand, fewer JAF interactions are observed and the cross-interactions play a vital role.
A large cross-interaction is evident from the broken symmetry dx2-y2 orbital plotted in
Figure 26. A stronger JF and weaker JAF leads to relatively strong net ferromagnetic
exchange. As mentioned before, the differences in the magnitude and the sign of J
arise due to the difference in the orientation of the dz2 orbital – which coincides with
the Jahn–Teller axis. On several occasions the Jahn–Teller orientation has been
evoked to explain the reduction in the cluster anisotropy and here for the first time
with quantitative calculations and qualitative analysis, we provide direct evidence that
the Jahn–Teller orientation is important in determining the sign as well as magnitude
of the coupling in Mn(III) dimers. A perpendicular alignment of the Jahn–Teller axes
for the dinuclear unit is expected to exhibit a relatively strong ferromagnetic
interaction. However we point out that this orientation is also likely to lead to a
decrease in the cluster anisotropy, an important parameter to consider when designing
molecular nanomagnets.

	
  
Figure 27. Dominant interactions between the magnetic orbitals in type I – III structures.
Anti-ferromagnetic interactions are shown as black lines and ferromagnetic interactions as
grey arrows.

Since all of the complexes in this study possess different terminal ligands we then
sought to determine the effect of a change in the nature of the terminal ligands on the
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J values. Thus we have modelled two complexes, in which the terminal ligands of
complexes 1 and III-2 were interchanged. This gives J = –8.4 cm-1 and +21.6 cm-1
compared to –10.2 cm-1 and +9.8 cm-1 for their original complexes, respectively. This
clearly indicates that the terminal ligands have negligible contribution to the exchange
coupling constant.
2.3.3 Other structural factors
Although the experimental studies and the theoretical analysis presented in this work
strongly suggest that the orientation of the Jahn–Teller axis is the most important
parameter in controlling J across the three types presented, within a particular type
other structural parameters are expected to influence the final observed J value.
Indeed, to our knowledge, no theoretical correlations have been developed for this
topology to understand the unique structural features that are expected to affect the
resultant J values. We have thus decided to develop correlations for a type I structure
in the shape of our own complex 1 (Figure 16). There are four structural parameters
deemed vital in influencing and determining the J value: Mn-O-Mn angle, Mn-O
distance, Mn-O-Mn′-O′ dihedral angle and the out-of-plane shift of the alkyl group
(μ-OR) of the compound in question (described by τ). The developed correlations for
these four parameters are given in Figure 28. The experimental parameters listed in
Table 4 along with the experimental J have also been plotted along with the computed
points (solid squares). For the data obtained from the experimental structure, the three
types I–III are distinguished in different colours.
2.3.3.1 Bond angle
By varying the average Mn-O-Mn angle from 80.1° to 119.8°, a correlation has been
developed for J and its value varies exponentially, as represented in Figure 28. The J
parameter decreases and become less antiferromagnetic upon increasing Mn-O-Mn
angle. At an acute angle, relatively strong antiferromagnetic exchange has been
encountered with the steep increase in negative J due to significant overlap of the dxy
orbital with other orbitals, as evidenced from the overlap integral values (Table A3 in
Appendix A). Since the Mn-O-Mn angle decreases with a decrease in the Mn···Mn
distance, this effect is somewhat expected. However at large angles, an overall drop in
the overlap values is detected and this leads to smaller negative J values. There is no
switch from antiferromagnetic to ferromagnetic and this is essentially due to
67	
  

negligibly small cross-interactions at all the computed angles. The experimental type I
data points lie within the computed points, revealing that this is a rather reliable
parameter. As expected, type II and type III structures deviate from the computed data
and this once again suggests that the Jahn-Teller orientation is more important than
any other structural parameter.

	
  
Figure 28. Magneto-structural correlations developed by varying structural parameters MnO-Mn and Mn-O-Mn-O angles, Mn-O distance and τ using DFT calculations. Experimental
values are represented in coloured circles, red = type I, blue = type II, and green = type III.

2.3.3.2 Bond distance
The second correlation is carried out by varying the average Mn–O distances from
1.853 to 2.403 Å. This parameter also exhibits an exponential relationship (Figure 28)
whereby the J value steadily decreases (becomes less antiferromagnetic) with
increasing average distance. Moreover as the Mn–O distance passes a value of 2.103
Å the interaction becomes ferromagnetic. This is because as the Mn–O distance
increases, the type I structure will be converted into other types (II and III for
example) and this leads to significant increase in cross-interaction and a predominant
ferromagnetic exchange. The experimental data points fit with the type I structures at
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shorter Mn–O distances and type II structures at longer Mn–O distances. For the full
list of overlap integrals, see Table A4 in Appendix A.
2.3.3.3 Dihedral angle
The Mn-O-Mn-O dihedral angle in 1 is varied from 0 to 35.4° to obtain the third
correlation. The plot of dihedral angle versus J is shown in Figure 28. Only a small
variation in J is detected and the complex becomes less antiferromagnetic as the
dihedral angle increases. This is as a result of the reduction in the dz2- dz2 overlap.
Here the experimental data points are rather scattered, suggesting that this parameter
may not be particularly significant. For the full list of overlap integrals, see Table A5
in Appendix A.
2.3.3.4 Out-of-plane displacement of alkyl groups (τ)
The fourth correlation analysis involved monitoring J when the out-of-plane
displacement parameter (τ) of the bridging alkyl O atoms was manipulated in the 6 to
50° range. The τ versus J plot (Figure 28) shows a linear relationship. As in the case
of the dihedral correlation, an increase in the out-of-plane displacement of the alkyl
group also leads to less antiferromagnetic J values, due to a reduction in overlap
between the singly occupied orbitals of the Mn(III) ions (Table A6 in Appendix A).

2.4 Conclusion
Based on the structural variation observed among the reported Mn(III) dimeric
structures having two alkoxide-bridges, a unique structural feature which
distinguishes the type of magnetic interaction observed is proposed. This parameter,
based on the orientation of the Jahn–Teller axes of the two Mn(III) atoms, sharply
categorises three different types of dimers where type I represent moderately strong
antiferromagnetic

exchange,

type

III

structures

exhibit

moderately

strong

ferromagnetic interactions and type II structures are classified as borderline where a
weak ferro- or antiferromagnetic interaction is detected. These three types of
classification are supplemented with the synthesis and characterization of a new
family of alkoxide-bridged Mn(III) dimers of general formula [Mn(III)2(μOR)2(L)2(ROH)y(X)z] (where R = Me, Et; LH2 = 2,2′-biphenol and X = terminally
bonded MeOH or N-donor ligand). All five structures reported here belong to type I
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and help us to extend the database to validate the proposed correlations. Additionally,
a detailed computational study on all three types was undertaken to probe the
electronic origin of the differences in the magnetic behaviour observed. Our
computations reveal that the magnetic exchange interaction has two contributions, JAF
and JF, with the JF contribution arising due to the cross-interaction between the
SOMOs and the unoccupied d orbitals. The strength of JF is vital as it determines the
sign and magnitude of the J observed in all three types. However the strength of J is
related to the orientation of the dz2 orbitals in a particular structure. Since the
orientation of the dz2 orbital is related to the Jahn–Teller elongation, our study reveals
that a perpendicular orientation of the dz2 orbitals enhances JF significantly, leading to
a strong ferromagnetic interaction (type III). A parallel orientation of the two Jahn–
Teller axes which lie in the bridging plane is found to be a borderline case (type II). If
these axes do not form the μ-alkoxide bridges, then a moderately strong
antiferromagnetic interaction is encountered (type I). The electronic origins of these
differences were traced back to the orbital overlaps and this has been quantitatively
analysed using overlap integral computation. In the field of molecular magnetism a
strong ferromagnetic interaction is a highly sought-after parameter as the
ferromagnetic interaction maximises the ground state S value and its strength helps to
promote an isolated ground state. Although a plethora of SMMs comprising Mn(III)
ions have been reported, there have been no extensive studies undertaken to pinpoint
the unique structural features, which would yield this highly sought-after parameter.
The combined experimental and theoretical study undertaken here reveals that the
orientation of Jahn-Teller axes plays an important role in the magnetic coupling, with
a perpendicular orientation leading to a strong ferromagnetic exchange. However, it is
well known that a perpendicular orientation of Jahn-Teller axes leads to a decrease in
the anisotropy of the cluster, which is an important parameter in designing molecular
nanomagnets. Our study therefore suggests that large anisotropy and a strong
ferromagnetic interaction are unlikely to coexist in Mn(III) clusters containing only
[Mn(μ-OR)]2 building blocks.
Following our investigation into the magnetic exchange coupling in homometallic
[Mn(III)2] dimers, we move on to explore the exchange interaction in a heterometallic
Mn(III)-Cu(II) dimer. Surprisingly, this complex possesses a Jahn-Teller compressed
Mn(III) ion and exhibits 2,2′-biphenol in a bridging mode (rather than chelating as
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observed in this chapter). The rarity of this type of structural distortion is highlighted
by the fact that in our thorough literature search of all known bis-μ-alkoxo Mn(III)
dimers, not a single Mn(III) ion in a tetragonally compressed environment was
encountered.

2.5 Experimental Section
2.5.1 Physical measurements
Infrared spectra were recorded on a Perkin–Elmer FT-IR Spectrum One spectrometer
equipped with a Universal ATR Sampling accessory (NUI Galway). Elemental
analysis detailed was carried out by Marion Vignoles of the School of Chemistry
microanalysis service at NUI Galway. Variable-temperature, solid-state direct current
(dc) magnetic susceptibility data down to 1.8 K were collected on a Quantum Design
MPMS-XL SQUID magnetometer equipped with a 7 T dc magnet (University of
Edinburgh). Diamagnetic corrections were applied to the observed paramagnetic
susceptibilities using Pascal’s constants.
2.5.2 X-Ray crystallography
The structures of 1–5 were collected on an Xcalibur S single crystal diffractometer
(Oxford Diffraction) using an enhanced Mo source. Each data reduction was carried
out on the CrysAlisPro software package. The structures were solved by direct
methods (SHELXS-97) [125] and refined by full matrix least squares using SHELXL97 [126]. SHELX operations were automated using the OSCAIL software package
[127]. All hydrogen atoms were placed in calculated positions. The non-hydrogen
atoms were all refined anisotropically.
2.5.3 Computational details
All calculations were performed using the hybrid B3LYP [128] functional with
Ahlrich [129] triple-ζ basis set as implemented in the Gaussian 09 suite of programs.
The J values were computed from the energy differences between the high spin (EHS)
state calculated using single determinant wave functions, and the low spin (EBS) state
determined using the Broken Symmetry (BS) approach developed by Noodleman
[130]. Negative and positive values for J correspond to antiferromagnetic and
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ferromagnetic interactions, respectively. Details of the computational method
employed to compute the exchange interaction is discussed elsewhere [131–135].
2.5.4 Syntheses
All reactions were performed under aerobic conditions at room temperature and all
reagents and solvents were used as purchased.
Preparation of [Mn(III)2(μ-OMe)2(L)2(MeOH)4] (1)
A 1.456 M aqueous solution of Mn(NO3)2.6H2O (2 cm3, 2.9mmol) and 2,2′-biphenol
(0.54 g, 2.9 mmol) were dissolved in MeOH (30 cm3). NaOH (0.115 g, 2.9 mmol)
was then added and the solution was left stirring for 10 min. The resultant deep brown
solution was then filtered and allowed to stand. X-ray quality crystals of 1 were
obtained in ~30% yield upon slow evaporation of the mother liquor overnight. FT-IR
(cm-1): 3056.0(w), 1587.6(w), 1488.8(m), 1469.2(m), 1430.8(s), 1250.6(s), 1220.9(s),
1154.1(w), 1118.1(w), 1096.2(w), 1046.8(w), 1007.6(w), 934.0(w), 857.8(s),
836.6(m), 753.1(vs), 728.0(s), 710.0 cm-1(m). Elemental analysis calculated (found)
(%) for C30H38O10Mn2 (1): C: 53.90 (53.82), H: 5.73 (5.93).
Preparation of [Mn(III)2(μ-OMe)2(L)2(py)3] (2)
MnBr.4H2O (0.5 g, 1.74 mmol) and 2,2′-biphenol (0.32 g, 1.74 mmol) were dissolved
in MeOH (40 cm3). NaOPh.3H2O (0.15 g, 0.87 mmol) and NaOH (0.035 g, 0.87
mmol) were then added and the resultant deep brown solution was stirred for 15 min.
After this time an excess of pyridine was added (12 cm3, 149 mmol) and the mixture
was left stirring for a further 10 min. The solution was then filtered and left to stand in
a fume-cupboard covered by a perforated lid. X-ray quality crystals of 2 were
obtained in ~15% yield upon slow evaporation of the mother liquor after two days.
FT-IR (cm-1): 3060.7(w), 3003.3(w), 2920.9(w), 2815.5(w), 1595.7(m), 1585.2(w),
15578.0(w), 1486.7(m), 1464.3(m), 1443.2(m), 1431.3(s), 1357.5(w), 1292.4(w),
1256.9(s), 1212.0(s), 1152.2(w), 1113.3(w), 1096.5(w), 1053.4(s), 1035.6(m),
1003.4(m), 932.8(w), 857.4(s), 832.7(m), 768.1(s), 755.0(m), 731.8(m), 698.6 cm-1(s).
Elemental analysis calculated (found) (%) for C41H37O6N3Mn2 (2): C: 63.33 (63.28),
H: 4.80 (4.76), N: 5.40 (5.48).
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Preparation of [Mn(III)2(μ-OMe)2(L)2(3-pic)2] (3)
MnBr2.4H2O (0.167 g, 0.58 mmol) and 2,2′-biphenol (0.11 g, 0.59 mmol) were
dissolved in MeOH (20 cm3). NaOPh.3H2O (0.05 g, 0.43 mmol) and NaOH (0.012 g,
0.3 mmol) were then added in sequence, and the solution was left stirring for 5 min.
After this time an excess of 3-picoline (2 cm3, 20.55 mmol) was added and the
reactant mixture was allowed to stir for a further 15 min. The resultant deep brown
solution was then filtered, covered with a perforated lid and allowed to stand in the
fume-cupboard. X-ray quality crystals of 3 were obtained in ~20% yield upon slow
evaporation of the mother liquor after 24 h. FT-IR (cm-1): 3050.9(w), 2922.7(w),
2819.7(w), 1738.3(w), 1581.9(w), 1485.0(m), 1461.6(m), 1428.0(s), 1272.1(m),
1255.8(s), 1221.8(s), 1193.0(m), 1096.6(w), 1053.0(m), 1003.7(m), 935.9(w),
866.8(m), 832.7(m), 798.2(m), 761.4(vs), 726.3(s), 703.5 cm-1(s). Elemental analysis
calculated (found) (%) for C38H36O6N2Mn2 (3): C: 62.82 (62.77), H: 4.99 (5.02), N:
3.86 (4.08).
Preparation of [Mn(III)2(μ-OEt)2(L)2(3-pic)2] (4)
MnBr2.4H2O(0.5g, 1.74 mmol) and 2,2′-biphenol (0.32 g, 1.72 mmol) were dissolved
in EtOH (40 cm3). Sequentially, NaOMe (0.28 g, 5.2 mmol) and 3-picoline (2 cm3,
20.55 mmol) were added and the solution was left stirring for 10 min. The resultant
deep brown solution was then filtered, covered with a perforated lid and allowed to
stand in the fume-cupboard. X-ray quality crystals of 4 were obtained in ~15% yield
upon slow evaporation of the mother liquor after 24 h. FT-IR (cm-1): 3052.2(w),
2969.6(w), 2927.7(w), 1625.2(w), 1581.9(m), 1486.6(m), 1464.6(m), 1427.4(s),
1382.7(m), 1273.5(m), 1258.4(s), 1225.5(s), 1194.0(m), 1152.5(w), 1127.4(w),
1087.8(m), 1037.5(s), 1003.5(m), 935.4(w), 889.1(m), 869.2(s), 858.9(m), 835.3(m),
797.1(m), 763.7(vs), 728.7(m), 712.9(m), 703.6(s), 653.1 cm-1(m). Elemental analysis
calculated (found) (%) for C40H40O6N2Mn2 (4): C: 63.66 (63.82), H: 5.34 (5.28), N
3.71 (4.04).
Preparation of [Mn(III)2(μ-OEt)2(L)2(EtOH)2(2-hpH)2] (5)
Mn(ClO4)2.6H2O (0.35 g, 0.96 mmol) and 2,2′-biphenol (0.26 g, 1.4 mmol) were
dissolved in EtOH (40 cm3). The ligand 2-hydroxypyridine (0.26 g, 2.74 mmol) and
NMe4(OH) (0.25 g, 2.75 mmol) were then added in sequence and the resultant deep
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brown solution was left to stir for 10 min. After this time the solution was filtered,
covered with a perforated lid and allowed to stand in the fume hood for several days.
X-ray quality crystals of 5 were obtained in ~15% yield upon slow evaporation of the
mother liquor after two days. FT-IR (cm-1): 3254.6(w), 3047.6(w), 2920.5(w),
1695.8(w), 1642.8(vs), 1606.9(s), 1537.4(m), 1487.1(m), 1470.0(m), 1430.7(s),
1406.1(m), 1376.1(m), 1274.6(s), 1261.4(m), 1233.2(s), 1154.3(m), 1093.0(m),
1044.4(s), 992.2(m), 963.4(w), 933.1(w), 895.0(m), 866.6(m), 841.3(m), 762.6(vs),
727.8(s), 711.6(m), 669.0 cm-1(w). Elemental analysis calculated (found) (%) for
C42H48O10N2Mn2 (5): C: 59.30 (59.35), H: 5.69 (5.67), N: 3.29 (3.16).
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Chapter 3:
Synthetic, Structural, Spectroscopic and
Theoretical Study of a Mn(III)-Cu(II)
Dimer Containing a Jahn-Teller
Compressed Mn(III) ion
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3.1 Introduction
3.1.1 Jahn-Teller effects
Just over seventy-five years have passed since the well known theorem of Jahn and
Teller emerged [136], which was formulated using group theory. Seven decades later,
this theorem and its related physical phenomena, referred to by the term ‘Jahn–Teller
effects’, continue to be the subjects of active research. In coordination chemistry the
most commonly observed Jahn-Teller effect is the tetragonal distortion of octahedral
complexes with degenerate electronic ground states. In the previous chapter, this
effect was observed as the axial elongation of the octahedral coordination
environment of the Mn(III) ions in forty-four Mn(III)-(OR–)2-Mn(III) dinuclear
complexes. Due to its d4 electronic configuration, the octahedral Mn(III) ion
possesses three electrons in the t2g set of orbitals (one in each) and just one in the eg
set. Without a Jahn-Teller distortion this state is doubly degenerate (5Eg), as this eg
electron can reside in either the dz2 or the dx2-y2 orbitals. Jahn and Teller proved that
such a doubly degenerate arrangement in unstable, thus a structural distortion occurs
in order to remove the degeneracy. In the Jahn-Teller elongated Mn(III) ions decribed
in chapter 2, the four equatorial bonds (that lie along the lobes of the dx2-y2 orbital) are
shorter than in a perfect octahedron, while the two axial bonds (that lie along the
lobes of the dz2 orbital), are longer. Due to the fact that these bonds are lengthened, an
electron in the dz2 orbital will experience less coulombic repulsion with the (axially
bonded) ligand lone pairs than it would with those of the equatorially bonded ligands
if it occupied the dx2-y2 orbital. The eg electron thus occupies the more stable dz2 orbital
in these Jahn-Teller elongated Mn(III) ions (Figure 29).
A much less common type of distortion that Mn(III) ions can exhibit is known as
Jahn-Teller compression. This type of distortion shortens the axial bonds, while
lengthening the equatorial bonds. In this scenario, the eg electron resides in the dx2-y2
orbital, as it is lower in energy than the dz2 orbital (Figure 29). One of the reasons for
the predominance of Jahn-Teller elongated octahedral Mn(III) complexes is due the
symmetry allowed mixing of the 3dz2 orbital with the empty 4s orbital, leading to
greater stability [137]. The unusual occurrence of a compressed Mn(III) ion may be
due to steric strain imposed by the coordinating ligands [138].
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Figure 29. Schematic diagram showing the relative energies (not to scale) of the 3d orbitals
in a Jahn-Teller elongated octahedral Mn(III) ion (left), and a Jahn-Teller compressed
octahedral Mn(III) ion (right).

3.1.2 Relationships between magnetic coupling and Jahn-Teller effects
In chapter 2 we illustrated how the relative orientation of the Jahn-Teller axes
influences the sign and strength of the magnetic exchange interaction (J) in bis-μalkoxide bridged Mn(III) dimers. During our thorough literature search of all
complexes of this type, not a single complex exhibiting Jahn-Teller compression was
encountered, highlighting the rarity of this type of distortion. However, several
Mn(III) dimers possessing the ‘(μ-oxo)bis(μ-carboxylato)dimanganese(III)’ core
(Figure 30) have been reported to exhibit Jahn-Teller compression of both metal ions
[124], [139–141]. Interestingly, these dimers exhibit weak ferromagnetic, or
negligibly small antiferromagnetic (J = -0.2 – -0.7 cm-1) interactions between the
Mn(III) centres. This is partially due to the absence of electron density in the 3dz2
orbital of each ion, both of which point their lobes towards the single μ-oxo bridge
[139]. Due to the fact that the carboxylato bridges separate the magnetic centres by
three atoms, the μ-oxo bridge is mainly responsible for the superexchange interaction
in these complexes [139]. A direct comparison of the magnetic exchange interaction
in compressed (μ-oxo)bis(μ-carboxylato)dimanganese(III) complexes with the JahnTeller elongated versions is not straightforward. This is due to the fact that the JahnTeller axis of the distortion possesses a different orientation in each type of complex;
the compression axis goes through the bridging oxide, while the elongation axis
passes through a carboxylate oxygen (Figure 30). In the elongated versions, the dx2-y2
orbital points its lobes towards the μ-oxo bridge. Since this orbital is empty (akin to
the dz2 orbital in the compressed complexes), weak net interactions are also observed,
although they are usually antiferromagnetic in nature [142–146].
84	
  

	
  
Figure 30. Schematic of the (μ-oxo)bis(μ-carboxylato)dimanganese(III) core showing the
axes of distortion for both elongated and compressed [Mn(III)2] complexes.

	
  
	
  
The Cu(II) ion, being a d9 system (t2g6eg3) is also subject to Jahn-Teller distortion. In
2004 a very interesting comparative study was published highlighting how a change
in distortion (compression vs elongation) can lead to a switch in the net exchange
interaction (ferro- vs antiferromagnetic) [147]. The two Cu(II) dimers reported in this
study possess the same core and their axes of distortion are in the same orientation;
the only difference being the type of distortion. In the elongated Cu(II) dimer
([Cu2(dpyam)2(μ-C2O4)(NO3)2(DMF)2], (dpyam = di-2-pyridylamine)), the electron
pair occupies the lower energy dz2 orbital while the unpaired electron resides in the
dx2-y2 orbital. As the dx2-y2 orbital of each Cu(II) ion points its lobes toward the oxygen
atoms of the oxalato bridge, an antiferromagnetic superexchange involving the two
half-filled dx2-y2 orbitals dictates the overall magnetic coupling between the two Cu(II)
ions. In the compressed complex ([Cu2(dpyam)4(μ-C2O4)](PF6)2(H2O)2) the opposite
scenario is observed, and the dz2 is the magnetic orbital in each Cu(II) ion. These
orbitals are perpendicular to the bridging plane, leading to negligible overlap with
ligand orbitals. The net magnetic interaction in this compressed complex is thus
ferromagnetic.
In another study published in 2001 [148], the exchange interactions of the complexes
K2Cu(II)F4:Mn(II) and KZnF3:Cu(II)–Mn(II) are compared. Both compounds possess
the same linear Cu(II)–F–Mn(II) unit, however, the two systems exhibit magnetic
coupling strengths that are considerably different. The exchange interaction was
found to be J = –65 ± 5 cm-1, for KZnF3:Cu(II)–Mn(II) [149] which is about two
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times larger than that for K2Cu(II)F4:Mn(II); J = –26 ± 1 cm-1 [150]. This is attributed
to the Jahn-Teller distortion of the Cu(II) ion; compression is observed in
KZnF3:Cu(II)–Mn(II) while elongation is observed in K2CuF4:Mn(II). As the axis of
distortion runs along the Cu(II)–F–Mn(II) direction in both complexes, it is possible
to make a direct comparison. It was concluded that the main contribution to the
observed magnetic coupling in KZnF3:Cu(II)–Mn(II) is the Cu(II)(dz2)–Mn(II)(dz2)
interaction which is strongly antiferromagnetic due to the unpaired electron residing
in the dz2 orbital of the Jahn-Teller compressed Cu(II) ion. To explore this further, the
elongated version of KZnF3:Cu(II)–Mn(II) was modeled by Xiao-Yu et al. and the
resultant exchange coupling was calculated as J ~ –0.05 cm-1 [148].
In this chapter, we compare the magnetic interaction of two Cu(II)–Mn(III) dimers;
one

novel

complex

constructed

using

2,2′-biphenol

(LH2)

([MnCu(L)2(py)4](ClO4).MeOH – complex 6), of which we report the synthesis and
structural characterization, and one previously reported by Oshio et al built using the
ligand 5-bromo-2-salicylideneamino-1-propanol (H25-Br-sap) [151]. Surprisingly, our
novel dimer possesses a Mn(III) ion in a Jahn-Teller compressed environment which
is antiferromagnetically coupled to the Cu(II) ion (S = 3/2, JCuMn = –33.4 cm-1), while
the complex synthesized by Oshio et al. possesses an elongated Mn(III) ion which is
ferromagnetically coupled to the Cu(II) ion (S = 5/2, JCuMn = +78 cm-1). The Cu(II)
and Mn(III) ions in both dimers are linked via alkoxide bridges, the Cu(II) ions
possess square planar geometry, and the M···M distances and M-OR-M bond angles
are comparable, thus a direct comparison between the exchange interactions in the
two complexes can be made. In addition, we use SQUID magnetometry, DFT and
high-field and high-frequency EPR to determine the zero-field splitting parameter of
the compressed Mn(III) ion (D – see section 1.6). In Jahn-Teller compressed Mn(III)
ions, the D parameter is always positive [152–154], whereas in elongated Mn(III) ions
this value is negative [155], [156], with the exception of trans-[Mn(III)(cyclam)I2]I
(cyclam = 1, 4, 8, 11-tetraazacyclotetradecane) [157]. We have used DFT to examine
the spin-orbit coupling excitations (discussed in section 1.6) of the Mn(III) ion in
order to rationalize the observed positive ZFS parameter. In this chapter we also
report the synthesis and characterization of an isostructural Cu(II)–Mn(III) dimer
([MnCu(L)2(4-pic)4](ClO4)(LH2) – complex 7) and an analogous homometallic
[Cu(II)2] complex ([Cu2(LH)2(3-pic)4](ClO4)2.2EtOH – complex 8)
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3.2 Results and Discussion
3.2.1 Structural Descriptions
Complex 6 [MnCu(L)2(py)4](ClO4).EtOH (Figure 31) is readily prepared via the
reaction of Mn(II)(ClO4)2.6H2O, anhydrous Cu(I)Cl, 2,2′-biphenol and NEt4(OH) in
an EtOH / pyridine solvent mixture. The resultant green / black solution, upon
filtration and slow evaporation, gives rise to X-ray diffraction quality crystals of 6 in
~20% yield that crystallize in the trinclinic space group P-1 (see Table 8 for
crystallographic data). The structure of the cation in 6 comprises a single distorted
square planar Cu(II) ion (Cu1) linked to a single six coordinate Jahn-Teller
compressed Mn(III) ion (Mn1) by two bridging Ophen donor atoms (Mn1-O1-Cu1,
99.62°; Mn1-O3-Cu1, 101.10°) belonging to two distinct doubly deprotonated 2,2′biphenolate (L2–) ligands. Their remaining Ophen atoms (O2 and O4) are terminally

Figure 31. Molecular structure of the cationic heterobimetallic unit in 6 as viewed off-set
(left) and perpendicular (right) to the Jahn-Teller compressed axis of the Mn(III) ion. Colour
code: green (Cu), purple (Mn), red (O), blue (N) and grey (C). Hydrogen atoms and counter
anions have been omitted for clarity.

	
  
	
  
bonded, providing the short axial bonds to the sole Mn(III) ion that define the JahnTeller compressed axis (Mn1-O2, 1.879 Å; Mn1-O4, 1.870 Å). The longer equatorial
bonds range between 2.053 Å (Mn1-O3) and 2.209 Å (Mn1-N4). The “free” axial
sites of the square planar Cu(II) ion are blocked by the presence of the phenyl rings of
the rather twisted L2– ligands (Cu···Ph(centroid) = 3.559 and 3.578 Å); indeed the
dihedral (torsion) angles between the Ph rings on the same ligand are 49.86° [C5-C8]
and 51.60° [C17-C20]. Four terminal pyridine ligands complete the coordination
spheres at the six coordinate Mn(III) centre (N3 and N4) and at the four coordinate
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Cu(II) site (N1 and N2) affording {Mn(III)O4N2} and {Cu(II)O2N2} coordination
spheres, respectively. The resultant {Cu(II)Mn(III)(L)2(py)4}+ cation is charge
balanced by the presence of a single ClO4¯ ion. Despite many efforts, the modelling of
an EtOH solvent molecule of crystallization gives rise to a short C-C bond (C50-C51)
length. In order to confirm that this electron density was indeed due to an EtOH
solvent molecule, a SQUEEZE [158] analysis was carried out. The result (42
electrons per void with 1 void in cell) confirmed the parial occupancy of
approximately 0.8 EtOH molecules per [CuMn(L)2(py)4] unit in 6. To rule out the
possibility of any dynamic Jahn-Teller effects, a crystal structure of complex 6 was
collected at 250 K (as opposed to 150 K). The same bond lengths were also observed
in this structure. The individual cationic {Cu(II)Mn(III)(L)2(py)4}+ cluster units pack
in superimposable rows along the a unit cell direction and are separated at a M···M
distance of ~12 Å. These 1–D rows pack in the common brickwork formation in the
bc plane (Figure 32).

	
  
	
  

Figure 32. Packing diagram of 6 as viewed along the a direction of the unit cell. The EtOH
solvent molecules of crystallization and ClO4¯ counter anions have been omitted for clarity.

	
  

88	
  

The replacement of pyridine with 4-picoline (in the synthesis of 6) leads to the
formation of [Mn(III)Cu(II)(L)2(4-pic)4](ClO4)(LH2) (7) (Figure 33). The structure of
the cation in 7 is almost identical to that of 6, comprising a single distorted square
planar Cu(II) ion (Cu1) linked to a single six coordinate Jahn-Teller compressed
Mn(III) ion (Mn1) by two bridging Ophen donor atoms (Mn1-O1-Cu1 = 101.94°; Mn1O3-Cu1 = 99.35°) belonging to two distinct doubly deprotonated L2– ligands. Akin to
complex 6, the remaining Ophen atoms (O2 and O4) are terminally bonded along the
Jahn-Teller compressed axis (Mn1-O2 = 1.884 Å; Mn1-O4 = 1.853 Å). The longer
equatorial bonds range between 2.032 Å (Mn1-O1) and 2.219 Å (Mn1-N4). The +1
charge of the {Cu(II)Mn(III)(L)2(4-pic)4}+ cationic unit is balanced by the presence of
a single ClO4¯ anion. There are no solvent molecules in the lattice, although the unit
cell contains highly disordered LH2 units (one per [Mn(III)Cu(II)(L)2(4-pic)4]+
cation), which despite numerous efforts could not be modeled satisfactorily. Again,
this was treated using the PLATON SQUEEZE routine [158]. The void region
contained approximately 74 electrons, which indicates the partial occupancy of
approximately 0.75 LH2 molecules per formula unit.

	
  
Figure 33. Molecular structure of the cationic heterobimetallic unit in 7. Colour scheme as in
Figure 31, hydrogen atoms are omitted for clarity.

The cationic {Cu(II)Mn(III)(L)2(4-pic)4}+ dimeric units in 7 pack into superimposable
rows along the b direction of the unit cell. These rows pack together in a zig-zag
fashion along the a axis (Figure 34). Due to the isostructural nature of the Mn(III)(OR)2-Cu(II) core in 7 with that of 6, magnetic studies on this complex were deemed
unnecessary.
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Figure 34. Packing diagram of 6 as viewed along the b direction of the unit cell. ClO4¯
counter anions and disordered LH2 units have been omitted for clarity.

	
  
	
  
The homometallic Cu(II) analogue to complexes 6 and 7 is readily prepared via the
reaction of Cu(I)Cl, LH2 and NMe4(OH) in an EtOH / 3-picoline solvent mixture. The
copper dimer [Cu2(LH)2(3-pic)4](ClO4)2.2EtOH (8), shown in Figure 35, crystallizes
in the monoclinic spacegroup P21/c. The cationic dimeric unit in 8 comprises two
symmetrically equivalent square based pyramidal Cu(II) ions linked via two Ophen
donor atoms (Cu1-O1-Cu1′ = 102.1°) belonging to two singly deprotonated LH–
ligands. The protonated oxygen atoms of the two LH¯ moieties coordinate axially to
one Cu(II) ion each (Cu1–O2 = 2.372 Å). The remaining two equatorial bonding
positions of each Cu(II) ion are occupied by the nitrogen atoms two 3-picoline
ligands. The resultant {Cu(II)2(LH)2(3-pic)4}2+ cation is charge balanced by the
presence of two ClO4¯ ions, both of which hydrogen bond through O3 to the protons
of the hydroxyl groups on LH¯ moieties (H1···O3 = 2.015 Å). Two EtOH solvent
molecules of crystallization per cationic unit reside in the crystal structure and
hydrogen bond through their hydroxyl groups to the perchlorate oxygen atoms
(H7···O6 = 2.677 Å). In complexes 6-8 both the singly and doubly deprotonated forms
of LH2 adopt the η1:η2,μ-bridging motif. This bridging mode is quite different from
the chelating mode observed in the [Mn(III)2] complexes of chapter 2.
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Figure 35. Molecular structure of the cationic unit in 8. With the exception of the LH¯
hydroxyl protons, hydrogen atoms have been omitted for clarity. Colour scheme as in Figure
31.

	
  
Figure 36 shows the crystal packing of complex 8 as viewed along the a axis of the
unit cell. The superimposable rows that run along the a axis pack in the common
brickwork formation in the bc plane (Figure 36).

	
  
Figure 36. Crystal packing diagram of complex 8 as viewed along the a axis of the unit cell.
The EtOH solvent molecules of crystallization and ClO4¯ counter anions have been omitted
for clarity.
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Although a number of Cu(II)-Mn(II) dinuclear complexes are known in the literature
[159–162], an extensive CSD search reveals that 6 and 7 represent two members of an
elite group that possess the Cu(II)-Mn(III) oxidation state distribution [151], [163],
[164], and are indeed the first to possess a Mn(III) ion exhibiting a Jahn-Teller
compression.
	
  
Table 8. Crystal data for complexes 6-8
(6)

(7)

(8)

Formulaa

C45H40N4O9CuMn

C60H54ClCuMnN4O10

C52H58Cl2Cu2N4O14

MW

934.74

1145.03

1161.04

Crystal System

Triclinic

Monoclinic

Monoclinic

Space group

P-1

P21/c

P21/c

a/Å

10.686(2)

11.780(2)

12.179(2)

b/Å

12.392(3)

16.071(3)

17.116(3)

c/Å

17.360(4)

27.552(6)

12.956(3)

α/o

97.99(3)

90.00

90.00

β/o

100.99(3)

96.77(3)

92.27(3)

γ/o

101.10(3)

90.00

90.00

V/Å3

2177.2(8)

5179.68

2698

Z

2

4

2

T/K

150(2)

150(2)

150(2)

λb/Å

0.7107

0.7107

0.7107

Dc/g cm-3

1.426

1.229

1.429

μ(Mo-Ka)/ mm-1
Meas./indep.(Rint)
refl.
wR2 (all data)

0.899

0.756

0.955

7945 / 4906 (0.0553)

9453 / 3877 (0.1068)

4939 / 3422 (0.0411)

0.2134

0.2403

0.1200

0.0741

0.0893

0.0507

1.023

0.912

1.092

R1d,e
Goodness of fit on F2

	
  
3.2.2 SEM Images
Interestingly, the presence of solvent molecules of crystallization in complexes 6 and
8 is perhaps the cause of observed cracks in the crystals upon prolonged exposure to
the atmosphere, as seem in the SEM images of Figure 37. Complex 7 possesses no
solvent molecules in the lattice, and exhibits negligible cracking under the same
conditions.
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Figure 37. SEM images showing the crystals of 6 (bottom left), 7 (top left and right) and 8
(bottom right).

	
  

	
  

	
  
3.2.3 SQUID Magnetometry
Dc magnetic susceptibility measurements were performed on a powdered
microcrystalline sample of 6 in an applied magnetic field of 0.1 T and in the
temperature range 250 to 5 K. The results are plotted as the χMT product vs. T in
Figure 38. The high temperature χMT value of 2.27 cm3 K mol-1 is lower than that
expected from the spin-only value (3.38 cm3 K mol-1) for non-interacting high-spin
Mn(III) (3d4) and Cu(II) (3d9) ions, assuming g = 2. This reflects the existence of a
strong intra-molecular antiferromagnetic interaction in 6. The χMT product decreases
in a sigmoidal-like fashion with decreasing temperature until it reaches a plateau of
around 1.75 cm3 K mol-1 in the 45 to 20 K temperature interval. The χMT product at
this low temperature plateau is consistent with the existence of a thermally isolated S
= 3/2 spin-state. For the modelling of the χMT product we used spin-Hamiltonian:
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where J is the Cu(II)-Mn(III) isotropic exchange interaction parameter, Ŝ is a spinoperator, DMn is the single-ion uniaxial anisotropy of Mn(III), S = 2 is the single-ion
spin of Mn(III), μB is the Bohr magneton, gMn = 2.0 and gCu = 2.1 are the employed gfactors of the Mn(III) and Cu(II) ions, respectively, and

!
B

is the applied magnetic

field vector. The χMT product of 6 was numerically fitted, by use of the simplex
algorithm [165], to the spin-Hamiltonian (above) by numerical diagonalisation of the
spin-Hamiltonian matrix of dimension 10 by 10. While fitting the χMT product, it
became apparent that inclusion of the Mn(III) single-ion anisotropy term does not
significantly improve the quality of fit, as measured by the χ2 statistics. This is as
expected since anisotropy effects are predominant at very low temperatures and thus,
do not weight significantly in the fitting of the χMT product. The best-fit parameter of
the spin Hamiltonian (above) to the χMT product of 6 was J = -33.4 cm-1, affording an
S = 3/2 spin ground state with the S = 5/2 excited state some 167 cm-1 higher in
energy. The determined strong antiferromagnetic interaction is consistent with the
above qualitative description of the thermal dependence of the χMT product of 6. In
addition, intermolecular interactions were taken into account in the frame of meanfield theory, by use of the Curie-Weiss temperature θ. A Curie-Weiss constant of θ =
-0.9 K, was necessary to reproduce the small drop of the χMT product below ~ 20 K.

	
  
Figure 38. Plot of the χMT product of 6 vs. T in the 250 - 5 K temperature range in an applied
field of 0.1 T. The solid red line is the best-fit of the data with J = -33.4 cm-1 as described in
the text.
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In order to determine, by magnetisation measurements, the single-ion axial anisotropy
parameter

for

the

Mn(III)

centre

in

6,

variable-temperature-variable-field

magnetisation measurements were performed in the T = 2.0–7.0 K and B = 0.5–5.0 T
temperature and dc magnetic field ranges, respectively. These experimental data are
presented as reduced magnetisation (M/NμB vs. μBB/kT, with N being Avogadro’s
number and k the Boltzmann constant) in Figure 39. They were again numerically
fitted, by use of the simplex algorithm [165], to the same spin-Hamiltonian, by
numerical diagonalisation of the 10 by 10 spin-Hamiltonian matrix. The best fit
parameter, keeping J fixed to J = -33.4 cm-1 (as determined by fitting the χMT
product), was DMn = +4.95 cm-1. Forcing the DMn parameter to vary only in the
negative-values semi-axis, leads to χ2 values that are two orders of magnitude higher
than those obtained by letting DMn vary freely to give DMn = + 4.95 cm-1. The positive
value of DMn is in good agreement with the axially compressed nature of the
coordination sphere of the Mn(III) ion [152–154].

	
  
Figure 39. Plot of reduced magnetisation of 6 in the 2.0 to 7.0 K temperature range and at the
indicated field strengths. The solid red lines are the best-fit of the data with J fixed to -33.4
cm-1 and DMn = +4.95 cm-1, as described in the text.
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Magnetic susceptibility measurements performed on the [Cu(II)2] dimer (8), reveal an
antiferromagnetic interaction between the Cu(II) ions so strong, that signal loss occurs
upon decreasing the temperature. In general, antiferromagnetic coupling is observed
in alkoxide bridged Cu(II) dimers where the bridging angle is greater than 97° [166].
3.2.4 EPR Spectroscopy
Powder EPR data were collected for complex 6 in order to determine the magnetic
anisotropy of the dimer. Given the spin states of the constituent ions (S = 2 and 1/2 for
Mn(III) and Cu(II) respectively), one expects a half integer ground state spin of either
S = 3/2 or 5/2 for the dimer. The low-energy spectrum should thus consist of either
two or three [i.e. (2S + 1)/2] Kramers doublets, split by any associated magnetic
anisotropy. Figure 40 displays representative frequency-dependent powder EPR
spectra for complex 6 collected between 100.6 and 406 GHz at a relatively low
temperature of 5 K. All of the labelled resonances persist to the lowest temperatures
investigated (not shown), indicating that they involve transitions either within or from
the lowest Kramers doublet. At frequencies below 200 GHz, the spectra are
dominated by three strong resonance branches that we assign to the x, y and ztransitions within the ground-state Kramers doublet; these are marked by open red,
blue and black circles, respectively. As can be seen in the frequency versus field map
in Figure 41, the peak positions corresponding to these transitions each lie on
simulated curves (vide infra) that intersect the origin, as expected for intra-Kramers
transitions. At frequencies above 200 GHz, additional resonance branches appear at
low fields (solid black squares and circles). As can be seen in Figure 41, these
resonances all lie on lines/curves that meet at a unique finite-frequency offset on the
zero-field axis. We thus assign them as inter-Kramers transitions, and the intercept on
the ordinate corresponds exactly to the zero-field energy splitting between the two
lowest Kramers doublets. We note that this splitting of 381±5 GHz is rather
substantial for a complex comprised of just Mn(III) and Cu(II) ions. The solid circles
in Figure 41 correspond to the usual ΔMS = ±1 perpendicular-mode EPR transitions,
while the solid squares correspond to ΔMS = ±2 resonances (see below). The
simulations assume that the applied field, B, is parallel to z. However, all three interKramers components (i.e. B//x, y and z) generate ΔMS = ±1 and ±2 resonances at
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similar locations, provided the applied field is relatively weak (< 3 T), which may
account for the appreciable intensity of the lowest field 406.4 GHz peak in Figure 40.

	
  
Figure 40. Representative frequency dependent powder EPR spectra collected at 5 K: the red,
blue and black open circles denote the intra-Kramers x, y and z-components of the spectra,
while the solid circles (ΔMS = ±1) and squares (ΔMS = ±2) denote transitions between Kramers
doublets; the inset displays an expanded portion of the 200 GHz spectrum in the vicinity of
the z-component (see main text for explanation). The extremely sharp features seen in some
of the spectra (e.g. at ~1 T in the 216 GHz spectrum) correspond to known signals from
oxygen adsorbed in the sample holder.

	
  
While analysis of susceptibility data enables reliable estimates of the exchange
coupling within a simple spin system, especially a dimer, EPR measurements provide
much more robust constraints on both the sign and magnitude of the magnetoanisotropy. The EPR data presented in Figure 41 clearly reveal the presence of a pair
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of low-energy Kramers doublets. However, they do not rule out the possibility of a
third higher-lying doublet. Thus, a determination of the ground state spin from the
EPR data is not entirely straightforward. This would require careful analysis of much
weaker transitions observed at elevated temperatures, and we do not pursue this here
because the susceptibility measurements clearly indicate that the coupling within the
dimer is antiferromagnetic. Therefore, in the following analysis, we assume that the
ground state spin value is S = 3/2. In doing so, we will see that the obtained
anisotropy is quite consistent with expectations, thus providing indirect confirmation
of the S = 3/2 ground state spin value.

	
  
Figure 41. Plot of the frequency dependent EPR peak positions as a function of the applied
magnetic field strength. The solid curves (same colour coding as the data) correspond to the
simulations described in the main text. Note that the grey data points and the grey line
correspond to an impurity signal with g = 2.003(2).

	
  
We first turn our attention to the sign of the second-order axial zero-field splitting
parameter DS associated with the S = 3/2 ground state. In the presence of easy-plane
type anisotropy (DS > 0), the B//x- and y-components of the spectrum associated with
the lowest Kramers doublet (red and blue circles, respectively, Figure 41) possess
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effective g-values that are substantially larger than 2.00, i.e. slopes that substantially
exceed 28 GHz/T as B → 0; meanwhile, the B//z-component has an effective g-value
(slope) very close to 2.00 (or 28 GHz/T, denoted by the grey line in Figure 41). The
opposite holds for the easy-axis case (D < 0) [167], [168]. Thus, the powder EPR data
clearly support the presence of an easy-plane type anisotropy (D > 0), which one
would expect in a Jahn-Teller compressed Mn(III) system, since this represents the
main source of anisotropy within the dimer. The magnitude of DS is approximately
constrained by the intercept of the inter-Kramers resonance branches. For a purely
axial system, this intercept corresponds exactly to 2DS, hence DS ≈ 381/2 GHz =
6.35 cm-1. However, as can clearly be seen from Figures 40 and 41, there is a
considerable splitting between the x and y components of the spectrum, signifying a
rhombic distortion and, hence, a rhombic ES parameter. In such situations, DS can only
be determined precisely via diagonalisation of the following effective spin
Hamiltonian:

where Ŝ represents the total spin operator and Ŝi (i = x, y, z) its components, the
subscript S = 3/2 defines the total spin-state on which the effective spin-Hamiltonian
(2) is applied and gS is the Landé tensor of the total spin-state S. The best simulation
of the data in Figure 4 was obtained with the following parameters: DS = +6.27 cm-1,
ES = ±0.57 cm-1, gS,x = 1.97, gS,y = 1.97 and gS,z = 1.98. The main constraint on the ES
parameter is the splitting between the x- and y-components of the intra-Kramers
transitions (red and blue curves in Figure 41), i.e. its value is well constrained. While
one might expect a corresponding difference between gS,x and gS,y, this leads to an over
parameterization of the model. Therefore, we have assumed these parameters to have
the same value.
The transverse anisotropy (E) leads naturally to an avoided-crossing between the
mS = -3/2 and mS = -1/2 components of the two Kramers doublets, which meet at ~7 T
when B//z. It is this interaction that is the reason for the ~60 GHz (2 cm-1) gap
between the inter- and intra-Kramers z-component resonance branches at ~7 T in
Figure 41 (solid black lines). Surprisingly, spectra recorded at frequencies close to
200 GHz (e.g. the blue curve in Figure 40) still show weak resonances in this gapped
region of the B//z simulations. Closer inspection of the spectra reveals that the z
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component appears to consist of a narrow derivative (i.e. a sharp peak followed by a
sharp minimum) superimposed on a broad dip; this contrasts the x and y components
that each consist of a single feature, i.e. a peak for y and a shoulder for x, as expected
for such a powder spectrum. The narrow and broad z-components are separately
plotted in Figure 41 as grey squares and open black circles. The sharp components lie
on a straight (grey) line passing through the origin, having a slope corresponding to g
= 2.003(2). At most frequencies, the broad dip lies very close to this line. However,
one clearly sees that the broad component moves appreciably to the high-field side of
the g = 2.003 position (the sharp peak) as the frequency approaches the gapped
region; the relevant portion of the 148.8 GHz spectrum has been enlarged in Figure 40
(green curve) to emphasize this point. Indeed, if one assumes that it is this broad dip
that corresponds to the z-component of the dimer spectrum, one finds excellent
agreement with the simulations in Figure 41. Meanwhile, we believe that the sharp
component corresponds to an impurity phase within the powder, possibly containing
isotropic Mn(II); this is often found to be the case in Mn-containing polynuclear
clusters, and explains why a resonance is still observed in the gapped region of the
B//z spectrum. In fact, it is notable that the 200 GHz spectrum exhibits only a sharp
component, the broad dip appears to be absent, which is why an open circle is not
included in Figure 41 for this frequency.
Due to the strong Cu(II)-Mn(III) exchange interaction (J ~ -33.4 cm-1), we can make a
reliable estimation of the anisotropy parameters associated with the individual ions
using the projection method [169]. According to Kramers’ theorem, any zero-field
splitting interaction associated with the Cu(II) ion (SCu = 1/2) is strictly forbidden;
hence, the zero-field splitting parameters of the molecule are determined only by the
anisotropy parameters of the Mn(III) ion. The projection method gives DS=3/2 = 1.4
DMn, where DS=3/2 and DMn are the anisotropy tensors of the molecule and the Mn(III)
ion, respectively. Therefore, we estimate that DMn = +4.45 cm-1 and EMn = ±0.41 cm-1.
We note that these zero-field interaction parameters obtained via EPR data are in
excellent agreement with the parameters obtained via the reduced magnetization
measurements, and are consistent with values found for related Mn(III) compounds.
Finally, we comment on the g-values obtained from the EPR measurements. Again,
using projection methods, one can estimate that gS=3/2 = 1.2 gMn – 0.2 gCu.
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Consequently, the obtained g-values for the molecule should be dominated by the
Mn(III) ion, which is consistent with the obtained values that are very close to 2.00.

3.3 Magneto-structural correlation
The aforementioned ferromagnetic Cu(II)-Mn(III) dimer possessing an elongated
Mn(III) ion reported by Oshio et al [151], of formula [CuMnCl(5-Br-sap)2(MeOH)]
will be referred to as complex 9 for our comparative study (Figure 42). Complexes 6
and 9 are structurally very similar. Both contain [Cu(II)(OR)2Mn(III)] magnetic cores
(albeit with different R-groups), resulting in very similar Cu(II)-O(R)-Mn(III) bond
angles; 100.36° (avg.) in 6, and 101.28° in 9 (Mn-O2-Cu – see Figure 42). Indeed the
only difference in terms of magnetic structure is the presence of a Jahn-Teller
compressed Mn(III) ion in 6 and a Jahn-Teller elongated Mn(III) ion in 9. The
synthesis of 6 therefore represents an ideal opportunity to investigate the magnetostructural relationship in these two types of complex.

	
  
Figure 42. ORTEP diagram of 9 with 30% probability showing Jahn-Teller elongation of
Mn(III) ion, taken from reference [151].

	
  
3.3.1 DFT Analysis
Density functional studies have been performed on complex 6 to compute the J value
and to explore the origin of the nature of the interaction observed experimentally. The
B3LYP/TZV combination (see computational details in the experimental section)
yields a J value of -71 cm-1. Although the sign of J has been correctly reproduced, the
magnitude is overestimated compared to experiment (Jexp = -33.4 cm-1). Although the
employed methodology generally offers good numerical estimates of J values, there
are instances where overestimation of the J has been noted [170], [135]. Calculations
performed incorporating the counter-anion did not lead to any significant
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improvement (-71 cm-1 vs. -83 cm-1; see Table B2 in Appendix B). Since our aim is to
probe the origin of antiferromagnetic coupling in the Cu(II)-Mn(III) pair of 6, we
have analysed the wave function and the magnetic orbitals of the Mn(III) and Cu(II)
ions (Figure 43). The Cu(II) ion is in a square planar environment, with the unpaired
electron residing in the dx2-y2 orbital (b1g). For Mn(III) the following configuration has
been detected from the computed wave function: b2g(dxy)1eg(dxz)1eg(dyz)1b1g(dx2-y2)1
where the a1g(dz2) orbital is found to be empty and lies 1.12eV higher in energy than
the b1g orbital. This splitting is related to the strength of the distortion and significant
splitting demonstrates that the Mn(III) ion is undergoing relatively strong Jahn-Teller
compression [27], [171–173].

	
  
Figure 43. DFT calculated magnetic orbitals of Mn(III) and Cu(II) in complex 6 with
computed Sab (overlap integral) values. The isodensity surface represented corresponds to a
value of 0.05 e-/bohr3.
	
  

	
  
Qualitatively Δ(Edxy-Edz2) – calculated to be ~2.12eV for 6 (Figure 43) - is related to
the anisotropy by the following equation for a Jahn-Teller compressed Mn(III) ion:
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ζeff is the effective covalently reduced one-electron spin-orbit coupling (SOC)
constant of the metal ion under investigation, and Δ is as defined in Figure 43. Since
in both the metal ions the b1g(dx2-y2) orbital is singly occupied, a significant interaction
between these two magnetic orbitals is expected, leading to antiferromagnetic
coupling. To prove this hypothesis, overlap integrals between pairs of magnetic
orbitals have been computed. Our overlap integral analysis reveals a significant
overlap between Mn(dx2-y2) and Cu(dx2-y2). Additionally Mn(dxz) has non-negligible
overlap with the Cu(dx2-y2) orbital. The Mn(dx2-y2)-Cu(dx2-y2) interaction is very
significant (Figure 43) and this leads to a moderate antiferromagnetic interaction in
complex 6. The other dinuclear Cu(II)-Mn(III) complex (9) reported in the literature
[151] exhibits ferromagnetic coupling. In this complex the Mn(III) is Jahn-Teller
elongated, the dx2-y2 orbital is empty and the significant Mn(dx2-y2)-Cu(dx2-y2)
antiferromagnetic interaction present in 6, is absent in 9, leading to moderate
ferromagnetic coupling. This pair of complexes illustrates rather nicely how the
magnetic coupling can be tuned from ferromagnetic to antiferromagnetic by altering
the nature of the distortion (elongation vs. compression) on the Mn(III) site.

	
  
Figure 44.	
  DFT computed spin density plot of 6 for the S = 2 state. The isodensity surface
represented corresponds to a value of 0.005 e-/bohr3. The white and blue regions indicate
positive and negative spin populations, respectively.
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The spin density values on the Mn(III) (1.663) and Cu(II) (0.59) ions of complex 6,
clearly indicate strong spin delocalization to other atoms. The spin densities on the
bridging O-atoms (O1 and O2) are found to be positive (0.11 and 0.12) while the Natoms coordinated to Cu(II) and Mn(III) are also found to have positive spin densities
(see Appendix B). On the other hand, the spin densities on the O-atoms lying in the
axial direction are found to be negative (Figure 44). This is in line with our
expectation where the empty dz2 orbital of the Mn(III) ion propagates spin
polarization rather than spin delocalization. We have witnessed such a mixture of
delocalization and polarization in chapter 2, and this has also been reported previously
in the literature [174].
We have also computed the ZFS parameter of complex 6 using the methodology
established by Neese et al [172]. We have performed calculations on complex 6 and
also on a fictitious Zn(II)-Mn(III) model complex of 6 to estimate the S = 3/2 ZFS of
6 and the S = 2 single-ion anisotropy of the Mn(III) ion, in order to compare to the
experimentally extracted parameters. The calculated single ion anisotropy of the
Mn(III) ion is +1.94 cm-1, while the cluster anisotropy is computed to be +2.35 cm-1.
The HF-EPR estimates of the ZFS are +4.28 and +6.35 cm-1, respectively. Our DFT
calculations reproduce the sign and the trend correctly, but clearly underestimate the
magnitude quite considerably. Such underestimation by DFT methods has been well
documented: accurate reproduction demands inclusion of exited state contributions
and this is possible only by means of ab initio calculations. Analysis of the
contributions to the net D-tensor suggest the main source arises from spin-orbit
coupling (DSOC), while the spin-spin contribution (DSS) is found to be small, and
significantly less than that reported for complexes in which the Mn(III) ion is JahnTeller elongated [27], [171–173]. The significant contributions to the ZFS are listed in
Table 9. For DSOC the spin-flip excitations account for nearly 65% of the contribution.
Multiple contributions to the D-tensor listed in Table 10 reveal some distinct
differences between the single-ion and the cluster anisotropy. The α→β (spin-up to
spin-down) excitations are pronounced for the Mn(III) single-ion (S = 2 state)
anisotropy, while other contributions are very small. However for the dinuclear
Cu(II)-Mn(III) compound 6 (S = 3/2 ground state), very large β→α and α→α
contributions were detected, in addition to the expected α→β spin flip.
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Table 9. DFT computed spin flip/spin-conserved excitations for the Cu(II)-Mn(III) (6) and
Zn(II)-Mn(III) complexes. SOMO = singly occupied molecular orbital, DOMO = doubly
occupied molecular orbital and VMO = virtual molecular orbital (unoccupied).
spin flip/spin conserved
single ion anisotropy
cluster anisotropy
excitations
( cm-1)
( cm-1)
1.215
1.484
SOMO-SOMO
α→β
DOMO-SOMO

β→β

0.028

0.059

SOMO-VMO
DOMO-VMO

α→α
β→α

0.339
0.002

-2.729
3.554

	
  
	
  
	
  

	
  
Figure 45. Schematic diagram illustrating the different contribution to anisotropy in complex
6.

	
  
Analysing the wave function (see Figure 43 and related discussion on Δ), reveals that
the main reason for the difference between the single-ion and the cluster anisotropy is
that the Mn(III) ion has one empty α type orbital (for S = 3/2 ground state) and this
leads to large singly occupied molecular orbitals (SOMO) to virtual molecular orbitals
(VMO) contribution. The term virtual molecular orbitals describes unoccupied MOs.
Another significant contribution to the cluster anisotropy is due to the β→α excitation
from the doubly occupied orbitals (DOMO) of Cu(II) to the VMO of Mn(III). These
two contributions are minimal for the mononuclear Mn(III) ions. This is illustrated in
Figure 45. It is apparent from the break-up contributions given for the Cu(II)-Mn(III)
complex that the DOMO → VMO excitation which has the largest positive value
determines the net sign of the anisotropy. Since this parameter is related to the mixing
of Mn(III) and Cu(II) d-orbitals, efforts to vary the ligand field are expected to
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significantly affect the magnitude of the anisotropy. The computed D-tensor
orientation for the Cu(II)-Mn(III) complex (6) is shown in Figure 46. As expected the
Dzz axis is aligned along Jahn-Teller axis with a deviation of approximately 5°.

	
  

Figure 46. DFT calculated orientation of D-tensor in 6. H-atoms have been omitted for
clarity.

Table 10. Experimental versus DFT computed single-ion and cluster anisotropies with SOC
and SS contributions.
Complex
D total
DSOC
DSS
E/D
g-tensor
(cm-1)
(cm-1)
(cm-1)
DFT on 6 (S=3/2)
2.35
2.369
-0.009
0.06
1.98
DFT on Zn(II)-Mn(III)
1.94
1.58
0.35
0.06
1.99
HF-EPR on 6
6.27
0.09
---HF-EPR Mn(III) ion
4.78
0.08
1.98

3.4 Conclusion
Complexes 6 and 7 are two rare examples of dimeric [Cu(II)-Mn(III)] cluster
compound and are the first examples to exhibit a Jahn-Teller compressed Mn(III)
centre. Magnetic susceptibility and magnetization studies conclude that 6 is a
ferrimagnet with an isolated S = 3/2 ground spin state, with J = -33.4 cm-1, g = 2.0 and
DMn = +4.95 cm-1. High-field and high-frequency EPR studies on both powdered and
single-crystal samples of 6 corroborate these findings, giving rise to the spin
Hamiltonian parameters DMn = +4.78 cm-1 and EMn = +0.405 cm-1. DFT calculations
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offer insights into the mechanism of magnetic coupling where the origin of the
antiferromagnetic interaction is related to the nature of the Jahn-Teller distortion.
Calculations also yield a reasonable estimate of the anisotropy for complex 6 and
explain how the mixing of the Mn(III) and Cu(II) d-based orbitals leads to dramatic
changes in the sign as well as the magnitude of the anisotropy for 6.
We have also successfully produced two analogues to complex 6; one isostructural
Cu(II)-Mn(III) dimer (7) and one homometallic [Cu(II)2] complex (8). All three novel
compounds reported in this chapter highlight the ability of 2,2′-biphenol (LH2) to
bridge metal ions, adopting the η1:η2,μ-bridging motif. These observations are quite
different from the chelating mode exhibited by this ligand in the [Mn(III)2] complexes
of chapter 2. Continuing on the theme of heterometallic chemistry, in the next chapter
we report a structurally interesting and unique family of 1-D M(III)/Na(I) extended
structures (M = Mn / Fe), in which the 2,2′-biphenol ligand adopts both chelating and
bridging modes.

3.5 Experimental Section
3.5.1 Physical measurements
Infra-red spectra were recorded on a Perkin Elmer FT-IR Spectrum One spectrometer
equipped with a Universal ATR Sampling accessory (NUI Galway). Elemental
analysis was carried out by the School of Chemistry microanalysis service at NUI
Galway. Variable-temperature, solid-state direct current (dc) magnetic susceptibility
data down to 5 K were collected on powdered samples using a Quantum Design
MPMS-XL SQUID magnetometer equipped with a 7 T dc magnet (University of
Edinburgh). Diamagnetic corrections were applied to the observed paramagnetic
susceptibilities using Pascals’ constants. Complex 6 was set in eicosane to avoid
torqueing of the crystallites. A phase-locked oscillator, in conjunction with a series of
multipliers and amplifiers, was employed as a microwave source capable of providing
quasi-continuous frequency coverage up to 600+ GHz; a cold bolometer was used for
detection [175].
3.5.2 X-ray crystallography
The structure of 6 was collected on an Xcalibur S single crystal diffractometer
(Oxford Diffraction) using an enhanced Mo source. Each data reduction was carried
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out on the CrysAlisPro software package. The structures were solved by direct
methods (SHELXS-97) [125] and refined by full matrix least squares using SHELXL97 [126]. SHELX operations were automated using the OSCAIL software package
[127].
3.5.3 Computational Details
DFT calculations combined with the Broken Symmetry (BS) approach [130] were
employed to compute the J values. The BS method has a proven record of yielding
good numerical estimates of J constants for a variety of complexes [131], [132],
[134], [176], [177]. A detailed technical discussion of the computational details can
be found elsewhere [133]. Here, we have performed most of our calculations using
the Gaussian 09 suite of programs with the fragment approach. We have employed a
hybrid B3LYP functional [123] with TZV basis sets on all atoms [129]. A very tight
SCF convergence was employed throughout. DFT calculations for the estimation of
the D-tensor used the ORCA suite of programs [178], employing the non-hybrid
BP86 functional [179] using quasi-degenerate theory [180] with CP approach [181],
[182]. The Alhrichs TZVPPP basis set was used for the Mn(III) and Cu(II) ions, while
for the remaining atoms we have used the TZVP basis set. The RI approximations
were considered during calculation with auxiliary TZV/J columbic fitting basis set
[183]. Increased integration grids (Grid 5 in ORCA convention) along with tight SCF
convergence were used.
3.5.4 Syntheses
All reactions were performed under aerobic conditions and all reagents and solvents
were used as purchased. Caution: Although we encountered no problems care should
be taken when using the potentially explosive perchlorate salts. The NEt4(OH)
solution employed was a 40% by weight aqueous solution which was used as
purchased.
Preparation of [MnCu(L)2(py)4](ClO4).MeOH (6)
Mn(II)(ClO4)2.6H2O (0.25 g, 0.98 mmol) and anhydrous Cu(I)Cl (0.39 g, 3.94 mmol)
were dissolved in 25 cm3 EtOH along with 1 cm3 of pyridine. 2,2′-biphenol (0.73 g,
3.94 mmol) was then added along with 2 drops of a 40% (by weight) aqueous solution
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of NEt4(OH) The resultant solution was stirred for 5-7 minutes before being filtered to
give a green / black solution. Brown block-like crystals of 6 were obtained in ~20%
yield upon slow evaporation of the mother liquor over a period of 24 hours. Note:
Attempts at repeating the reaction employing Cu(II) salts have all been unsuccessful.
FT-IR (cm-1): 3508.2(w), 3043.5(w), 2970.4(w), 1605.5(m), 1585.3(w), 1484.2(m),
1465.7(m), 1446.4(m), 1432.4(m), 1288.4(w), 1272.5(w), 1250.0(m), 1213.6(m),
1153.7(w), 1080.7(vs), 1066.8(vs), 1043.2(s), 1015.6(m), 956.7(w), 940.4(w),
869.4(w), 852.8(m), 833.7(m), 756.0(vs), 731.3(m), 695.1(vs). Elemental analysis
calculated (found) (%) for C45H40N4O9ClMnCu (6): C: 57.82 (57.98), H: 4.31 (3.81),
N: 5.99 (6.05).
Preparation of [MnCu(L)2(4-pic)4](ClO4)(LH2) (7)
Mn(ClO4)2.6H2O (0.5g) and an excess of 2,2′-biphenol (0.73g, 3.9mmol) were
dissolved in 30 cm3 EtOH. Two drops of a 40% ethanolic solution of TEA(OH) was
added, followed by Cu(I)Br (0.28g, 1.95mmol) and an excess of 4-picoline (2 cm3,
20.54 mmol). The resultant deep brown solution was stirred for 8 minutes, filtered,
covered with a perforated lid and allowed to stand in the fumehood. X-ray quality
crystals were obtained in in ~15% yield upon slow evaporation of the mother liquor.
FT-IR (cm-1): 3350.55 (w), 3061.97 (w), 2969.14 (w), 1618.91 (m), 1585.38 (w),
1555.08 (w), 1507.93 (w), 1484.38 (m), 1465.08 (m), 1432.82 (vs), 1380.76 (w),
1288.23 (w), 1273.31 (m), 1252.99 (vs), 1226.72 (s), 1211.15 (m), 1092.79 (vs),
1066.89 (s), 1039.53 (s), 1015.89 (m), 1005.04 (m), 932.66 (w), 853.53 (s), 834.56
(m), 811.10 (s), 769.08 (vs), 758.62 (vs), 730.75 (s), 708.67 (m). Elemental analysis
calculated (found) (%) for C60H58N4O10ClMnCu (7): C: 62.72 (62.40), H: 5.09 (5.23),
N: 4.88 (4.67).
Preparation of [Cu2(LH)2(3-pic)4](ClO4)2.2EtOH (8)
To a 30cm3 ethanolic solution containing Cu(ClO4).4H2O (0.75g, 1.91mmol) and 2,2′biphenol (0.73g, 3.9 mmol) was added TMA(OH).4H2O (0.047g, 0.26mmol),
followed by an excess of 3-picoline (1 cm3, 10.27mmol). The resultant brown solution
was stirred for 10 minutes, after which time it was filtered and allowed to stand. Dark
brown X-ray quality crystals were obtained in ~25% yield after 24 hours. FT-IR (cm1

): 3549.33 (w), 3179.69 (w), 2969.98 (w), 1610.66 (w), 1586.90 (w), 1505.56 (w),
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1476.27 (w), 1435.13 (m), 1384.68 (w), 1294.61 (w), 1269.31 (w), 1252.77 (m),
1223.65 (m), 1199.76 (w), 1108.16 (s), 1096.61 (s), 1032.59 (vs), 924.82 (m), 878.94
(w), 845.85 (m), 823.77 (m), 804.54 (w), 774.05 (m), 761.40 (s), 734.03 (m), 702.36
(s), 658.14 (m). Elemental analysis calculated (found) (%) for C48H58N4O14Cl2MnCu
(8): C: 52.20 (51.86), H: 5.29 (5.56), N 5.07 (5.12).
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Chapter 4:
A Series of Alternating Na(I)/M(III) (M =
Mn, Fe) Covalent and Ionic Chains
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4.1 Introduction
Coordination polymers (a.k.a. Metal-Organic Frameworks – MOFs) [184] contain
metal ions (nodes) linked into infinite 1–, 2– or 3–dimensional arrays via organic
bridging ligands and/or anion donors [185]. The first man-made coordination polymer
(and in fact the first known synthetic coordination compound) was discovered by
Diesbach, a German dye maker in the early seventeen hundreds [186]. He was trying
to make a well-known red pigment using iron sulfate and potash. However, instead of
turning red, the mixture became pale, and then deep blue upon concentration. By
using cheap contaminated potash, Diesbach had created the 3–dimensional
coordination polymer Prussian Blue, and over 270 years later its structure
(Fe4[Fe(CN)6]3.xH2O) was determined [187].
Up until quite recently coordination polymers have received very little attention, with
just a few notable publications in the literature before the end of the 1980s [188–196].
A new fascination with these compounds slowly began to grow towards the end of the
1980s – particularly in the field of molecular magnetism [197], and surged following
the pioneering work of Hoskins and Robson [198], [199].
In addition to their relevance in the field of molecular magnetism, coordination
polymers have received attention in many areas of research including catalysis,
conductivity, Non-linear Optics (NLO), and luminescence [198–202]. In the design
and synthesis of coordination polymers, the choice of metal ion (which form the
nodes of the infinite structure) is dependent on the target polymer being pursued
[203]. For instance Ln(III) and / or Zn(II)/Cd(II) ions are commonly utilised to
promote photoactive properties within such architectures [204–206] while singular or
multiple (polynuclear) paramagnetic metal ion nodes would warrant selection towards
the production of magnetically interesting polymeric materials such as Single-Chain
Magnets (SCMs) [207]. In addition, the correct choice of connector ligand can
synergistically enhance such properties by 1) dictating the resultant structural
topology (although this is not always the case as interpenetration can testify) [208], 2)
controlling metal ion(s) node-node distance and therefore the level of physical (i.e.
magnetic) communication [209] or 3) acting as magnetic exchange modulators or
photophysical enhancers [210], [211]. We present in this chapter the synthesis and
characterization of a unique series of alternating 1–D M(III) / Na(I) (M = Mn and Fe)
polymers linked covalently or ionically via a combination of the 2,2′-biphenol ligand
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(LH2) and N-donor co-ligands such as pyridine, 3-picoline and their derivatives.
Interestingly, this alternating 1–D M...Na...M...Na structural motif is an extremely rare
architectural arrangement [212]. We also show how the type of polymer (covalent or
ionic) produced depends on which N-donor co-ligand is selected. We also point out
how strongly directional hydrogen bonding interactions are imperative in the
formation of certain members of this family.

4.2 Results and Discussion
4.2.1 Results
Our first synthon in this work involved the reaction of Mn(II)(ClO4)2.6H2O along with
a four-fold excess of LH2 followed by four equivalents of NaOH base in EtOH. It was
noted that no distinguishable product was formed from this mixture (or by utilising
equimolar amounts of LH2), however on addition of an excess of pyridine (1 cm3, 12
eq.) followed by agitation and then slow evaporation of the resultant mother liquor,
X-ray quality crystals of the chain [Na(I)2Mn(III)2(L)4(py)3(EtOH)2]n (10) were
harvested in ~20 % yield (Figure 47).

	
  
Figure 47. Crystal structure of the chain in 10. Colour code: Purple (Mn), Yellow (Na), Red
(O), Blue (N) and Grey (C). Hydrogen atoms omitted for clarity.
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The 1-D structure in 10 crystallises in the triclinic P-1 space group and exhibits a zigzag chain topology comprising alternate Na(I) and Mn(III) metal centres that are
connected predominantly by doubly deprotonated L2– ligands. These ligands adopt the
η2:η2,µ3-bonding mode (Figure 48), in contrast to the η1:η2,µ2-bridging mode observed
in chapter 3, and the chelating mode adopted in chapter 2. As previously mentioned,
this alternating Na…M…Na…M 1–D motif is an extremely rare [212]. Bridging EtOH
molecules also help construct the 1–D array in 10 by connecting Na1 to Mn1 and Na2
to Mn3 via O5 and O10 respectively (Figure 47). The two crystallographically unique
Na(I) ions (Na1 and Na2) exhibit distorted octahedral geometries with sensible Na-O
bond distances ranging from 2.330-2.641 Å.

	
  
2

	
  

2

Figure 48. η :η ,µ3-bonding motif observed in many complexes described in this chapter.

	
  

This coordination geometry is also observed for Mn1 and Mn3 whose Jahn-Teller
elongated axes lie along the Mn1-O5 (and s.e) and Mn3-O10 (and s.e) vertices with
distances of 2.358 and 2.372 Å respectively. Bond Valence Sum (BVS) calculations
were employed to confirm the Mn(III) oxidation state assignments in 10 as were all
other Mn(III) containing members of this series (see Table C1 in Appendix C).
Similarly the crystallographic data for all members of this series are located in Tables
11 and 12. The shorter equatorial Mn-O bonds at Mn1 and Mn3 (via the 2,2′biphenolate O6-O9 atoms) range from 1.897 to 1.906 Å. The Mn2 metal ion in 10 is
five coordinate and gives a calculated τ value of 0.51, thus lying at the midway point
between ideal trigonal bipyramidal (τ = 1) and square based pyramidal (τ = 0)
geometry. The terminal pyridine ligand at the Mn2 site binds at the axial locale via
N1 (Mn2-N1 = 2.192 Å). The coordination geometries at the Na(I) (Na1 and Na2) are
also satisfied by terminal pyridines and produce the bond lengths Na1-N2 = 2.484 Å
and Na2-N3 = 2.501 Å (Figure 47).
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Figure 49. Crystal packing observed in the structure of 10. Dashed lines highlight the interand intra-chain interactions observed in the crystal.

The 1-D arrays in 10 propagate along the bc diagonal (0 1 1) of the cell and due to
their close proximity, three unique intra-chain C-H···π interactions further stabilize
the 1-D chain via the aromatic protons H25, H30 and H53 with contact distances of
H25···πcentroid = 2.998 Å, H30···πcentroid = 2.912 Å and H53···πcentroid = 2.769 Å (Figure
49). The chains in 10 arrange via two unique C-H···π intermolecular interactions
(H27···.πcentroid = 2.910 Å and H46···πcentroid = 2.846 Å) to create a layer running parallel
to the bc plane (Figure 50).
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Figure 50. Crystal packing observed in 10 as viewed along the [011] cell face.

By using 3-picoline (3-methylpyridine) as our N donor co-ligand we produce an ionic
chain in the form of [Na(I)(LH2)(EtOH)3][Mn(III)(L)2(3-pic)2] (11) (Figure 51).
Although built with very similar ligands the structures of polymers 10 and 11 are very
different. As detailed earlier the chains in [Na(I)2Mn(III)2(L)4(py)3(EtOH)2]n (10) are
predominantly covalent in bonding character however the chains in 11 are comprised
of strongly directional hydrogen bonding interactions. The chain in 11 crystallizes in
the triclinic P–1 space group and comprises [Na(LH2)(EtOH)3]+ and [Mn(L)2(3-pic)2]¯
ionic units which have assembled to create a one-dimensional chain by means of

	
  
Figure 51. The H-bonded chain in 11. The dashed lines represent the intra-chain interactions
within the structure.

	
  
strong O-H···O hydrogen bonds (Figure 51). Interactions are given as O1···H5A(O5) =
1.692 Å, O2···H7A(O7) = 1.838 Å, O3…H6A(O6) = 1.674 Å and O4···H9A(O9) =
1.842 Å. Moreover C-H···π interactions (i.e. H36B···πcentroid = 2.903 Å) are also
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observed and run along the a axis of the unit cell in 11 while a sole C-H···π edge-toface interaction exists in between the individual 1-D rows in 11 (H54B···πcentroid =
3.245 Å). In complex 10, the ligand LH2 exists in its doubly deprotonated form (L2-)
and exhibits the η2:η2,µ3-bonding motif as seen in Figure 48, each ligand coordinating
to three metal ions. In complex 11, each LH2 ligand chelates to just one metal centre:
two doubly deprotonated (L2–) ligands chelate to Mn1, while one neutral (LH2) ligand
chelates to Na1. Both chelating modes observed in complex 11 are illustrated in
Figure 52.

	
  
Figure 52. The chelating mode adopted by LH2 in the structure of the ionic chains.

The Na(I)/Fe(III) analogue to 11 is readily formed via the introduction of the
Fe(II)Cl2.4H2O salt to give the ionic chain [Na(I)(LH2)(EtOH)3][Fe(III)(L)2(3-pic)2]n
(12) (Figure 53). For comparative purposes all the main bonding atoms in the crystal

	
  
Figure 53. The H-bonded chain in 12. Colour code: Orange (Fe), Yellow (Na), Red (O), Blue
(N) and Grey (C). Dashed lines represent hydrogen bonding interactions.
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structure of 12 (and 13 vida supra) were labelled identically to that of 11. Strong
directional hydrogen bonds connect the [Na(LH2)(EtOH)3]+ and [Fe(L)2(3-pic)2]¯
moieties in 12 via the donor phenolic (H5A and H6A) and ethanolic protons (H7A
and H9A) and the acceptor O atoms O1-O4. These H-bonding distances were found
to be O1···H5A(O5) = 1.716 Å, O2···H7A(O7) = 1.894 Å, O3···H6A(O6) = 1.980 Å
and O4···H9A(O9) = 1.867 Å. Apart from these linker H-bonds no other significant
interactions are apparent within these chains which align in superimposable rows
along the a axis of the cell in 12 (Figure 54). Inter-chain close contacts take the form
of just one long C-H···π edge-to-face interaction (C50(H50B)···πcentroid = 3.205 Å).

	
  
Figure 54. Crystal packing observed in 12 as viewed down the a (left) and b axis (right)
respectively.

	
  
In order to promote the potential formation of 2 or 3-D extended nets we decided to
replace the terminal N-donor ligand in 10-12 with the occasionally ditopic 4cyanopyridine (4-cnp) [213], [214]. This in fact leads to another ionic chain in the
form of [Na(I)(LH2)(EtOH)2(H2O)][Mn(III)(L)2(4-cnp)2]n (13). The polymer in 13
crystallizes in the monoclinic space group P21/n and the a.s.u contains one anionic
{Mn(L)2(4-cnp)2}¯ and one cationic [Na(LH2)(EtOH)2(H2O)]+ monomeric unit (Figure
55). The anionic [Mn(L)2(4-cnp)2]¯ unit possesses a Jahn-Teller axially elongated
distorted octahedral Mn(III) ion (Mn1) at its centre. At the equatorial sites of this unit
are situated four oxygen atoms of two chelating doubly deprotonated L2– ligands. As
regularly noted in coordination chemistry [215–217], the two 4-cnp ligands bond
terminally to Mn1 at the axial positions via their ring nitrogen atoms (Mn1-N2 =
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2.371 Å and Mn1-N3 = 2.372 Å), while the equatorial Mn-Obiphen distances range
between 1.888 – 1.935 Å. A five coordinate Na(I) ion (Na1) lies at the centre of the
monomeric [Na(LH2)(EtOH)2(H2O)]+ unit in 13 which possesses a +1 charge. The
role of charge balancing lies with the anionic manganese monomer to form the neutral
species. Two oxygen atoms belonging to the neutral LH2 ligand chelate to the alkali
metal ion. The Na-Obiphen bond lengths are Na1-O5 = 2.358 Å and Na1-O6 = 2.330 Å

	
  
Figure 55. The H-bonded chain in 13. Colour code as in Figure 47. Dashed lines represent
hydrogen bonding interactions.

	
  
while the three remaining coordination sites are each occupied by two terminally
ligated ethanol ligands (via O7 and O8) and a terminal water molecule (O9). These
Na-O(ethanol) bond lengths are given as 2.323 Å (Na1-O7) and 2.335 Å (Na1-O8) while
the Na1-O9 distance is shown to be 2.316 Å. Akin to the ionic Na/Mn and Na/Fe
chains 11 and 12 respectively, the two mononuclear units in 13 partake in strong Hbonding interactions to form infinite 1–D arrays of alternating Mn(III) and Na(I) units
which propagate along the a axis of the unit cell (Figure 56a). These assemblies arise
due to intra-chain H-bonding between the deprotonated L2– oxygen atoms (O1-O4) of
the [Mn(L)2(4-cnp)2]¯ unit, and the protons belonging to the EtOH and H2O terminal
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ligands around the sodium monomer. More specifically these H-bonding donor
protons originate from the chelating protonated LH2 ligand (via H5A and H6A) and
via the protons from the terminal EtOH (via O7(H7A)) and H2O ligands (O9). These
H-bond distances are highlighted by the dashed lines in Figure 55 (as well as Figure
56a) and the distances are: O1···H5A(O5) = 1.773 Å, O2···H7A(O7) = 1.863 Å,
O3…H6A(O6) = 1.742 Å and O4…O9 = 2.748 Å. The chains in 13 are further
connected through O-H···N hydrogen bonds via the terminaly bound EtOH ligands
(O8(H8A)) and the nitrile N atoms (N4′′) of a nearby 4-cnp ligands ((O8)H8A···N4′′ =
2.276 Å). These inter-chain interactions create a 2–D layer parallel to the ac plane
(Figure 56a).

	
  
Figure 56. The H-bonded chains in 13 (a) and covalent chains in 14 (b). The dashed lines
represent both the intra- and inter-chain interactions within the structures.

	
  
The replacement of the 4-cyanopyridine ligand with 3-cyanopyridine (3-cnp)
produces our second example of an covalently assembly chain of formula
[Na(I)2Mn(III)2(L)4(3-cnp)2(EtOH)3]n (14) (Figure 56b, Figure 57): a polymeric
assembly structurally very similar to that of [Na(I)2Mn(III)2(L)4(py)3(EtOH)2]n (10).
For comparative purposes the bonding atoms in the crystal structure of 14 were
labelled identically to that of 10. As seen in the structure of 10 the asymmetric unit in
14 contains three Mn(III) centres (Mn1-3) and two Na(I) ions (Na1 and Na2) (Figure
56b, Figure 57). These metal ions are connected into a 1-D topology via bridging LH2
ligands in the same vein as previously seen in 10 (via the η2:η2,µ3-bonding motif;
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Figure 47). Likewise the Mn2 (and s.e) metal centre is five coordinate with a
calculated τ value of 0.54 and therefore also lies midway between ideal trigonal
bipyramidal (τ = 1) and distorted square based pyramid (τ = 0) geometry. The
coordination spheres at the Na and Mn metal centres are completed by terminal EtOH
solvent molecules and the 3-cnp ligands (Figure 57). When comparing the structures
of 10 and 14 it becomes clear that the only major difference between the two
architectures lies at the Na(I) centres (Na1 and Na2). In 10 each of the Na(I) ions are
coordinated to a single terminal pyridine ligand while in 14 all Na(I) centres are

	
  
Figure 57. Asymmetric unit in the covalent polymer 14 illustrating its structural similarities
(although not isostructural) to that of 10. Colour code as in Figure 47, hydrogen atoms have
been omitted for clarity.

	
  
each coordinated to one EtOH ligand (Figure 47 cf. Figure 57). The individual
components in 14 have assembled to create a chain structure along the [1-1-1] line,
which is stablilised by four unique intra-chain C-H···π interactions. These distances
are represented by dashed lines in Figure 56b and are given as (Å): H13···πcentroid =
2.738, H3A···πcentroid = 2.754 and H18···πcentroid = 2.747 Å.
The introduction of the co-ligand 4-Ethyl pyridine (4-Et-py) into the Mn(II) / LH2 /
base ethanolic reaction mixture also produces a covalent chain of molecular formula
[{Na(I)2Mn(III)2(biphen)4(4-Et-py)3(EtOH)2}.EtOH]n

(15)

(Figure

58).

The

asymmetric unit in 15 contains two Na(I) (Na1 and Na2) and Mn(III) ions (Mn1 and
Mn2) which are linked into the -Na-Mn-Na- altrernating topology via four η2:η2,µ3126	
  

bonding L2– ligands. The coordination spheres at the five coordinate distorted square
based pyramidal Na1 site (τ = 0.15) is completed by a terminal EtOH ligand (via
O1T). The second Na(I) centre in the a.s.u (Na2) has four of its six coordinate
distorted octahedral sites occupied by O donor atoms (O1A, O1D, O1E and O14B)
from the bridging L2– ligands, while the final two places are occupied by one terminal
EtOH (via O1U) solvent molecule (disorder over two sites) and one terminal 4-Etpyridine ligand at a sizeable distance of Na2-N1V = 2.987 Å. As a result of this long
contact this pyridyl ligand does not sit parallel to the Na2-N1V plane, choosing

	
  
Figure 58. (top) Part of a 1–D row in chain 15. Hydrogen atoms have been omitted for
clarity. (bottom) View of the chains in 15 propagating along the c cell direction.
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to lie off kilter to give an Na2-N1V-C4V angle of 132.64°. The two Mn(III) sites in
15 are five coordinate and give calculated τ values of 0.55 (Mn1) and 0.27 (Mn2)
respectively to highlight the more square bipyramidal nature of Mn2 and the
intermediate nature of Mn1. Four of the five coordination sites on both these Mn(III)
centres are occupied by O donor atoms (via L2- ligands) while the final spots are taken
by terminal 4-Et-pyridine ligands to give the distances (Å): Mn1-N1C = 2.213 and
Mn2-N1F = 2.224. An EtOH solvent molecule of crystallisation lies near the
terminally coordinated EtOH ligand. The resultant hydrogen bond stems from the
EtOH ligand proton (H1T) interacting with the nearby unattached EtOH solvent
molecule (O1S) at a distance of (O1T)H1T···O1S = 1.838 Å. The proton of this very
same EtOH solvent molecule (H1S bonded to O1S) also interacts with a nearby
proton of a bridging L2– ligand (via O14D) to give a H-bond distance of 2.050 Å. The
1-D rows in 15 propogate along the c axis of the unit cell. The individual rows exhibit
intra-chain contacts which include the (C2U)H2U2···πcentroid = 2.546 Å and
(C2T)H2T2···πcentroid = 2.766 Å interactions, each emanating from terminal EtOH alkyl
protons and juxtaposed L2– aromatic rings (Figure 58).
Table 11. Crystallographic data for complexes 10-13
10
11

12

13

C 54 H 58 N 2 O 9 MnNa

C 54 H 58 N 2 O 9 FeNa

C 52 H 46 N 4 O 9 MnNa

1222.03
Triclinic
P-1
11.814(2)
12.513(3)
22.786(5)
96.06(3)
98.11(3)
115.49(3)
2957.6(10)
2
150(2)
0.7107
1.372
10822 / 6185
(0.0599)
0.1225
0.1411

956.95
Triclinic
P-1
10.350(2)
11.989(2)
21.671(4)
86.90(3)
78.51(3)
69.14(3)
2462.1(9)
2
150(2)
0.7107
1.291
9016 / 6299
(0.0610)
0.0941
0.1454

957.86
Triclinic
P-1
10.342(2)
12.133(2) 	
  
21.457(4)
86.03(3)
78.40(3)
68.86(3)
2459.9(9)
2
150(2)
0.7107
1.293
9008 / 3555
(0.1151)
0.1951
0.0863

948.86
Monoclinic
P21/n
10.377(2)
21.331(4)
23.121(5)
90.00
99.53(3)
90.00
5047.4(18)
4
150(2)
0.7107
1.249
9233 / 5854
(0.0725)
0.1069
0.2473

0.966

1.065

0.951

1.059

Formulaa

C 67 H 59 N 3 O 10
Mn2 Na2

MW
Crystal System
Space group
a/Å
b/Å
c/Å
α/o
β/o
γ/o
V/Å3
Z
T/K
λb/Å
Dc/g cm-3
Meas./indep.(Rint)
refl.
wR2 (all data)
R1d,e
Goodness of fit
on F2
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Table 12. Crystallographic data for complexes 14-17
14
15
C 66 H 58 N 4 O 11 Mn2 Na2 C 75 H 77 N 3 O 11 Mn2 Na2
Formulaa
MW
1239.02
1352.26
Crystal System
Triclinic
Monoclinic
Space group
P-1
P21/c
a/Å
11.293(2)
21.3738(6)
b/Å
15.606(3)
12.8753(4)
c/Å
17.596(4)
24.8333(8)
o
α/
84.81(3)
90
β/o
77.73(3)
104.246(3)
γ/o
81.07(3)
90
V/Å3
2988.3(10)
6623.8(3)
Z
2
4
T/K
150(2)
150(2)
λb/Å
0.7107
1.5418
Dc/g cm-3
1.377
1.356
Meas./indep.(Rint)
10920 / 5906
13175 / 8935
refl.
(0.0814)
(0.0391)
wR2 (all data)
0.1580
0.0906
d,e
R1
0.1366
0.0635
Goodness of fit
1.036
0.895
on F2

16

17

C 44 H 34 N 4 O 4 Mn

C 38 H 36 N 2 O 6 FeNa

737.69
Tetragonal
I41/a
16.357(2)
16.357(2)
26.747(5)
90
90
90
7156(2)
8
150(2)
0.7107
1.369
3076 / 1770
(0.0497)
0.1043
0.0917

695.53
Orthorhombic
Pbca
20.326(4)
12.942(3)
24.997(5)
90
90
90
6576(2)
8
150(2)
0.7107
1.405
6010 / 2535
(0.0314)
0.1229
0.0358

0.868

0.661

The replacement of the unidentate pyridine type ligands in 10-15 with the chelating
ligand 2,2′-bipyridine in the general Mn(II) salt / LH2 / NaOH synthon used so far in
this work, leads to the formation of the discrete mononuclear [Mn(II)(LH)2(2,2bipy)2] (16) species whose asymmetric unit comprises one metal centre, one singly
deprotonated LH2 ligand (LH–) and one 2,2′-bipyridine ligand only. Complex 16

	
  
Figure 59. Crystal structure of the monomeric complex 16. Dashed lines represent the
intramolecular H-bonding interactions. (bottom) View of 16 down the c axis of the unit cell.
Colour code as in Figure 47.
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crystallizes in the tetragonal I41/a space group and comprises of a distorted octahedral
Mn(II) metal centre (Mn1) bonded to two crystallographically identical singly
deprotonated LH– ligands via the phenolic oxygen atoms O2. The second LH– oxygen
remains protonated (H1-O1 and s.e) and hydrogen bonds to O2 in an intramolecular
fashion at a distance of 1.695 Å (Figure 59). The coordination sphere at Mn1 is
completed by two chelating 2,2′-bipyridine ligands via the nitrogen donor atoms N1
and N3 (Mn1-N1 = 2.261 Ǻ, Mn1-N3 = 2.326 Å). The oxidation state of Mn1 was
confirmed using bond length and charge balancing considerations while BVS
calculations were then employed to confirm our assignment (Table C1 in Appendix
C). The crystal packing in 16 is driven by the formation of 1–D zig-zag chains of
[Mn(II)(LH)2(bipy)2] units linked by two supramolecular interactions. The first is a
weak hydrogen bond between a protonated phenolic oxygen (O1) of the LH– ligands
with an aromatic proton of a 2,2-bipy ligand on an adjacent [Mn(II)(LH)2(bipy)2] unit
(O1…H20(C20) = 2.600 Ǻ). The second intermolecular linkage forging these 1–D
chains are π-π (off-set) stacking interactions again via neighbouring 2,2′-bipyridine
ligands (πcentroid···πcentroid = 3.872 Ǻ) (Figure 60).

	
  
	
  

Figure 60. Crystal packing observed in complex 16 as viewed along the b axis. The 1–D zig
zag rows of [Mn(LH)2(bipy)2] units propagate along the a axis and therefore across the page.
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By simply replacing the Mn(II) salt precursor with Fe(II)Cl2.6H2O we once again
produce a 1–D covalent chain: [Na(I)Fe(III)(L)2(2,2-bipy)(EtOH)2]n (17) (Figure 61),
which crystallizes in the orthorhombic Pbca space group. The asymmetric unit in 8
contains one Na(I) ion (Na1) and a single Fe(III) metal centre (Fe1). The six
coordinate Na(I) ion is bonded entirely to oxygen donor atoms donated by doubly
deprotonated η2:η2,µ3-bonding L2– ligands (via O1-O4) and two terminal EtOH
solvent molecules (via O5 and O6) to give a distorted octahedral geometry. Beyond
the asymmetric unit, the compound exists as an infinite 1–D chain, comprising
alternating Fe(III) and Na(I) components that propagate along [010]. Na1 and Fe1 are
bridged via two oxygen atoms (O2 and O4), one from each doubly deprotonated L2–,
generating Na1–O2–Fe1 and Na1–O4–Fe1 angles of 101.71° and 102.93°
respectively.

	
  
Figure 61. Crystal structure of the Na(I)/Fe(III) covalent chain of 17. All pertinent bonding
atoms in the asymmetric unit are labelled. (bottom) Crystal packing in 17 viewed along the b
cell axis. Colour code: Orange (Fe), Yellow (Na), Red (O), Blue (N) and Grey (C).

	
  
The two residual deprotonated oxygen atoms (O1 and O3) of these L2– ligands are
involved in bridging Fe1 to the next Na(I) ion (Na1′) along the chain to produce Fe1–
O1–Na1′ and Fe1–O3–Na1′ angles of 98.17° and 113.17° respectively. The sixcoordinate distorted octahedral geometry of Na1 is completed by two terminal ethanol
ligands. The Fe(III) cations are also six coordinate; chelated by the bidentate ligand
2,2′-bipyridine via N1 and N2 (Fe1-N1 = 2.240 Å, Fe1-N2 = 2.220 Å) and completing
their distorted octahedral geometry (Figure 61). A sole intra-chain H-bonding
interaction is observed via a proton of a terminal EtOH molecule (H5H) and a
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phenolic oxygen atom (O1) of an adjacent bridging L2– anion (H5H(O5)···O1 = 1.842
Å). Other intra-chain short contacts are observed which include C37(H37A)···πcentroid =
2.715 Å and O6(H6H)···πcentroid = 2.817 Å; as highlighted by the dashed black lines in
Figure 62. Furthermore the dashed blue lines represent the sole interchain close
contacts observed in 17, giving the distance C35(H35A)···C22(aromatic) = 2.895 Å. The
1–D assemblies in 17 propagate along the b axis while the individual chains arrange
in the common brickwork pattern within the unit cell (Figure 61).

	
  
Figure 62. Crystal structure of 17 showing various intra- and inter-chain interactions
exhibited within the crystal. H atoms have been omitted for clarity. Colour code as in Figure
61.

4.2.2 Discussion
Attempt to rationalise which factors determines whether an H-bonded or covalent
chain is produced here is aided by the fact that the type of N-donor pyridyl ligand
used is the only variable in the synthetic procedures adopted in this work. Thus on
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close inspection of all members we can first conclude that regardless of whether the
pyridyl ligand used is functionalised at the 3- or 4-position, both H-bonded and
covalent chains can be produced (as illustrated in Figure 63). More specifically the
ligands 3-picoline and 3-cyanopyridine have produced 1 × covalent chain
([Na(I)2Mn(III)2(L)4(3-cnp)2(EtOH)3]n (14)) and 2 × H-bonded 1-D polymers
([Na(I)(LH2)(EtOH)3][Mn(III)(L)2(3-pic)2]n

(11)

and

[Na(I)(LH2)(EtOH)3]

[Fe(biphen)2(3-pic)2]n (12)), while the 4-cyanopyridine and 4-Ethylpyridine ligands
form 1 × hydrogen bonded chain (13) and 1 × covalent 1–D polymer in the shape of

	
  
Figure 63. Schematic highlighting the different types of chains (covalent vs. H-bonded)
observed in this work depending on the ligands employed.

	
  
15 respectively. These findings effectively rule out any steric arguments for the
domination of one chain type over another. Secondly we notice that H-bonded chain
structures rely on protonated LH2 ligands (in part) to produce their unique structures
while covalent chains exhibit completely deprotonated L2– ligands. This prompted
analysis of the pKb values of the pyridyl ligands employed here, as a competition for
ligand protons scenario was hypothesised to affect the final products obtained.
However this theory was quickly discounted as the 3- and 4-cyanopyridine moieties
of comparable ligand basicities (pKb = 12.61 and 12.08 respectively) produce
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covalent and H-bonded chains in the form of [Na(I)2Mn(III)2(L)4(3-cnp)2(EtOH)3]n
(14) and [Na(I)(LH2)(EtOH)2(H2O)][Mn(L)2(4-cnp)2]n (13) respectively. Indeed we
cannot see any discernable scientific trends within this series in terms of their specific
structure and must concede that the nature of the 1–D polymer produced here must
depend on the finely balanced interplay between a number of crystallisation factors
such as: 1) reaction solution concentrations; 2) the specific crystallisation conditions
(temperature, pressure, pH); 3) the number and strength of inter-molecular
interactions involved and 4) product(s) solubility. Furthermore we cannot rule out that
both types of chain structures (H-bonded vs. covalent) may be present in these
complex mixtures and the more stable moieties are formed / crystallised first.
All the LH2 ligands aiding the construction of chains 10-15 and 17 exhibit a twisting
with respect to their aromatic rings, presumably being forced into this configuration
due to steric effects. Upon scrutinising their crystal structures it becomes clear that the
optimum torsion angle forged by the two connected rings lie at an average of ~49°
(range: 40.06-57.57°) (Figure 64), regardless of which bonding motif is employed
(η2:η2,µ3-, η2:η1:µ- or chelating). Moreover we should also note that when LH2

	
  
Figure 64. Schematics (taken from the crystal structures detailed here) illustrating the
twisting of the 2,2′-biphenolate aromatic rings when ligated to Mn(III) (purple) and Na(I)
(yellow) ions in this study.
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exhibits a unidentate bonding motif as exhibited in the mononuclear complex
[Mn(II)(LH)2(bipy)2] (16), the torsion angle is as expected rather more acute (35.42º).
All members of this series of chains show three sharp resonances in the 1400-1500
cm-1 region as expected for aromatic, polycyclic and / or pyridine rich complexes. In
addition IR resonances in the 850-750 cm-1 range and are indicative of out-of-plane
aromatic C-H stretching. The IR peaks at 2238 cm-1 in 13 and 2237 cm-1 in 14 are
attributable to the C≡N stretches of the 4- and 3-cnp ligands respectively. The ionic
nature of the supramolecular chains in 11, 12 and 13 results in their solubility in
solvents MeOH, EtOH and MeCN. UV-vis studies on all member complexes in each
of these solvents give rise to very similar spectra (see Figures C4-C6 in Appendix C).
More specifically the absorptions centred at around 205nm (π→π*), 240nm (π→π*)
and 290nm (n→π*) are the result of the multiple aromatic groups present in all of
these three ionic chains.

4.3 Conclusion
We have reported here the first 1–D architectures constructed using the 2,2′-biphenol
(LH2) ligand. Interestingly, we cannot see any correlation between the type of chain
formed (covalent or H-bonded) and the kind of N-donor pyridyl ligand utilized in
their syntheses. The ionic chains in 11-13 are soluble in a range of solvents and have
been assessed using UV-vis studies (see Figures C1-C6 in Appendix C). The ionic
chains 11-13 are almost identical with respect to their intra-chain M···M distances
with M···Na values of (Å): 5.251 (11), 5.242 (12) and 5.257 (13). The M···Na
distances within the covalent chains of 10, 14, 15 and 17 are as expected much closer
and lie between 3.142 – 3.339 Å in 10, 3.074 – 3.295 Å in 14 and 3.273 – 3.327 Å in
15, while the one crystallographically unique Fe1-Na1 bond in 17 has a length of
3.439 Å (see Table C2 in Appendix C). Both these intra-chain M···M distance ranges
render the Mn(III) and Fe(III) ions in this series as magnetically isolated or dilute due
to the presence of the {Na(I)} spacer units.
In addition, we have observed all three accessible levels of deprotonation of 2,2′biphenol (L2–, LH– and LH2) in the complexes detailed in this chapter. We have also
witnessed a variety of coordination modes exhibited by this ligand; from chelating
and unidentate in the ionic chains and the monomeric complex 16 respectively, to
bridging three metal ions in the covalent chains (adopting the η2:η2,µ3-bonding motif).
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The versatility of this ligand is further highlighted in the following chapter, in which
we report the first complexes of Co(II/III) built using 2,2′-biphenol. Continuing on the
theme of coordination polymers, this chapter includes 1– and 2–D infinite structures
comprising Co(II) nodes. These are accompanied by the Co(II) analogues to complex
8 ([Cu2(LH)2(3-pic)4](ClO4)2.2EtOH – described in chapter 3) and most notably, a
beautiful ferromagnetic [Co(II)8] cluster.

4.4 Experimental Section
4.4.1 Physical measurements
Infra-red spectra were recorded on a Perkin Elmer FT-IR Spectrum One spectrometer
equipped with a Universal ATR Sampling accessory (NUI Galway). UV-visible
studies were carried out on a Cary 100 Scan (Varian) spectrophotometer. Elemental
analysis was carried by Marion Vignoles and Gerard Fahy at the School of Chemistry
microanalysis service NUI Galway.
4.4.2 Syntheses
All reactions were performed under aerobic conditions and all reagents and solvents
were used as purchased. Caution: Although no problems were encountered during the
synthesis of the following compounds, due care and attention should be paid when
using the potentially explosive perchlorate and nitrate salts.
Preparation of [Na(I)2Mn(III)2(L)4(py)3(EtOH)2]n (10)
To a solution containing Mn(ClO4)2.6H2O (0.25g, 0.985 mmol) in 40cm3 EtOH, was
added an excess of 2,2′-biphenol (0.73 g, 3.94 mmol). NaOH (0.157 g, 3.94 mmol)
and pyridine (1cm3, 12.4 mmol) were added in quick succession and the solution was
stirred for 15 minutes. The resultant deep brown solution was then filtered and left to
stand in the fume-cupboard covered by a perforated lid. X-ray quality crystals of 10
were obtained in ~20 % yield upon slow evaporation of the mother liquor. FT-IR (cm1

): 3534(w), 3049(w), 1586(w), 1556(m), 1486(s), 1469(s), 1428(s), 1393(m),

1272(s), 1250(s), 1233(s), 1231(sh), 1149(w), 1117(w), 1093(w), 1065(w), 1032(m),
1003(m), 931(m), 854(s), 754(s), 730(s), 707(s). Elemental analysis calculated
(found) (%) for C67H59N3O10Na2Mn2 (10): C: 65.85 (65.62), H: 4.87 (4.55), N: 3.44
(3.07).
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Preparation of [Na(I)(LH2)(EtOH)3][Mn(III)(L)2(3-pic)2]n (11)
To a solution containing Mn(ClO4)2.6H2O (0.25g, 0.985 mmol) in 40cm3 EtOH, was
added an excess of 2,2′-biphenol (0.73 g, 3.94 mmol). NaOH (0.157 g, 3.94 mmol)
and 3-picoline (1cm3, 12.4 mmol) were added in quick succession and the solution
was stirred for 15 minutes. The resultant deep brown solution was then filtered and
left to stand in the fume-cupboard covered by a perforated lid. X-ray quality crystals
of 11 were obtained upon slow evaporation of the mother liquor in ~20 % yield. FTIR (cm-1): 3548(w), 3050(w), 2968(w), 1585(w), 1556(m), 1487(s), 1469(s), 1428(s),
1391(m), 1273(s), 1250(s), 1233(sh), 1231(sh), 1150(w), 1118(w), 1094(w), 1035(w),
1002(m), 929(m), 854(s), 753(s), 728(s), 706(s). UV/vis (MeOH): λmax [nm] (εmax 103
dm3 mol-1 cm-1): 204 (104.0), 240 (39.0), 284 (24.4). (EtOH): 205 (119.6), 241 (43.0),
285 (26.4). (MeCN): 204 (98.9), 247(sh), 285 (25.2), 335 (11.4). Elemental analysis
calculated (found) (%) for C54H60N2O10NaMn (11)·H2O: C: 66.52 (66.40), H: 6.20
(6.30), N: 2.87 (2.92).
Preparation of [Na(I)(LH2)(EtOH)3][Fe(III)(L)2(3-pic)2]n (12)
FeCl2.4H2O (0.20 g, 1.0 mmol) and an excess of 2,2′-biphenol (0.73 g, 3.94 mmol)
were dissolved in 40 cm3 EtOH. NaOH (0.157 g, 3.94 mmol) and 3-picoline (1cm3,
12.4 mmol) were added in quick succession and the solution was stirred for 15
minutes. The resultant deep red / purple solution was then filtered and left to stand in
the fume-cupboard covered by a perforated lid. X-ray quality crystals of 12 were
obtained upon slow evaporation of the mother liquor in ~25 % yield. FT-IR (cm-1):
3051(w), 2967(w), 2865(w), 2480(wb), 1739(w), 1584(m), 1484(s), 1467(s), 1428(s),
1379(m), 1271(s), 1231(s), 1236(s), 1231(s), 1147(w), 1091(m), 1039(m), 1002(m),
928(m), 878(w), 851(s), 751(s), 733(s), 700(s). UV/vis (MeOH): λmax [nm] (εmax 103
dm3 mol-1 cm-1): 208 (116.6), 243 (36.3), 269(sh), 285 (22.4) 314(sh). (EtOH): 207
(118.3), 243 (36.3), 270(sh), 284 (24.3). (MeCN): 204 (109.7), 240 (38.3), 267(sh),
281 (33.2). Elemental analysis calculated (found) (%) for C54H58N2O9NaFe (12): C:
67.71 (67.35), H: 6.10 (6.28), N: 2.92 (2.98).
Preparation of [Na(I)(LH2)(EtOH)2(H2O)][Mn(III)(L)2(4-cnp)2]n (13)
A 1.456 M aqueous solution of Mn(NO3)2·4H2O (1 cm3, 1.45 mmol) and an excess of
2,2′-biphenol (1.08 g, 5.8 mmol) were dissolved in 40cm3 EtOH. NaOH (0.23 g, 5.8
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mmol) and 4-cyanopyridine (4-cnp) (0.6 g, 5.8 mmol) were then added in quick
succession. The resultant deep brown solution was stirred for 1 h before being filtered
and allowed to stand. X-ray quality needle-like crystals of 13 were obtained in ~15 %
yield upon slow evaporation of the mother liquor. FT-IR (cm-1): 3584(w), 3205(wb),
3051(w), 3002(w), 2967(w), 2547(wb), 2238(s), 1663(w), 1596(m), 1557(w),
1545(w), 1489(s), 1468(s), 1452(s), 1430(s), 1410(s), 1381(m), 1273(m), 1250(s),
1222(s), 1153(m), 1117(m), 1094(m), 1043(m), 1004(m), 966(w), 935(m), 853(s),
827(s), 755(s), 735(s), 708(s). UV/vis (MeOH): λmax [nm] (εmax 103 dm3 mol-1 cm-1):
205 (134.2), 241 (41.8), 281(29.3). (EtOH): 204 (117.5), 241 (38.1), 283 (27.3).
(MeCN): 210 (90.6), 245(sh), 281 (22.7), 339 (8.6). Elemental analysis calculated
(found) (%) for C52H47N4O9NaMn (13): C: 65.75 (66.13), H: 4.99 (4.98), N: 5.90
(6.04).
Preparation of [Na(I)2Mn(III)2(L)4(3-cnp)2(EtOH)3]n (14)
A 1.456 M aqueous solution of Mn(NO3)2.4H2O (1 cm3, 1.45 mmol) and an excess of
2,2′-biphenol (1.08g, 5.8mmol) were dissolved in 40cm3 EtOH. NaOH (0.23 g, 5.8
mmol) and 3-cyanopyridine (3-cnp) (0.6 g, 5.8 mmol) were then added in quick
succession. The resultant deep brown solution was stirred for 1 h before being filtered
and allowed to stand. X-ray quality needle-like crystals of 14 were obtained in ~15 %
yield upon slow evaporation of the mother liquor after 24 hours. FT-IR (cm-1):
3546(w), 3240(wb), 3060(w), 2966(w), 2545(wb), 2237(s), 1592(m), 1555(w),
1543(w), 1488(s), 1468(s), 1430(s), 1380(m), 1273(m), 1250(s), 1226(s), 1189(m),
1151(m), 1117(m), 1095(m), 1049(m), 1004(m), 964(vw), 932(m), 878(w), 851(s),
839(s), 763(s), 750(s), 734(s), 709(s), 695(s). Elemental analysis calculated (found)
(%) for C66H58N4O11Na2Mn2 (14): C 63.98 (63.67), H: 4.72 (4.41), N: 4.52 (4.92).
Preparation of [{Na(I)2Mn(III)2(L)4(4-Et-py)3(EtOH)2}·EtOH]n (15)
To a solution containing Mn(ClO4)2.6H2O (0.25g, 0.985 mmol) in 40cm3 EtOH, was
added an excess of 2,2′-biphenol (0.73 g, 3.94 mmol). NaOH (0.157 g, 3.94 mmol)
and 4-Ethyl-pyridine (~ 1cm3, 12.4 mmol) were added in quick succession and the
solution was stirred for 15 minutes. The resultant deep brown solution was then
filtered and left to stand in the fume-cupboard covered by a perforated lid. X-ray
quality crystals of 15 were obtained in ~15 % yield upon slow evaporation of the
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mother liquor. FT-IR (cm-1): 3560(s), 3351(s), 3055(m), 3012(m), 1592(s), 1576(s),
1565(m), 1552(m), 1489(s), 1470(s), 1431 (s), 1298(s), 1274(s), 1257(s), 1241(s),
1146(w), 1150(m), 1117(w), 1091(w), 1050(w), 1027(m), 1018(m), 1003(w), 969(w),
930(m), 850(s), 832(m), 758(s), 732(s), 708(s), 689(m). Elemental analysis calculated
(found) (%) for C66H62N2O10Mn2Na2 (15): C: 66.11 (65.92), H: 5.21 (5.25), N: 2.34
(2.68).
Preparation of [Mn(II)(LH)2(bipy)2] (16)
Mn(ClO4)2.6H2O (0.25g, 0.985 mmol) and an excess of 2,2′-biphenol (0.73 g, 3.94
mmol) were dissolved in 40cm3 EtOH. 2,2′-bipyridine (0.5 g, 3.21 mmol) and the
base NaOH (0.157 g, 3.94 mmol) were then swiftly added and the solution was stirred
for 15 minutes. The resultant deep brown solution was then filtered and left for slow
evaporation. After 24 hours X-ray quality crystals of 16 were obtained in 25 % yield.
FT-IR (cm-1): 3563(s), 3350(s), 3052(m), 3009(m), 1594(s), 1577(s), 1566(m),
1550(m), 1486(s), 1468(s), 1428(s), 1301(s), 1276(s), 1256(s), 1241(s), 1169(w),
1149(m), 1115(w), 1093(w), 1051(w), 1039(m), 1016(m), 1001(w), 968(w), 931(m),
852(s), 835(m), 757(s), 730(s), 704(s), 696(m). Elemental analysis calculated (found)
(%) for C44H34N4O4Mn (16): C: 71.64 (72.01), H: 4.65 (4.26), N: 7.59 (7.66).
Preparation of [Na(I)Fe(III)(L)2(2,2-bipy)(EtOH)2]n (17)
To a solution of FeCl2.4H2O (0.2 g, 1 mmol) in 30cm3 EtOH, was added an excess of
2,2′-biphenol (0.75 g, 4 mmol). NaOH (0.16 g, 4.0 mmol) was added to the solution,
followed by 2,2-bipyridine (0.62 g, 4.0 mmol). The mixture was left stirring for 30
minutes. The resultant blood red solution was then filtered and allowed to stand. Xray quality needle-like crystals of 17 were obtained in 20 % yield upon slow
evaporation of the mother liquor. FT-IR: 3633(w), 3054(w), 1597(m), 1567(m),
1485(s), 1468(s), 1429(vs), 1275(vs), 1169(w), 1152(w), 1116(w), 1094(w), 1044(w),
1021(w), 1000(m), 926(w), 853(m), 835(m), 752(s), 728(s), 705(m). Elemental
analysis calculated (found) (%) for C38H36N2O6NaFe (17): C: 65.62 (65.74), H: 5.22
(5.41), N: 8.03 (7.83).
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Chapter 5:
An Investigation into the Coordination
Chemistry of 2,2′-biphenol with Co(II/III);
a Structural and Magnetic Study
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5.1 Introduction
5.1.1 Cobalt
The element cobalt derived its name from the word Kobald, a type of mischeivous
sprite commonly encountered in German mythology. In medieval Germany, many
superstitous miners believed that these creatures dwelled in mines and blamed them
for accidents, cave-ins and rock-slides. Cobalt ores such as cobaltite and smaltite
would sometimes be mistaken for useful copper or iron, but when smelted they
released toxic arsenide fumes. Substituting copper or iron deposits with cobalt ores
was considered to be a trick played on the miners by the kobalds, and this is how the
ore aquired its name [218]. In 1735, a Swedish chemist called George Brandt
discovered that such ores could be reducible to a previously unknown metal [219].
Today, the element is used in a variety of applications – with almost half of the cobalt
mined being used in the production of superalloys which are used in jet engines and
turbines for energy generation. Cobalt is also an ideal component of magnetic alloys,
due to its high magnetic anisotropy and its high Curie temperature of 1120 OC (in its
elemental form). This is the highest Curie temperature among the three ferromagnets
of the first row transition metals (the other two being iron and nickel) [220].
5.1.2 Co(II) in SMMs
The use of Co(II) in the construction of high spin clusters, Single-Molecule Magnets
(SMMs – see section 1.8.1) and Single Chain Magnets (SCMs – section 1.8.2) has
become increasingly popular in recent years [221], due to the large single ion
anisotropy exhibited by this ion in octahedral ligand fields. This large anisotropy is
due to the zero-field splitting of the degenerate spin microstates (MS levels) of Co(II),
giving rise to large D values, and anisotropic ground states (see section 1.6). Figure
65 shows the crystal field splitting diagram of the Co(II) ion in an octahedral
environment. This electronic configuration (4T1g) is orbitally degenerate, and although
a Jahn-Teller distortion will remove this deneracy somewhat, the excited states are
very low lying and the two ‘spin-down’ electrons (Figure 65), are capable of moving
between all three orbitals of the t2g set. This electron motion gives rise to large values
of orbital angular momentum, which the electrons’ spin angular momentum can
couple to. Because zero-field splitting arises through the coupling of the ground state
with excited electronic states via spin-orbit coupling, Co(II) ions in octahedral
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environments possess large single ion anisotropies and thus large D parameters. The
high-spin octahedral Co(II) ion usually exhibits large and positive D values, meaning
that the MS = ± ½ Kramers doublet is the lowest energy sub-level (see section 1.6).
For this reason Co(II) ions in polynuclear clusters are usually treated with an effective
spin of Seff = ½ [222].

	
  
Figure 65. Crystal field splitting diagram of octahedral Co(II) in the high spin configuration.

	
  
As discussed in section 1.6, possessing a large and negative zero-field splitting
parameter is an essential property in order for a high spin cluster to exhibit SMM
behaviour, as the energy barrier to the reversal of the magnetization is directly
proportional to the D parameter of the complex. However, as a result of the large first
order orbital contribution, magnetic susceptibility measurements performed on Co(II)
clusters in their ground spin state often deviate largely from their corresponding spinonly values, leading to magnetic data that is often quite difficult to interpret. In
addition, the isotropic exchange Hamiltonian (section 1.5.1) cannot adequately
describe the exchange coupling in clusters containing highly anisotropic ions [223].
The magnetic complexity of these compounds not only adds to their beauty, but also
pushes researchers in the field to discover more complexes of Co(II), in an effort to
implicitly understand their magnetic behaviour.
The first cobalt complex exhibiting SMM behaviour was reported by Yang et al. in
2002 [224]. This cubane complex of formula [Co(II)4(hmp)4(MeOH)4Cl4] (hmp =
hydroxymethylpyridine) posesses a ground spin state of S = 6 with considerable
negative magnetoanisotropy – the molecule possessing a D value of ~ -4 K (-2.78 cm1

). Out-of-phase ac susceptibility (χ′′) measurements showed an increase in the

susceptibility as the temperature is decreased towards 1.8 K. This is indicative of slow
magnetic relaxation. Unfortunately it was impossible to measure the size of the
energy barrier as no peaks are observed in the ac magnetic susceptibility data. The
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following year Murrie et al [225] reported two hexanuclear Co(II) cluster also
exhibiting slow relaxation of their magnetization. On this occassion, peaks were
observed above 1.8 K in the out-of-phase susceptibility data, and thus an energy
barrier to the reversal of their magnetization (ΔE) could be extrapolated. Complex 2
in this article (2.6H2O) possessed an energy barrier ΔE/kB = 32 K (22 cm-1) and τ0 =
2.1 × 10-9 s, which was the highest energy barrier recorded for a non-manganese
based SMM at the time. Then in 2005 Winpenny et al. reported an octanuclear Co(II)
cage complex for which an energy barrier of ΔE/kB = 84(±2) K (~58.38 cm-1) and τ0 =
1.8(±3) × 10-12 s was extrapolated from the out-of-phase susceptibility data. Repeating
the experiment on a second crystalline sample gave ΔE/kB = 80 K (55.6 cm-1) and τ0
= 2.1 × 10-11 [226].
In this chapter we report the synthesis, structural and magnetic characterization of a
family of Co(II) complexes built using 2,2′-biphenol (LH2). These include a pair of
antiferromagnetic Co(II) dimers and a ferromagnetic octanuclear [Co(II)8] cluster.
Co(II) dimers are useful as they help us to understand how the exchange mechanisms
between individual magnetic ions might be influenced by structural properties in
larger complexes. In addition to their importance in the field of molecular magnetism,
Co(II) dimers have also been investigated as mimics for metalloenzyme active sites
[227].
To our knowledge, just two [Co(II)8] clusters exhibiting ferromagnetic coupling
between their constituent Co(II) ions have been reported to date [226], [228] (the
phosphonate containing cluster [226] has been previously mentioned above). Both of
these complexes also exhibit SMM behaviour, with [Et3NH][Co8(chp)10(O3PPh)2
(NO3)3(Hchp)2] possessing the highest energy barrier to the reversal of its
magnetization (ΔE/kB ≈ 55 – 58 cm-1) for a monometallic cobalt cluster.
5.1.3 Coordination polymers comprising Co(II) ions
In addition to the three discrete clusters described in this chapter, we also report the
synthesis and structural characterization of a pair of coordination polymers whose
nodes are comprised of magnetically dilute Co(II) ions. Coordination polymers are of
particular importance at present, due to their potential applications in fields such as
magnetism, gas storage, luminescence, conductivity and catalysis as discussed in
chapter 4 [184]. Many Co(II) containing coordination polymers have been published
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exhibiting 1– [229], 2– [230] and 3–D [231] topologies. In fact, the first Single Chain
Magnet (SCM – see section 1.8.2) ever reported was a 1–D coordination polymer
consisting of Co(II) ions linked via the NITPhOMe radical (4,4′-methoxy-phenyl4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) [232]. Other interesting properties
that Co(II) coordination polymers have been shown to possess include DNA binding
and anti-cancer activity [233], antimicrobial activity [234] and simultaneous
semiconducting and spin crossover properties [229]. In the construction of Co(II)
based coordination polymers, popular ligand choices have been dipyridyl based [235],
and for this reason we have used the co-ligands 4,4'-trimethylenedipyridine [236] and
1,2-di(4-pyridyl)ethylene [237] in conjunction with LH2 in our synthetic procedures.
This has led to two beautiful topologies (vide infra).

5.2 Results and Discussion
5.2.1 Discrete complexes of Co(II)
Akin to the complexes of chapter 4, this chapter reveals 2,2′-biphenol (LH2) in all
three accessible levels of deprotonation upon producing polymetallic architectures of
Co(II): L2– (doubly deprotonated), LH– (singly deprotonated) and LH2 (neutral), while
again exhibiting a wide range of different coordination modes (Figure 66). More
specifically, this ligand will be shown to consistently bridge multiple Co(II) ions, as
well as on occasion remaining neutrally charged and acting as a H-bonding book-end
ligand.

	
  
Figure 66. Structure of the ligand 2,2′-biphenol (LH2: top left) and the bonding modes it
exhibits in this chapter under the various levels of deprotonation.
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We present here a set of related complexes representing the first Co(II) species to be
built using 2,2′-biphenol (LH2). All crystal data described in this work is documented
in Table 13. We first highlight the synthesis of the analogous dimeric complexes
[Co(II)2(L)2(py)4]·2EtOH (18) and [Co(II)2(L)2(4-pic)4]·2(LH2) (19) (where py =
pyridine and 4-pic = 4-picoline). Both are produced by reaction of Co(NO3)2·6H2O
and LH2 in an EtOH/pyridyl ligand solvent mixture (pyridine in 18 and 4-picoline in
19), along with a suitable base. Both 18 and 19 crystallize in the triclinic P-1 space
group (Figure 72), with each possessing one {Co(II)2} unit in the asymmetric unit
alongside one EtOH solvent of crystallization and one neutral LH2 ligand,
respectively. The dimeric structure in complexes 18 and 19, is very similar to that of
the Cu(II) dimer [Cu2(LH)2(3-pic)4](ClO4)2.2EtOH (8) described in chapter 3, the only
difference being the level of deprotonation of LH2 (LH– in 8 and L2– in both 18 and
19).

	
  
Figure 67. Crystal structures of 18 (top) and 19 (bottom) respectively. Colour code: Co
(purple), O (red), N (blue), C (grey). Hydrogen atoms have been omitted for clarity. Dashed
lines represent H-bonding interactions.
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The cores in 18 and 19 comprise two distorted trigonal bipyramidal Co(II) centres (τ
= 0.67 in both 18 and 19) linked via two η1:η2,μ-bridging doubly deprotonated L2–
ligands which produce Co···Co distances of 3.164 and 3.167 Å, respectively (Figure
68). The +2 cobalt oxidation state assessment was carried out via BVS calculations in
conjunction with bond length and charge balancing considerations. The coordination
spheres at the metal centres are occupied by four terminally bound N-donor ligands
ranging in Co–N bond lengths of between 2.073 (Co1–N1 in 18) and 2.157 Å (Co1–
N2 in 18). The Co–O bond lengths in these siblings lie in the 1.949–2.072 Å range.

	
  
Figure 68. Views perpendicular to the superimposible rows withing the cells of 18 (top) and
19 (bottom) showing the EtOH solvents (in 18) and book-end LH2 ligands (in 19), both
depicted in space-fill mode.

Interestingly the main difference between the two analogues lies in their peripheral
connectivity. Two EtOH solvent molecules reside outside the first coordination sphere
in 18 (Figure 68). In complex 19 however there are two neutral, crystallographically
related LH2 ligands which act as molecular book-ends which are held via
intermolecular H-bonding interactions (Figure 68). More specifically the phenolic
protons of each LH2 (H3H and symmetry equivalent (s.e)) strongly interact with the
phenolic O-atoms (O2 and s.e) of the bridging L2– ligands (O3(H3H)···O2 = 1.694 Å)
(Figure 67). An intramolecular H-bond within the LH2 ligands is also seen at a
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distance of O4(H4H)···O3 = 1.858 Å (Figure 67). These neutral book–ends further
interact with one another via symmetry equivalent H bonds through their Ophen and Hatoms (O4···H4H′ = 2.504 Å). Moreover these nearby LH2 units also act as book-end
ligands for the neighbouring {Co(II)2} moieties in 19, resulting in superimposable {Co(II)2}-LH2-LH2-{Co(II)2}- rows (Figure 68). These chains then assemble in the
common space efficient brickwork arrangement within the unit cell and are
superimposable along the a axis. The packing in 18 comprises the superimposable
stacking of the individual {Co(II)2} units along the b axis of the cell. These columns
then also arrange in a brickwork fashion and are linked via off-set inter-chain π–π
stacking interactions between juxtaposed pyridine ligands (C13–C17···C13’–C17’ =
3.985 Å) (Figure 69). The result of these spacer EtOH and LH2 moieties in 18 and 19
are intra-chain Co···Co distances of 15.14 Å and 10.96 Å, respectively (Figure 68),
while their corresponding inter-chain distances lie at 8.38 Å in 18 and 9.36 Å in 19.

	
  
Figure 69. Packing of 18 as viewed along the a axis of the unit cell. Colour code as in Figure
67.
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In order to encourage the formation of higher nuclearity clusters, a sensible approach
was the introduction of a secondary ligand with metal bridging capabilities in the
form of 2-hydroxypyridine (2-hpH). Much to our delight the immediate result was the
production

of

the

octametallic

complex

[Co(II)8(OMe)2(L)4(LH)2(2-

hp)4(MeCN)4]·MeCN (20) (Figure 70), whose existence represents the second largest
cluster

ever

reported

using

2,2′-biphenol,

behind

the

decametallic

[NMe4]4[Mn10O4(L)4X12] (where X = Cl, Br) clusters reported by Lippard and coworkers [53], [54].

	
  
Figure 70. Crystal structure of 20 as viewed perpendicular (top) and parallel (bottom) to the
{Co(II)8} plane. Hydrogen atoms have been omitted for clarity.
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Figure 71. Inorganic core in 20 highlighting the six face-sharing {Co(II)3O} triangular units
that make up the structure. This arrangement can also be described as comprising six vertexsharing partial [Co(II)3O4] cubes.	
  

The core in 20 comprises a near planar array of Co(II) centres and its inorganic core
may be described as comprising six edge-sharing [Co(II)3] triangles, or alternatively
as comprising six vertex-sharing partial [Co(II)3O4] cubes (Figure 71). The cobalt
oxidation states were again assigned using BVS calculations, charge balance and
bond length assessments. Co3 and Co4 exhibit distorted trigonal bipyramidal (τ =
0.70) and tetrahedral geometries respectively (although a fifth close contact exists
between Co4 and O13: Co4···O13 = 2.595 Å), while Co1 and Co2 possess distorted
octahedral geometries. The Co(II) centres in 20 are connected via a combination of
μ3-bridging OMe- ions (O57 and s.e), two crystallographically unique η1:η2,μ3-2-hpions (N15 and O13 and N8 and O6, respectively) and η2:η2,μ3-bridging L2– ligands
(via the Ophen atoms O2, O30, O4 and O17). More specifically the OMe- ions sit
above and below the {Co(II)8} plane respectively, connecting the central Co1 and
Co2 ions with their symmetry equivalents. Likewise the bridging 2-hp- ligands sit
above and below the planar octametallic core, terminally bonding to the tetrahedral
Co3 and Co4 ions (via N8 and N15 respectively), while linking the more central Co1
and Co2 (and s.e) centres. Unlike all the other bridging ligands in 20 the L2– ligands
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sit approximately parallel to the {Co8} plane, lying along the edges of the complex as
they bridge three Co(II) centres (Figure 70). The coordination spheres at the metal
centres are completed by terminal MeCN ligands at Co2 and Co3 (Co2–N59 = 2.144
Å, Co3–N62 = 2.016 Å), while terminally bonded singly deprotonated LH- ligands
(O43) occupy the 4th coordination sites at Co4 (and s.e). Note that these ligands (LH) are disordered over two sites and modelled accordingly (see experimental section
5.4.2 for details).
Table 13. Crystallographic data table for complexes 18 to 22
18
19
20
21
22
C48H48N4O6Co2 C72H64N4O8Co2 C104H87N9O18Co8 C50H47N5O7Co1 C60H42N8O10Co2
Formulaa
MW
894.76
1231.13
2222.35
888.86
1152.88
Crystal System
Triclinic
Triclinic
Monoclinic
Monoclinic
Monoclinic
Space Group
P-1
P-1
P21/n
Pc
P21/c
a/Å
10.416(2)
11.119(2)
12.7876(5)
10.572(2)
10.1508(6)
b/Å
11.022(2)
12.486(3)
19.4297(7)
13.755(3)
14.8829(7)
c/Å
11.536(2)
13.342(3)
20.1892(8)
15.127(3)
18.3001(9)
α (O)
114.31(3)
111.49(3)
90
90
90
O
β( )
92.94(3)
113.74(3)
103.649(4)
94.03(3)
101.469(5)
γ (O)
115.71(3)
113.74(3)
90
90
90
V/Å
1043.9(4)
1512.3(5)
4874.5(3)
2194.2(8)
2709.5(2)
Z
1
1
2
2
2
T/K
150(2)
150(2)
150(2)
150(2)
150(2)
b
λ /Å
0.7107
0.7107
0.7107
0.7107
0.7107
Dc/g cm-3
1.423
1.352
1.514
2.345
1.413
-1
μ(Mo-Kα)/mm
0.850
0.610
1.399
0.450
0.680
Meas./indep.(Rint)
3814/3510
5527/4451
11257/6831
5134/3308
4954/3145
refl.
(0.0154)
(0.0239)
(0.0472)
(0.0860)
(0.0429)
Restraints,
0, 248
0, 389
475, 557
2, 571
0, 362
Parameters
wR2 (all data)
0.0875
0.0811
0.0232
0.1542
0.2023
R1d,e
0.0347
0.0337
0.0698
0.0736
0.0695
Goodness of fit
1.042
1.018
1.116
1.027
1.061
on F2
a
Includes guest molecules. b Mo-Kα radiation, graphite monochromator. c wR2 = [Σw(|FO2| –
|FC2|)2/Σw|FO2|2]1/2. d For observed data. e R1 = Σ||FO| – |FC|| / Σ |FO|.

	
  
Figure 72. Crystal images of complexes 18 to 22 (left to right).
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5.2.2 Magnetic susceptibility measurements
Magnetic measurements were carried out on polycrystalline samples of 18–20 in the
300–5 K temperature range and an external field of 0.1 T (Figures 73 and 74). The
room temperature χMT products for 18 and 19 are both consistent with that expected
for two non-interacting s = 3/2 ions with anisotropic g-values (Figure 73). On
decreasing temperature their magnetic susceptibilities decrease slowly down to ~100
K, after which a more significant drop in their χMT products is observed, to minimum
values of 0.4 and 1.05 cm3 K mol-1, respectively. This behaviour is consistent with
antiferromagnetic exchange and diamagnetic ground states in both. Indeed the rather
obtuse Co–OR–Co angles of 103.5° in 18 and 103.33° in 19 would be expected to
mediate AF exchange [238], [239]. The behaviour of 20 is however quite different.
The χMT value at 300 K (20.76 cm3 K mol-1) is consistent with that expected for eight
non interacting Co(II) centres (19.80 cm3 K mol-1), assuming s = 3/2 and g ~ 2.3
(Figure 74).

Figure 73. Plots of χMT vs. T obtained from polycrystalline samples of 18 (◯) and 19 (△) in
the 300 - 5 K Temperature range in the applied field of 0.1 T.
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Figure 74. Plots of χMT vs. T obtained from polycrystalline samples of 20 in the 300 - 5 K
Temperature range in the applied field of 0.1 T.

As shown in Figure 10, χMT rises gradually down to a temperature of approximately
50 K before sharply increasing to a maximum of ~33 cm3 K mol-1 at 5 K. This is
clearly indicative of ferromagnetic exchange, and is corroborated by a Curie–Weiss
analysis of the 1/χ vs. T data which affords θ = +2.75 K (Figure 75). Magnetisation
measurements in the 2–7 K temperature range in external fields ranging from 0.5–7 T
were then obtained (Figure 76). The saturation value of M/NμB of ~17.05 is consistent
with an effective S’ = 4 ground spin state originating from the weak ferromagnetic
coupling of eight Co(II) ions each possessing an effective s’ = 1/2 and assuming g ~
4.3. Such magnetic exchange is perhaps to expected for 20 when one considers the
metal-oxygen core to be constructed from [M3O4] partial cubanes (M(II) cubes are
invariably ferromagnetic) [224].

155	
  

	
  

	
  
Figure 75. Plot of 1/χ vs. T obtained from a polycrystalline sample of 20 measured in an
external field of 0.1T in the 300-5 K temperature range.

	
  
Figure 76. Plot of M N-1μB vs. H/T (kG K-1) obtained on a polycrystalline sample of 20 in
external magnetic fields of 0.5, 1, 2, 3, 4, 5, 6 and 7 T in the 7-2 K temperature range.
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5.2.3 Coordination Polymers comprising Co(II) nodes
In order to deliberately engineer an extended architecture and expand the coordination
chemistry of the LH2 ligand, the ditopic dipyridyl ligand 4,4′-trimethylenedipyridine
(4,4’-tmdp) was introduced into the Co(II)/LH2/base synthon used previously in the
production of 18–20. The result was the formation of {[Co(II)(LH)(4,4′tmdp)2(NO3)](LH2)}n (21): a 1–D coordination polymer comprising both bridging and
book-end LH2 moieties. 21 crystallizes in the monoclinic Pc space group with an
asymmetric unit (Figure 77) comprising a distorted octahedral Co(II) centre
connected to two independent 4,4′-tmdp ligands (via N1 and N2 respectively with
distances Co1–N1 = 2.141 Å, Co1–N2 = 2.113 Å); one singly deprotonated
terminally bound LH- ligand (O1) and one chelating NO3- anion (O3 and O4).

	
  
Figure 77. The asymmetric unit of complex 21. Colour code as in Figure 67.

	
  
The last coordination spot (not part of the a.s.u) is occupied by another linear
connector 4,4′-tmdp ligand (N4′) (Figure 78). The singly deprotonated LH- ligand
possesses an intra-molecular H-bond between its Ophen donor and acceptor atoms
(O2(H2H)···O1 = 1.692 Å). The neutral LH2 ligand lies at the pendant end of one of
the 4,4-tmdp ligands and is held in this position via H-bonds between its Ophen proton
(H6) and the juxtaposed N-donor atom N5 to give a distance of O6(H6)···N5 = 1.958
Å. Moreover this same LH2 unit (as observed previously in 19) exhibits an intramolecular H-bond to nearby Ophen donor and acceptor atoms (O7(H7)···O6 = 1.826 Å)
(Figure 77).
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Figure 78. Packing in 21 showing the arrangement of two independent [-Co(II)-(4,4′-tmdp)-]n
chains as viewed perpendicular (a) and parallel (c) to their linear structures. Dashed red lines
represent H-bonding as described in the text. (b) Chem draw representation of the 4,4′trimethylenedipyridine (4,4′-tmdp) ligand.

	
  

The extended structure in 21 is best described as centering on a backbone of Co(II)
chains which are propogated by covalently bonded 4,4′-tmdp ligands. These ligands
alternate in their relative orientation to give a wave-like shape along the chains
(Figure 79a). The singly deprotonated LH- ligands in 21 also alternate their relative
orientation with respect to one another along the 1–D [Co(II)-(4,4′-tmdp)-Co(II)-]n
rows, which is best observed in Figure 79c. As briefly mentioned earlier the second
type of 4,4′-tmdp ligand in the a.s.u. bonds to Co1 (and s.e) at just one N-donor site
(N2) which leaves the second N centre (N5) to interact with the aforementioned
pendant LH2 unit. Interestingly these pendant arms posses an arc shape and alternate
in their direction as they propagate away from the Co(II) centres to form a hemiribcage type structure (where the covalent Co(II) chain is the backbone and the
pendant arms are the ribs; Figures 78 and 79). These rows of ribcage like structures
then stack in an off-set parallel manner on top of one another as highlighted in Figures
78c and 79; interacting via C–H···π interactions between the 4,4′-tmdp aromatic
protons (H10) and nearby LH- aromatic rings (C33–C38) at a distance of
C10(H10)···π = 2.762 Å.
Each hemi-ribcage unit shows alternating phases with respect to their wave-like
Co(II) backbone and pendant arm ribs. These stacked 1–D chains arrange in parallel
rows along the b cell direction in 21 and are linked via H-bonds between individual
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LH2 units of adjacent ribcage units (i.e. C46(H46)···O2 = 2.332 Å) (Figure 79c) to
complete 3–D connectivity.

	
  
Figure 79. Space-fill representations of the separate 1–D Chains in 21 (distinguished via
different colours) as viewed perpendicular (a) and along the chain directions (b and c). The
pendant LH2 ligands have been omitted for clarity.

Further investigations into the introduction of other dipyridyl ligands led to the use of
trans-1,2-bis(4-dipyridyl)ethylene (trans-bpe). Various bench top reactions performed
under ambient conditions, involving numerous combinations of Co(II)/LH2/transbpe/base mixtures gave no isolable/discernable products. It was therefore decided to
employ forcing conditions by performing the reaction in a microwave reactor (see
experimental section 5.4.3), which gave almost immediate success. Co(NO3)2.6H2O,
LH2 and trans-bpe (1:1:1 ratio) were dissolved in a MeOH/MeCN solvent mixture
(50/50) and stirred for 2 minutes before being placed in the microwave reactor for 5
minutes (at 200 W power) at a temperature and pressure of 160 °C and 300 psi,
respectively.

The

resultant

pink

solution

was

filtered

and

crystals

of

[Co(II)(LH)(trans-bpe)1.5(NO3)]n (22) (Figure 80) were soon obtained after slow
evaporation.
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Figure 80. (a) Asymmetric unit in 22. The * symbols represent the three propagation points at
the nodes in 22. The dashed lines represent the intramolecular hydrogen bond: O2(H2H)…O1
= 1.657 Å. (b) A 2D sheet of 22 showing a brickwork motif.

The asymmetric unit in 22 comprises a solitary Co(II) centre (Co1) bound to one
singly deprotonated LH- ligand (O1: Co1–O1 = 1.982 Å) which exhibits (as in 21) an
intramolecular H-bond at a distance of O2(H2)···O1 = 1.656 Å. This Co(II) centre is
also coordinated by a NO3- anion along with three terminally bonded 1,2-trans(4bipyridyl)ethylene ligands, although only half of each ligand appears in the
asymmetric unit (Figure 80a). These three dipyridyl ligands act as ditopic linkers to
the individual {Co(II)(LH)(NO3)} nodes, which are T-shaped in nature and the result
is a 2–D brickwork lattice topology (Figure 80b). These individual sheets disect the
ac plane of the unit cell and stack in a parallel but staggered and interdigitated
arrangement along the b cell direction. Interestingly the 2–D sheets alternate in their
relative orientations whereby the T-shaped nodes on adjacent sheets lie at right angles
to one another (Fig. 81a cf. 81b).
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Figure 81. Two adjacent colour coded space-fill represented brickwork sheets in 22 as
viewed perpendicular (a) and parallel (b) to the 2D plane.

	
  

5.3 Conclusion
We once again have shown that 2,2′-biphenol (LH2) is an extremely versatile ligand
which, when coupled with the correct co-ligand, will result in the production of
magnetically interesting discrete polynuclear Co(II) clusters or magnetically dilute
extended network materials comprising Co(II) nodes. These are the first complexes of
cobalt built using this ligand. Complex 20 undergoes ferromagnetic ordering at low
temperatures and represents the second largest cluster to be produced using LH2,
while the production of 21 and 22 represent rare examples of coordination polymers
constructed using this ligand (the latter which can only be obtained via microwave
synthesis).
In addition we have successfully achieved all three accessible levels of deprotonation
of LH2 in the complexes of this chapter (as in chapter 4). We have also witnessed this
ligand in a variety of coordination modes, including the η1:η2,μ-bridging motif as
observed in complexes 18 and 19, the η2:η2,μ3-bridging mode in 20, and unidentate
(and singly deprotonated) in complexes 20 – 22. In complexes 19 and 21 neutral
‘book-end’ LH2 units exist in the crystal structure. The bridging ligand 2hydroxypyridine (2-hpH) has aided in the production of our high-nuclearity cluster
20, adopting the η1:η2,μ3-bridging motif. This leads us on to chapter 6, in which we
utilize 2-hpH in the construction of a large family of clusters and coordination
polymers comprising lanthanoid and Cu(II) ions. Akin to the Co(II) ion, most
161	
  

lanthanoid ions are highly anisotropic making them ideal candidates in the
construction of Single-Molecule Magnets (SMMs).

5.4 Experimental section
5.4.1 Physical measurements
Infra-red spectra were recorded on a Perkin Elmer FT-IR Spectrum One spectrometer
equipped with a Universal ATR Sampling accessory (NUI Galway). Elemental
analysis was carried at the School of Chemistry microanalysis service at NUI Galway.
Variable-temperature, solid-state direct current (dc) magnetic susceptibility data down
to 1.8 K were collected on a Quantum Design MPMS-XL SQUID magnetometer
equipped with a 7 T dc magnet. Diamagnetic corrections were applied to the observed
paramagnetic susceptibilities using Pascal’s constants. The synthesis of 22 was
carried out in a CEM Discovery microwave reactor.
5.4.2 Crystallography
The structures of 18–22 were collected on an Xcalibur S single crystal diffractometer
(Oxford Diffraction) using an enhanced Mo source. Each data reduction was carried
out on the CrysAlisPro software package. The structures were solved by direct
methods (SHELXS-97)[125] and refined by full matrix least squares using SHELXL97. SHELX operations were automated using the OSCAIL software package [127].
All hydrogen atoms in 18–22 were assigned to idealised positions. The two
crystallographically related 2,2’-biphenolate (LH-) ligands in 20 exhibited disorder
and so were modelled isotropically over two sites in 50 : 50 occupancy. This was
carried out using the CRYSTALS program at the University of Edinburgh (AP). Rigid
restraints were also imposed on the aromatic rings of these ligands.
5.4.3 Syntheses
All reagents and solvents were used as purchased. Caution: Although no problems
were encountered in this work, care should be taken when manipulating the
potentially explosive nitrate salts.
Preparation of [Co(II)(L)2(py)4]·2EtOH (18)
Co(NO3)2·6H2O (0.5 g, 1.7 mmol) and 2,2′-biphenol (0.64 g, 3.4 mmol) were
dissolved in 40 cm3 EtOH. 1 cm3 of a 40% aqueous solution of NEt4OH was added
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slowly, resulting in a colour change from red to purple. The solution was stirred for 5
min, after which time pyridine (1 cm3, 12.4 mmol) was added. The solution was left
stirring for a further 5 min, filtered and allowed to stand in a fume-cupboard covered
by a perforated lid. Purple X-ray quality crystals were obtained upon slow
evaporation of the mother liquor in 20% yield. FT-IR (cm-1): 3176.6 (w), 3058.1 (w),
2965.3 (w), 695.1 (vs), 2861.1 (w), 1600.1 (w), 1591.0 (w), 1551.8 (w), 1482.1 (m),
1467.7 (m), 1442.6 (m), 1428.7 (m), 1373.8 (w), 1277.3 (m), 1263.4 (m), 1246.1 (m),
1214.1 (w), 1152.3 (w), 1116.9 (w), 1094.3 (m), 1068.7 (w), 1052.8 (m), 1042.1 (m),
1034.8 (m), 1000.2 (w), 947.0 (w), 931.1 (w), 879.9 (w), 858.8 (m), 850.2 (m), 836.0
(m), 751.2 (s), 731.8 (m). Elemental analysis calculated (found) (%) for
C48H48N4O6Co2 (18): C: 64.43 (64.02), H: 5.41 (5.15), N: 6.26 (6.39).
Preparation of [Co(II)2(L)2(4-pic)4]·2(LH2) (19)
Co(NO3)2·6H2O (0.5 g, 1.7 mmol) and 2,2′-biphenol (0.64 g, 3.4 mmol) were
dissolved in 40 cm3 EtOH. NMe4OH·4H2O (0.31 g, 1.9 mmol) was added, followed
by 4-picoline (2 cm3, 20.54 mmol) and the resultant deep purple solution stirred for 5
min. After this time the solution was filtered and allowed to stand in a fume-cupboard
covered by a perforated lid. Purple X-ray quality crystals of 19 were obtained upon
slow evaporation of the mother liquor in 20% yield. FT-IR (cm-1): 3054.8 (w), 1620.7
(m), 1593.9 (w), 1581.7 (w), 1563.3 (w), 1504.9 (w), 1483.4 (m), 1468.6 (m), 1429.2
(s), 1262.4 (m), 1223.3 (s), 1149.5 (w), 1114.6 (w), 1094.1 (w), 1066.2 (w), 1040.6
(w), 1019.0 (w), 1002.4 (w), 965.6 (w), 935.2 (w), 854.7 (m), 835.8 (m), 806.9 (m),
760.2 (vs), 748.8 (vs), 729.4 (s), 703.6 (m). Elemental analysis calculated (found) (%)
for C72H64N4O8Co2 (19): C: 70.24 (69.93), H: 5.24 (5.24), N: 4.55 (4.47).
Preparation of [Co(II)8(OMe)2(L)4(LH)2(2-hp)4(MeCN)4]·MeCN (20)
Co(NO3)2·6H2O (0.4 g, 1.37 mmol) and 2,2′-biphenol (0.51 g, 2.74 mmol) were
dissolved in a 50 : 50 MeOH/MeCN solvent mix (40 cm3 total volume). NaOH (0.11
g, 2.74 mmol) and 2-hydroxypyridine (0.39 g, 4.1 mmol) were added in quick
succession and the resultant deep purple solution was stirred for 40 mins. After this
time the solution was filtered and allowed to stand. Purple X-ray quality crystals of 20
were obtained upon slow evaporation of the mother liquor in 25% yield. FT-IR (cm-1):
3013.1 (w), 2920.5 (w), 2819.4 (w), 2277.4 (w), 1644.4 (w), 1606.1 (s), 1557.2 (w),
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1490.0 (m), 1471.9 (s), 1435.5 (vs), 1321.8 (m), 1276.7 (s), 1257.0 (m), 1234.5 (s),
1150.6 (w), 1118.2 (w), 1097.6 (w), 1019.1 (m), 1004.1 (w), 930.7 (w), 870.0 (m),
855.0 (m), 846.0 (m), 787.1 (m), 754.0 (vs), 729.7 (s), 707.7 (m). Elemental analysis
calculated (found) (%) for C104H87N9O18Co8 (20): C: 56.21 (56.55), H: 3.95 (3.29), N:
5.67 (5.81).
Preparation of {[Co(II)(LH)(4,4-tmdp)2(NO3)](LH2)}n (21)
Co(II)(NO3)2·6H2O (0.5 g, 1.7 mmol) and 2,2′-biphenol (0.64 g, 3.4 mmol) were
dissolved in 40 cm3 EtOH. 2 cm3 of a 40% aqueous solution of NEt4OH was added
slowly resulting in a colour change from red to purple. This was quickly followed by
the addition of 4,4’-trimethylenedipyridine (0.68 g, 3.4 mmol) and the solution was
stirred for 15 min. After this time the solution was filtered and allowed to stand. Pink
X-ray quality crystals of 21 were obtained upon slow evaporation of the mother liquor
in 15% yield. FT-IR (cm-1): 3060.0 (w), 2931.0 (w), 1614.6 (m), 1587.7 (w), 1559.5
(w), 1465.0 (s), 1424.7 (s), 1283.0 (s), 1223.9 (s), 1151.1 (w), 1097.3 (w), 1069.2 (m),
1044.0 (w), 1017.5 (m), 939.1 (w), 845.6 (m), 826.9 (m), 811.6 (m), 793.6 (m), 751.1
(vs), 724.7 (s), 701.1 (m). Elemental analysis calculated (found) (%) for
C50H47N5O7Co (21): C: 67.56 (67.51), H: 5.33 (5.62), N: 7.88 (8.01).
Preparation of {[Co(II)(LH)(4,4-trans-bpe)1.5(NO3)]n (22)
Co(NO3)2·6H2O (0.40 g, 1.37 mmol), 2,2′-biphenol (0.26 g, 1.37 mmol), trans-1,2bis(4-pyridyl)ethylene (0.25 g, 1.37 mmol) and NaOH (0.055 g, 1.37 mmol) were
added to 30 cm3 of a MeOH: MeCN (50 : 50) solvent mixture. The resultant solution
was premixed for two minutes and then microwaved for five minutes at 160 °C, at a
power of 200 W and a pressure of 300 psi. The resultant pink solution was cooled to
50 °C and the precipitate was filtered off. The solution was allowed to stand for 2
days, after which time pink X-ray quality crystals of 22 were obtained in 10% yield.
FT-IR (cm-1): 3057.1 (w), 2283.5 (w), 1712.7 (w), 1605.1 (s), 1489.4 (s), 1416.9 (s),
1276.8 (vs), 1231.0 (m), 1217.4(s), 1204.7 (m), 1152.8 (w), 1120.2 (w), 1097.2 (w),
1067.7 (m), 1016.1 (m), 960.9 (m), 826.9 (s), 808.9 (s), 750.7 (vs), 722.6 (s), 700.7
(m). Elemental analysis calculated (found) (%) for C30H21N4O5Co1 (22): C: 62.51
(62.42), H: 3.67 (3.89), N: 9.72 (9.39).
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Chapter 6:
The Role of Cu(I)X (X = Cl–, Br–) in the
Synthesis of Discrete {Ln(III)xCu(I/II)y}
Cage and Infinite Lattice Formations
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6.1 Introduction
6.1.1 Magnetic Properties of the lanthanoids
The most common oxidation state for the elements of the lanthanoid series is 3+.
With the exception of La(III) and Lu(III), all trivalent lanthanoid ions possess
unpaired electrons in their 4f orbitals. As there are seven 4f orbitals, magnetic
moments for these ions can be huge. In addition, the 4f orbitals are core-like and are
thus shielded by the filled 5s and 5p orbitals. This means that coordinated ligands
have very little effect on these orbitals and crystal field splittings are weak. As a
result, orbital angular momentum is unquenched (unlike many transition metal ions),
and spin-orbit coupling can be huge in these ions. This makes clusters containing
lanthanoid ions excellent candidates for Single-Molecule Magnets as not only can the
ground spin state (S) be very large, but the single-ion anisotropy can also be
enormous [240]. However, as Gd(III) possesses seven unpaired electrons (one in each
orbital), orbital angular momentum is quenched (L = 0) and there is no spin-orbit
coupling. This means that Gd(III) is magnetically isotropic (there is no preferred
direction for its magnetic moment), and since it also possesses a large ground spin
state (S = 7/2) it is an ideal candidate for molecular coolants, a potential technology
based on adiabatic demagnetization (discussed in section 1.8.3).
Unfortunately, due to the core-like nature of their magnetic orbitals, only very weak
exchange coupling is observed between pairs of lanthanoid ions within cluster
compounds [241]. This has led to a limited quest to construct molecular based
magnets using lanthanoid ions exclusively, and the focus has switched to using these
ions in conjunction with other paramagnetic species such as organic radicals and first
row transition metal ions. Indeed, the dinuclear species {[(Me3Si)2N]2(THF)Tb}2(μη2:η2-N2)– where Dy(III) ions are bridged via the N23– radical [41], is the hardest
molecular magnet known to date, possessing a blocking temperature of 13.9 K.
6.1.2 Compounds containing both rare earth and transition metal ions
Although Yttrium (Y) and Scandium (Sc) do not belong to the lanthanoid series, they
exhibit very similar chemical properties, and occur in the same ores as lanthanoid
elements. For this reason, Yttrium, Scandium and all elements belonging to the
lanthanoid series have been grouped into the same category known as the rare earth
elements. In this chapter we use Yttrium as a diamagnetic substitute for paramagnetic
lanthanoid ions.
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Compounds containing both rare earth and transition metal ions have been known for
over a century; the first preparation being a ‘Rare Earth Cobalticyanide’ reported in
1873 by Cleve and Hoeglund [242]. Over forty years later, Bonardi and James used
potassium hexacyanocobaltate to separate yttrium from erbium, which led to the
synthesis and characterization of yttrium cobalticyanide [243]. Soon after, James and
Willand

continued

this

work

by

synthesizing

a

family

of

rare

earth

hexacyanocobaltate hydrates of formula [(Y,Ln)Co(CN)6].nH2O where Ln = La, Ce,
Nd, Gd and Yb [244].
Studies involving the magnetic exchange interactions between lanthanoid and
transition metal ions was initiated by Gatteschi and co-workers who reported a pair of
trinuclear Cu(II)–Gd(III)–Cu(II) clusters in 1985 [245]. The interaction between the
Gd(III) and Cu(II) ions turned out to be ferromagnetic, which was unexpected as it
was assumed that at least one of the seven singly occupied 4f-orbitals would overlap
with the singly occupied orbital on Cu(II) – resulting in an antiferromagnetic
interaction between the two ions. However, as we have previously mentioned, the 4f
orbitals are core-like and overlap with the magnetic dx2-y2 orbital on Cu(II) is
negligible. Gatteschi et al. went on to explain this observed ferromagnetism in an
article published in 1990 using a spin polarization mechanism [246]. He described the
ferromagnetic exchange as arising from the overlap of the magnetic orbital on Cu(II)
(dx2-y2) with the empty 6s orbital on the Gd(III) ion. The fraction of unpaired electron
that is transferred to the Gd(III) ion aligns itself parallel with the seven f-electrons in
accordance with Hund’s rule. As a result, an S = 4 ground state and an S = 3 excited
state are established and the interaction between the ions is ferromagnetic. Kahn and
co-workers, devised a similar hypothesis to this, suggesting a charge transfer
mechanism in which the electron in the dx2-y2 orbital on Cu(II) is transferred to a 5d
orbital on the Gd(III) ion, leading to the same ground and excited states [247]. To
back up this hypothesis, a density functional study on the exchange coupling between
Cu(II) and Gd(III) published in 2009 by Rajaraman et al. strongly suggests the
involvement of the partially occupied 5d orbital in the interaction [248]. Aside from
the odd exception where the Cu(II) and Gd(III) ions are linked via a single bridge
[46], [249], [250], ferromagnetism appears to be an intrinsic property of Cu(II)–
Gd(III) coupling [245–248], [251–255]. Because of this inherent ferromagnetism and
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the magnetically isotropic nature of the Gd(III) ion, systems containing both Cu(II)
and Gd(III) ions are model contenders as molecular coolant materials [44], [45].
Unfortunately, determination of the nature of the exchange mechanism between
Cu(II) and other magnetic lanthanoid ions has proven challenging, due to the first
order orbital contribution to their magnetic moments. This renders the spin
Hamiltonian for isotropic exchange invalid. Kahn and Guillou came up with a
generalized scheme for the interaction (ferro- or aniferromagnetic) between Cu(II)
and the magnetic Ln(III) ions which was published in ‘Research Frontiers in
Magnetochemistry’ in 1993 [256]. This scheme was based on the fact that the spin
momentum and angular momentum of Ln(III) ions prefer to align antiparallel to one
another if the number of f-electrons is less than seven (f1 – f6), and align parallel if the
ion possesses more than seven f-electrons (f8 – f13). The Gd(III)–Cu(II) coupling
mechanism involving the mixing of the Gd(III)–Cu(II) ground configuration with the
charge transfer Gd(II)–Cu(III) configuration that gives rise to ferromagnetic coupling
was deemed valid for all magnetic Ln(III) ions under this scheme. Since the Ln(III)
and Cu(II) spin momenta align parallel, when f < 7 the resultant spin momentum
aligns antiparallel to the angular momentum of the Ln(III) and antiferromagnetic
coupling is observed. In contrast, ferromagnetic coupling is observed when f > 7,
because the total spin momentum of the Gd(III)–Cu(II) pair is aligned parallel with
the angular momentum.
The idea was explored further by Costes et al., by measuring the magnetic behaviour
of a series of homologous dinuclear Cu(II)–Ln(III) complexes (where Ln(III)
represents all lanthanoids except La, Pm and Lu) [257]. These dimers were compared
to their low spin Ni(II) equivalents (Ni(II)LS–Ln(III)) so that the magnetic behaviour
of the Ln(III) ions could be isolated, as Ni(II)LS is diamagnetic. For all magnetic
Ln(III) ions (except Sm(III) and Eu(III)) the 2S+1LJ ground state is well separated from
the first excited state. In the presence of a ligand field, Ln(III) ions exhibit a
phenomenon known as the Stark Effect, which splits the degenerate energy levels of
this ground state (Stark splitting occurs in the presence of an electric field and is
similar to Zeeman splitting in the presence of a magnetic field). As the temperature is
lowered, progressive depopulation of these Stark components occurs, leading to a
temperature dependence of χMT for a single Ln(III) ion. In the Ni(II)LS–Ln(III) dimers,
there is no magnetic coupling between the ions, and deviations of χMT with respect to
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T arises purely as a result of the depopulation of these levels. The difference in the
χMT vs T curves between the Ni(II)LS–Ln(III) dimers and the Cu(II)–Ln(III) give us
some insight into the nature of the exchange. According to this article, the Cu(II)–
Ln(III) interaction is antiferromagnetic when Ln = Ce, Nd, Sm, Tm, Yb, and
ferromagnetic when Ln!= Gd, Tb, Dy, Ho, Er. The Cu(II)-Pr(III) and the Cu(II)Eu(III) pairs exhibited no significant interaction in accordance with the non-magnetic
nature of the ground state for these lanthanide ions. With the exceptions of Tm(III)
and Yb(III), these results were in line with Kahn’s hypothesis.
In a similar study reported a year later in 1999 [258], Kahn and co-workers used
Zn(II) as the diamagnetic replacement for Cu(II) ions in a homologous series of
{Ln(III)2M(II)3} ladder compounds where Ln = Tb, Dy, Ho and Tm. While the
Cu(II)–Tb(III) and Cu(II)–Dy(III) compounds exhibited ferromagnetic coupling, the
Cu(II)–Ho(III)

and

the

Cu(II)–Tm(III)

interactions

were

assigned

as

antiferromagnetic and ambiguous respectively. These two studies proved, that the
interaction between Cu(II) and the magnetic Ln(III) ions (except for Gd(III)), was not
as simple as Kahn had first believed. Although the magnetic properties of compounds
containing Tb(III) or Dy(III) coupled with Cu(II) ions may be difficult to interpret,
the possibility for large cluster anisotropies and the high probability of ferromagnetic
exchange make these combinations attractive candidates for complexes exhibiting
Single-Molecule magnet behaviour. Indeed, there are numerous examples in the
literature of Tb(III)/Dy(III)–Cu(II) clusters exhibiting SMM behaviour [259–262].
6.1.3 2-hydroxypyridine as a bridging ligand in Cu(II)–Ln(III) clusters
The ligand 2-hydroxypyridine (termed 2-pyridonate when deprotonated) and its 6substituted derivatives have been used extensively by the Winpenny group in the
synthesis of Cu(II)-Ln(III) clusters. The first complexes of this type were a pair of
hexanuclear [Cu(II)4Ln(III)2] clusters (where Ln = Gd, Dy) published in 1989 [263],
in which the deprotonated oxygen atom of 2-pyridonate bridges a Ln(III) ion to a
Cu(II) ion while the nitrogen atom coordinates to one Cu(II) ion. In 1991 an
octanuclear [Cu(II)4La(III)4] cluster emerged in which the ligand again adopts a
trinucleating mode (η2:η1,μ3): this time two La(III) ions are bridged via the oxygen
atom, while the nitrogen coordinates to one Cu(II) ion [264]. Attempts to replace the
diamagnetic La(III) ions with Gd(III) failed, and instead led to the synthesis of a
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hexanuclear [Cu(II)4Gd(III)2] cluster. Since then, Winpenny and coworkers have
reported numerous Cu(II)-Ln(III) structures whereby the metal ions are bridged via 6methyl-2-pyridonate

[265–267],

6-chloro-2-pyridonate

[267–270],

6-bromo-2-

pyridonate [267] and 6-fluoro-2-pyridonate [267]. In the same year that Winpenny’s
[Cu(II)4La(III)4] cluster appeared, Wang and co-workers reported a [Y(III)2Cu(II)8]
compound in which 2-hydroxypyridine was also utilized as a bridging ligand [271].
Soon after a second structure emerged, in which Nd(III) ions took the place of Y(III)
[272]. It was not until very recently that a family of these clusters of formula
[Ln(III)2Cu(II)8] (where Ln = Y, Gd, Dy and Tb) were synthesized and magnetically
characterized [273]. The ability of 2-hydroxypyridine and its derivatives to bridge
Ln(III) and Cu(II) ions toward high nuclearity clusters encouraged us to use this
ligand as a co-ligand in conjunction with 2,2′-biphenol (LH2).

6.2 Results and Discussion
6.2.1 A family of discrete [Ln(III)4Cu(II)4] clusters
Attempts to crystallize complexes containing both rare earth and copper ions using
the ligand LH2 have unfortunately failed thus far. Many different solvent systems,
synthetic techniques (such as solvothermal and microwave synthesis), and co-ligands
have been employed to no avail. However, utilization of 2-hydroxypyridine (2-hpH)
in a reaction mixture containing LH2 and a solvent system comprising methanol,
dichloromethane and acetonitrile led to the formation of the discrete cluster
[Gd(III)4Cu(II)4(OH)4(OMe)2(2-hp)8(2-hpH)4(Br)2(NO3)4]·2H2O·2MeOH (23, Figure
82). As LH2 is not present in the structure, its removal from the reaction yields the
same result. The synthesis of 23 involves the reaction of the salts Gd(III)(NO3)3·xH2O
and Cu(I)Br (in a 1.5:1 ratio) along with 2-hpH and NaOH. Replacement of
Gd(III)(NO3)3·xH2O with Dy(III)(NO3)3·xH2O and Tb(III)(NO3)3·xH2O in the reaction
yields the isostructural clusters [Dy(III)4Cu(II)4] (24) and [Tb(III)4Cu(II)4] (25)
respectively, although the former is obtained in very low yield (~1 %) and the latter is
only obtained if microwave synthesis is employed. These three structures share the
general

formula

[Ln(III)4(Cu(II)4(OH)4(OMe)2(2-hp)8(2-hpH)4(Br)2(NO3)4]·xH2O

·yMeOH (where Ln = Gd, x = 2, y = 2 (23); Dy, x = 0, y = 4 (24); Tb, x = 0, y = 4 (25),
and represent the first analogues to Winpenny’s [Ln(III)4Cu(II)4], comprising
paramagnetic lanthanoid ions.
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Figure 82. Crystal structures of 23 as viewed perpendicular (left) and approximately parallel
(right) to the planar {Gd(III)4} butterfly motif located at the centre of the molecule. All
Hydrogen atoms have been omitted for clarity. Colour code: Purple (Gd), Green (Cu), Red
(O), Blue (N), Grey (C) and Yellow (Br).

6.2.1.1 Structural descriptions
Complexes 23-25 crystallize in the triclinic P-1 space group and due to their
isostructural nature we will describe only complex 23 in detail here (crystallographic
data for all three complexes can be found in Table 14). The centre of the molecule in
23 is dominated by a planar array of Gd(III) ions (Gd1, Gd2 and s.e.) arranged in the
‘butterfly’ motif whereby Gd1 and Gd2 (and s.e) occupy the ‘wing-tip’ and ‘body’
positions respectively (Figure 82). A centre of inversion lies at the midpoint between
the two ‘body’ Gd(III) ions (Gd2···Gd2′). These Gd(III) centres are connected via the
Ophen donor atoms from two distinct 2-hp¯ ligands (O2 and O3) and the O donor
atoms belonging to two µ3-bridging OH¯ ions (O14 and s.e). A MeOH solvent
molecule of crystallization hydrogen bonds to the hydrogen atom of each bridging
OH¯ ion (O16…H13H = 1.895 Å). Two pairs of Cu(II) ions (Cu1, Cu2 and s.e) lie
above and below this {Gd(III)4} core respectively and are connected to one another
through bridging OMe¯ ions (O15 and s.e). These Cu(II) pairs are linked to the
central {Gd(III)4} belt via two µ3-bridging OH¯ ions (O13 and s.e) and eight
deprotonated 2-hp¯ ligands via the Npyridyl atoms N1-N4 and their symmetry
equivalents (Cu1-N1 = 1.975 Å, Cu1-N2 = 1.980 Å, Cu2-N3 = 1.969 Å, Cu2-N4 =
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1.973 Å). The result of this extensive connectivity is a {Gd(III)4Cu(II)4} core best
described as a severely distorted face sharing of two trigonal prisms (Figure 83).

	
  
Figure 83. (top) The magnetic core of 23 highlighting all bridging pathways.
(bottom) Polyhedral representations of the magnetic core in the {Ln(III)4Cu(II)4} (Ln = Gd
(23), Dy (24) and Tb (25)) cages described in this work. Note: These diagrams were produced
from the crystal structure data of 23.

	
  
The coordination spheres at Gd1 (and s.e) are completed by two chelating NO3¯ ions
while two neutral 2-hpH ligands terminally bind to Gd2 and its symmetry equivalents
via the Ophen donor atoms O5 and O6. These ligands are protonated at their pyridyl N
atoms (N5 and N6) and thus remain neutrally charged. Interestingly the pyridyl H6A
proton takes part in intra-molecular H-bonding with a nearby NO3¯ oxygen acceptor
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atom at a close distance of 1.944 Å (N6-H6A···O5). The coordination numbers of Gd1
and Gd2 are nine and eight coordinate and exhibit distorted mono-capped squareantiprismatic and distorted square-antiprismatic geometries respectively. The
coordination sphere at the distorted octahedral Cu1 (and s.e) centre is completed by a
terminal Br¯ ion at a distance of 2.789 Å. The five coordinate Cu2 centre has a
distorted square based pyramidal geometry (τ = 0.06).

	
  
Figure 84. Unit cell in 23 as viewed along the a axis accommodating one [Gd(III)4Cu(II)4]
cluster represented as space-fill. Hydrogen atoms and solvent molecules (MeOH and H2O) are
omitted for clarity.

The unit cell of 23 accommodates one [Gd(III)4Cu(II)4] cluster as shown in Figure 84.
These cluster units are linked together via hydrogen bonding interactions and
propagate in superimposable rows along all three unit cell axes. Four hydrogen
bonding interactions connect neighbouring clusters along the b axis; a NO3¯ oxygen
atom interacts with two nearby hydrogen atoms; one aromatic hydrogen atom of a 2175	
  

hpH ring (O9···H19 = 2.299 Å), and the other which protonates the nitrogen atom
(N5) of the same 2-hpH ligand (O9···H5 = 2.631). The remaining two hydrogen bonds
are the symmetry equivalents of the aforementioned interactions. Packing along the c
axis is facilitated by a hydrogen bonding interaction between a NO3¯ oxygen atom
and an aromatic hydrogen (O11···H8 = 2.456 Å), while the same is observed along the
a axis between a bromide ligand and an aromatic hydrogen atom of a neighbouring
cluster (Br1…H30 = 2.852 Å). Akin to complex 23, the cluster units in complexes 24
and 25 stack into superimposable rows occurs along the a, b and c axes via hydrogen
bonding. These hydrogen bonding interactions in each of the three directions are
almost identical to those observed in the crystal structure of 23.

	
  
Figure 85. The unit cell of complex 24 comprising four quarter [Dy(III)4Cu(II)4] cluster units
as viewed along the b axis. Hydrogen atoms and MeOH solvent molecules of crystallization
have been omitted for clarity.

	
  
Despite their isostructural molecular structures and intermolecular packing
arrangements, the positions of complexes 23, 24 and 25 with respect to the unit cell
are quite different to one another. One quarter of a cluster unit occupies each of the
four b edges of the unit cell of 24 (one quarter from each of four [Dy(III)4Cu(II)4]
clusters; Figure 85), while the unit cell of 25 contains two half cluster units; each of
the two clusters being dissected by the ac face of the unit cell (Figure 86).
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Figure 86. The unit cell of complex 25 comprising two half {Tb(III)4Cu(II)4} cluster units,
viewed along the c axis. Hydrogen atoms and MeOH solvent molecules of crystallization
have been omitted for clarity.

Table 14. Crystal data obtained from X-ray diffraction studies on 23-25.
Parameters
23
24
25
a
C 64H 70N 16O 34Br2Cu4Gd4 C 66H 78N 16O 34Br2Cu4Dy4 C 66H 78N 16O 34Br2Cu4Tb4
Formula
MW
2650.34
2703.42
2689.10
Crystal System
Triclinic
Triclinic
Triclinic
Space group
P-1
P-1
P-1
a/Å
13.2619(4)
13.1650(4)
13.2115(3)
b/Å
13.5227(4)
13.5209(4)
13.5184(4)
c/Å
14.5294(4)
14.5237(5)
14.5178(5)
o
α/
98.063(2)
97.933(3)
97.923(3)
o
β/
106.543(3)
106.537(3)
106.608(3)
γ/o
115.055(3)
115.230(3)
115.221(3)
3
V/Å
2158.27(11)
2139.29(12)
2144.65(11)
Z
1
1
1
T/K
150(2)
150(2)
150(2)
λb/Å
0.7107
0.7107
0.7107
Dc/g cm-3
2.039
2.098
2.9046
μ(Mo-Ka)/ mm-1
5.009
5.448
5.248
Meas./indep.(Rint)
7901/6613 (0.0257)
7827/6011(0.0368)
7843/5911 (0.0347)
refl.
wR2 (all data)
0.1159
0.1246
0.1221
d,e
R1
0.0409
0.0478
0.0425
Goodness of fit on F2
1.051
1.057
1.063
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6.2.1.2 Magnetic susceptibility measurements on complex 23
Magnetic susceptibility measurements on a polycrystalline sample of 23 were carried
out in an applied field of 0.1 T over the 2–300 K temperature range (Figure 87). The
room temperature χMT value of 34.6 cm3 mol-1 K is consistent with that expected for
an uncoupled [Cu(II)4Gd(III)4] unit (33.0 cm3 mol-1 K assuming g = 2.00). The χMT
product in 23 remains nearly constant with decreasing temperature down to ~25 K,
below which it begins to descend more rapidly before reaching a resting value of 24.8
cm3 mol-1 K at 5 K. The magnetization measurements on 23 (Figure 88) show a
saturation value of 29.52 NμB at 2K (7 T) and is suggestive of field induced parallel
alignment of the four Gd(III) ions in 23. This can be rationalised assuming the
peripheral Cu(II) pairs are antiferromagnetically coupled (Cu1-O13-Cu2 = 96.10°,
Cu1-O15-Cu2 = 97.20°). Indeed this hypothesis is corroborated by the strong
antiferromagnetic

exchange

observed

within

similar

Cu(II)

pairs

in

the

[Cu(II)4La(III)4] analogue of Winpenny and co-workers [264].

	
  
Figure 87. Temperature dependence of χMT for 22 collected in an applied field of 0.1 T.
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Figure 88. Plot of reduced magnetization (NμB) vs H/T (kG K ) obtained from 22 in the 2-7
K temperature range in the magnetic fields shown. The solid lines are for visual purposes
only.

6.2.2 Coordination polymers comprising {Ln(III)2Cu(III)8} cluster nodes
Upon production of 23-25 it became apparent that employing a 1.5:1 Ln(III) / Cu(I)
ratio yields 1:1 discrete clusters (i.e. {Ln(III)4Cu(II)4}). We promptly began repeating
the procedures used in synthesising 23-25, this time employing an excess of our
copper source [Cu(I)X where X = Cl, Br] with respect to our Ln(III)/Cu(II) precursor
mixtures in order to influence the final product. The first success was rapid and came
in the crystallization of the Cu(II)/Cu(I) rich [Gd(III)2Cu(II)8Cu(I)1(O)2(2-hp)12(µCl)2(Cl)3(NO3)2]n. (26) species (Figure 89). Complex 26 is a 1–D coordination
polymer comprising of {Gd(III)2Cu(II)8} nodes linked into chains via trigonal planar
{Cu(I)Cl3}2- connector units – a common bonding mode in copper(I) halocuprates
(Figure 90) [274], [275]. Indeed the inorganic nature of these {Cu(I)Cl3}2- linker
moieties means that this coordination polymer may also be described as an infinite
linear lattice comprising {Gd(III)2Cu(II)8Cu(I)1} repeating units (Figure 90).
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Figure 89. Molecular structure of the 1–D polymer of 26 showing one {Gd(III)2Cu(II)8} node
and two crystallographically related {Cu(I)Cl3}2- connector units.
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Figure 90. The infinite linear structure of 26 showing the {Cu(I)Cl3} linker moieties.

6.2.2.1 Structural descriptions
The polynuclear {Gd(III)2Cu(II)8} units in 26 comprise a central octahedral core
where two equivalent Gd(III) ions (Gd1) lie in the axial positions while the equatorial
locales are occupied by Cu(II) centres. Two pairs of Cu(II) centres (Cu3 and s.e)
sandwich this central octahedral {Gd(III)2Cu(II)4} core, their vectors lying
perpendicular to its equatorial plane. The result is a {Gd(III)2Cu(II)8} motif which
provides our nodes in 26. The central octahedral {Gd(III)2Cu(II)4} core is held
together by two symmetry equivalent µ4-O2- ions (O1 and O12) lying within the
cavity while two equivalent µ-bridging Cl¯ ions (Cl1 and Cl4) span two of the
Cu···Cu equatorial edges. Each of the Gd(III) ions are eight coordinate and exhibit
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distorted dodecahedron geometries. The Cu(II) ions within the {Gd(II)2Cu(II)8}
cluster nodes (Cu1-3 and Cu5-7) are each five coordinate. Cu1, Cu2 and Cu6 each
exhibit distorted trigonal bipyramidal geometries (τ values range from 0.62 - 0.7)
while Cu3, Cu5 and Cu7 are distorted square based pyramidal in nature (τ values <
0.05). Eight of the twelve deprotonated 2-hydroxypyridine (2-hp¯) ligands in 26
bridge the Gd(III) and Cu(II) ions within the {Gd(III)2Cu(II)8} nodes using a η1:η2,
µ3-bridging motif. The four remaining ligands use the same bonding mode to bridge
the central Cu(II) ions (Cu2 and Cu6) to the peripheral Cu(II) centres (Cu3, Cu5 and
Cu7). It should be noted here that the polynuclear {Gd(III)2Cu(II)8} units in 26 is
known in the literature in the guise of a family of discrete {Ln(III)2Cu(II)8} (Ln = Y,
Gd, Tb and Dy) clusters although differing in their specific connectivity [271], [273].
The polynuclear nodes in 26 are connected into 1–D arrays through the
aforementioned {Cu(I)Cl3}2- ionic linkers. The Cu(I) oxidation state assignment was
deduced from charge balancing considerations and is consistent with the use of
cuprous chloride as the copper source. The three Cl¯ ions within the {Cu(I)Cl3}2moieties form the long axial bonds of the distorted square based pyramidal Cu(II) ions
(Cu3 and Cu5) lying at the edges of the {Gd(III)2Cu(II)8} nodes (Cu3–Cl2 = 2.780 Å,
Cu5–Cl3 = 2.722 Å) (Figure 89). The individual chains in 26 are of wave-like
appearance (Figure 91) and propagate along the ac intersect of the unit cell. Each
{Gd(III)2Cu(II)8} nodes are oriented at 90° angles to their nearest neighbours
resulting in an alternating repeating pattern (Figure 91). In terms of 3–D packing the
chains in 26 arrange themselves in the space efficient brickwork pattern (Figure 92).

	
  
	
  

Figure 91. Chain structure of 26 highlighting the alternating orientation of the
{Gd(III)2Cu(II)8} nodes as viewed parallel to the plane of the {Cu(I)Cl3}2- connector units.

We decided to expand on this interesting discovery and tested the robustness of the
synthetic methodology used in the production of 26. Although slight modifications
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were required we are indeed able to systematically produce direct analogues to 26 in
the form of the series [Ln(III)2Cu(II)8Cu(I)1(O)2(2-hp)12(µ-Cl)2(Cl)3(NO3)2]n (where
Ln = Dy (28), Ln = Tb (30) and Ln = Y (32)). Furthermore by replacing the Cu(I)Cl
salt with the Br¯ analogue we may produce the bromo- analogues to 26, 28, 30 and 32
in the form the series [Ln(III)2Cu(II)8Cu(I)1(O)2(2-hp)12(µ-Br)2(Br)3(NO3)2]n (where
Ln = Gd (27), Ln = Dy (29), Ln = Tb (31) and Ln = Y (33). Complexes 26, 29, 31 and
33 crystallize in the monoclinic C2/m space group while complexes 27, 28, 30 and 32
instead crystallize in the monoclinic C2 space group.

	
  
Figure 92. Packing diagram of complex 26 as viewed down the 1-D chains.

6.3 Conclusion
Although we were unsuccessful in producing complexes comprising both Ln(III) and
Cu(III) ions using the 2,2′-biphenol ligand, our investigations with 2-hydroxypridine
(2-hpH) have led to the production of eleven novel [Cu(II)xLn(III)y] cage and
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extended lattice formations. In this thesis we have previously utilized 2-hpH as a coligand in the formation of [Mn(III)2(μ-OEt)2(L)2(EtOH)2(2-hpH)2] (5), and
[Co(II)8(OMe)2(L)4(LH)2(2-hp)4(MeCN)4].MeCN (20). Interestingly, crystallization of
complexes 23-33 are only be possible when a Cu(I) salt is utilized and when all three
solvents (MeOH, MeCN and DCM) are present in a 2:1:1 ratio respectively. In
addition, the ratio of Cu(I) to Ln(III) salts in the reaction determines whether a
[Cu(II)4Ln(III)4] cage complex or a {Ln(III)2Cu(II)8Cu(I)1} infinite lattice will be
crystallized. Magnetic susceptibility measurements performed on complex 23 indicate
antiferromagnetic coupling between the Cu(II) ions. Unfortunately it is impossible to
determine whether the four Gd(III) ions are engaging in ferromagnetic coupling or are
simply responding to the external magnetic field in a paramagnetic manner. The
production of a [Zn(II)4Gd(III)4] analogue to complexes 23-25 would help us to
extract a value for JGd-Gd. The findings detailed in this chapter significantly build on
the work of Winpenny [264], Wang [271], [272] and Wernsdorfer [273].

6.4 Experimental Section
6.4.1 Physical measurements
Infra-red spectra were recorded on a Perkin Elmer FT-IR Spectrum One spectrometer
equipped with a Universal ATR Sampling accessory (NUI Galway). UV-visible
studies were carried out on a Cary 100 Scan (Varian) spectrophotometer. Elemental
analysis was carried by Marion Vignoles and Gerard Fahy at the School of Chemistry
microanalysis service NUI Galway. Variable-temperature, solid-state direct current
(dc) magnetic susceptibility data down to 1.8 K were collected on a Quantum Design
MPMS-XL SQUID magnetometer equipped with a 7 T dc magnet (University of
Edinburgh). Diamagnetic corrections were applied to the observed paramagnetic
susceptibilities using Pascal’s constants.
6.4.2 X-ray crystallography
The structures of 23–33 were collected on an Xcalibur S single crystal diffractometer
(Oxford Diffraction) using an enhanced Mo source. Each data reduction was carried
out on the CrysAlisPro software package.
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6.4.3 Syntheses
All reactions were performed under aerobic conditions and all reagents and solvents
were used as purchased. The synthesis of 25 was carried out in a CEM Discovery
microwave reactor.
Preparation of [Gd(III)4Cu(II)4(OH)4(OMe)2(2-hp)8(2-hpH)4(Br)2(NO3)4].2H2O
.2MeOH (23)
Anhydrous Cu(I)Br (0.12 g, 0.84 mmol) and Gd(III)(NO3)3.6H2O (0.57 g, 1.26 mmol)
were added to 30 cm3 of a 2:1:1 solvent mixture containing MeOH, MeCN and
CH2Cl2. The ligand 2-hydroxypyridine (2-hpH) (0.24 g, 2.52 mmol) was added,
followed by NaOH (0.05 g, 1.25 mmol) and the resultant blue solution was left to stir
for 2 hours. After this time the solution was filtered and left to stand. Blue X-ray
quality crystals of 23 were obtained after 2 days upon slow evaporation of the mother
liquor. Yield: 52 mg, 9.3%. FT-IR (cm-1): 3125.1 (w), 2809.1 (w), 1651.0 (m), 1552.6
(w), 1473.4 (s), 1435.3 (s), 1360.1 (m), 1322.9 (m), 1219.6 (w), 1149.7 (m), 1111.0
(w), 1060.9 (w), 1024.6 (m), 997.5 (w), 861.4 (m), 781.6 (vs), 741.8 (m), 719.0 (m).
Elemental analysis calculated (found) (%) for	
  C64H74N16O34Br2Gd4Cu4 (23): C: 29.00
(28.64), H: 2.66 (2.48), N: 8.46 (8.94).
Preparation

of

[Dy(III)4(Cu(II)4(OH)4(OMe)2(2-hp)8(2-hpH)4(Br)2(NO3)4]

.4MeOH (24)
Anhydrous Cu(I)Br (0.12 g, 0.84 mmol) and Dy(III)(NO3)3.6H2O (0.57 g, 1.26 mmol)
were added to 30 cm3 of a 2:1:1 solvent mixture containing MeOH, MeCN and
CH2Cl2. The ligand 2-hydroxypyridine (2-hpH) (0.24 g, 2.52 mmol) was added,
followed by NaOH (0.07 g, 1.75 mmol), and the resultant blue solution was left to stir
for 30 minutes. After this time the solution was filtered and left to stand. The resultant
blue solution was then filtered from which blue X-ray quality crystals of 24 formed
after 2 days upon slow evaporation of the mother liquor. Yield 3 mg, ~0.5 %. FT-IR
(cm-1): 3260.3 (w), 1645.8 (m), 1603.9 (s), 1544.9 (m) 1473.0 (vs), 1437.4 (s), 1319.7
(s), 1279.7 (s), 1217.8 (m), 1151.6 (m), 1112.2 (w), 1041.0 (w), 1025.5 (m), 997.0
(w), 961.9 (w), 860.5 (m), 778.0 (s), 742.2 (m). Elemental analysis calculated (found)
(%) for C66H78N16O34Br2Dy4Cu4 (24): C: 29.32 (29.45), H 2.91 (3.21), N 8.29 (8.63).
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Preparation

of

[Tb(III)4(Cu(II)4(OH)4(OMe)2(2-hp)8(2-hpH)4(Br)2(NO3)4]

.4MeOH (25)
Anhydrous Cu(I)Br (0.12 g, 0.84 mmol) and Tb(III)(NO3)3.5H2O (0.55 g, 1.26 mmol)
were added to 20 cm3 of a 2:1:1 solvent mixture containing MeOH, MeCN and
CH2Cl2. The ligand 2-hydroxypyridine (2-hpH) (0.24 g, 2.52 mmol) was added,
followed by NaOH (0.05 g, 1.25 mmol), and the resultant blue solution was stirred for
5 minutes. After this time the solution was then microwaved for five minutes at
150°C, 200W and 300psi. The solution was then cooled to 30°C, filtered and allowed
to stand. Blue X-ray quality crystals of 25 formed after 2 days upon slow evaporation
of the mother liquor. Yield: 39 mg, 6.9%. FT-IR (cm-1): 3134.1 (w), 2814.7 (w),
1645.4 (s), 1603.6 (vs), 1552.5 (m), 1472.5 (vs), 1436.6 (vs), 1353.9 (m), 1319.8 (vs),
1279.0 (s), 1217.4 (m), 1151.0 (m), 1111.9 (w), 1095.7 (w), 1055.5 (w), 1041.0 (w),
1025.0 (m), 996.9 (m), 962.2 (w), 859.9 (s), 777.5 (vs), 741.2 (m), 729.6 (m).
Elemental analysis calculated (found) (%) for C66H78N16O34Br2Tb4Cu4 (25): C: 29.48
(29.42), H: 2.92 (2.58), N 8.33 (8.03).
Preparation of [Gd(III)2Cu(II)8Cu(I)1(O)2(2-hp)12(µ-Cl)2(Cl)3(NO3)2]n (26)
Anhydrous Cu(I)Cl (0.22 g, 2.22 mmol) and Gd(III)(NO3)3.6H2O (0.25 g, 0.55 mmol)
were added to 30 cm3 of a 2:1:1 solvent mixture containing MeOH, MeCN and
CH2Cl2. An excess of 2-hydroxypyridine (2-hpH) (0.42 g, 4.42 mmol) was added,
followed by NEt4(OH).5H2O (0.3 g, 1.65 mmol) and the resultant green solution was
left to stir for 1.5 hrs. After this time the solution was filtered and left to stand. Green
X-ray quality crystals of 26 were obtained after 2 days upon slow evaporation of the
mother liquor. Yield (dried): 73 mg, 12.6 %. FT-IR (cm-1): 3339.4 (w), 1647.2 (w),
1605.7 (s), 1556.2 (m), 1467.3 (vs), 1435.5 (vs) 1328.7 (m), 1297.8 (s), 1254.4 (m),
1151.3 (m), 1111.4 (w), 1025.0 (m), 950.1 (w), 862.6 (m), 788.2 (s), 743.9 (m).
Elemental analysis calculated (found) (%) for C60H48N14O20Cl5Gd2Cu9 (26) (dried on
a vacuum line): C: 30.68 (31.12), H: 2.06 (1.83), N: 8.35 (8.59).
Preparation of [Gd(III)2Cu(II)8Cu(I)1(O)2(2-hp)12(µ-Br)2(Br)3(NO3)2]n (27)
Anhydrous Cu(I)Br (0.32 g, 2.23 mmol) and Gd(III)(NO3)3.6H2O (0.5 g, 1.11 mmol)
were added to 30 cm3 of a 2:1:1 solvent mixture containing MeOH, MeCN and
CH2Cl2. 2-hydroxypyridine (LH) (0.32 g, 3.36 mmol) was then added along with
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NaOH (0.045 g, 1.12 mmol) and the resultant green solution was left to stir for 2 hrs.
After this time the solution was filtered and left to stand. Dark green X-ray quality
crystals of 27 were formed after 2 days upon slow evaporation of the mother liquor.
Yield (dried): 70 mg, 11.02 %. FT-IR (cm-1): 3350.7 (w), 1645.7 (w), 1605.4 (s),
1556.3 (m), 1466.9 (vs), 1434.5 (vs), 1328.9 (m), 1295.8 (s), 1252.9 (m), 1151.2 (m),
1111.1 (m), 1043.7 (w), 1024.6 (m), 861.3 (m), 786.4 (s), 743.3 (m). Elemental
analysis calculated (found) (%) for C60H48N14O20Br5Gd2Cu9 (27) (dried on a vacuum
line): C: 28.03 (27.59), H: 1.88 (2.04), N: 7.63 (7.60).
Preparation of of [Dy(III)2Cu(II)8Cu(I)1(O)2(2-hp)12(µ-Cl)2(Cl)3(NO3)2]n (28)
Anhydrous Cu(I)Cl (0.22 g, 2.22 mmol) and Dy(III)(NO3)3.6H2O (0.5 g, 1.1 mmol)
were added to 30 cm3 of a 2:1:1 solvent mixture containing MeOH, MeCN and
CH2Cl2. 2-hydroxypyridine (2-hpH) (0.21 g, 2.22 mmol) was then added and was
followed by NaOH (0.045 g, 1.12 mmol). The resultant green solution was left to stir
for 2 hours before it was filtered and left to stand. Green X-ray quality crystals of 28
were obtained after 2 days upon slow evaporation of the mother liquor. Yield (dried):
64 mg, 10.99 %. FT-IR (cm-1): 3339.0 (w), 1643.6 (w), 1606.0 (s), 1556.5 (m),
1467.1 (vs), 1435.5 (vs), 1330.8 (m), 1297.4 (s), 1253.7 (m), 1216.6 (w), 1151.7 (m),
1111.3 (w), 1025.3 (m), 871.8 (m), 789.1 (m), 744.7 (m). Elemental analysis
calculated (found) (%) for C60H48N14O20Cl5Dy2Cu9 (28)	
  (dried on a vacuum line): C:
30.54 (30.66), H: 1.88 (1.98), N 8.31 (7.88).
Preparation of [Dy(III)2Cu(II)8Cu(I)1(O)2(2-hp)12(µ-Br)2(Br)3(NO3)2]n (29)
Anhydrous Cu(I)Br (0.32 g, 2.23 mmol) and Dy(III)(NO3)3.6H2O (0.51 g, 1.12 mmol)
were added to 30 cm3 of a 2:1:1 solvent mixture containing MeOH, MeCN and
CH2Cl2. 2-hydroxypyridine (2-hpH) (0.43 g, 4.5 mmol) was then added along with
NEt4(OH).5H2O (0.2 g, 1.1 mmol) and the resultant green solution was left to stir for
2 hrs. After this time the solution was filtered and left to stand. Dark green X-ray
quality crystals of 29 were obtained after 2 days upon slow evaporation of the mother
liquor. Yield: 82 mg, 12.86 %. FT-IR (cm-1): 3365.4 (w), 1646.0 (w), 1605.6 (s),
1556.3 (m), 1466.9 (vs), 1434.6 (vs), 1328.6 (m), 1296.5 (s), 1253.0 (m), 1151.2 (m),
1111.2 (m), 1043.2 (w), 1024.9 (m), 949.8 (w), 861.9 (m), 788.8 (s), 744.1 (m).
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Elemental analysis calculated (found) (%) for C60H48N14O20Br5Dy2Cu9 (29) (dried on
a vacuum line): C: 27.91 (28.26), H: 1.87 (1.82), N: 7.60 (7.50).
Preparation of [Tb(III)2Cu(II)8Cu(I)1(O)2(2-hp)12(µ-Cl)2(Cl)3(NO3)2]n (30)
Anhydrous Cu(I)Cl (0.22 g, 2.22 mmol) and Tb(III)(NO3)3.5H2O (0.48 g, 1.1 mmol)
were added to 30 cm3 of a 2:1:1 solvent mixture containing MeOH, MeCN and
CH2Cl2. An excess of 2-hydroxypyridine (2-hpH) (0.42 g, 4.42 mmol) was added,
followed by NaOH (0.09 g, 2.25 mmol) and the resultant green solution was left to
stir for 2 hrs. After this time the solution was filtered and left to stand. Green X-ray
quality crystals of 30 were obtained after 2 days upon slow evaporation of the mother
liquor. Yield: 32 mg, 5.5 %. FT-IR (cm-1): 3337.7 (w), 1643.1 (w), 1605.7 (s), 1556.0
(m), 1466.8 (vs), 1435.4 (vs), 1330.8 (m), 1296.8 (s), 1253.3 (m), 1217.4 (w), 1151.8
(m), 1111.1 (w), 1025.1 (m), 871.2 (m), 789.3 (s), 744.5 (m). Elemental analysis
calculated (found) (%) for C60H48N14O20Cl5Tb2Cu9 (30) (dried on a vacuum line): C:
30.64 (31.07), H: 2.06 (2.11), N: 8.34 (8.59).
Preparation of [Tb(III)2Cu(II)8Cu(I)1(O)2(2-hp)12(µ-Br)2(Br)3(NO3)2]n (31)
Anhydrous Cu(I)Br (0.32 g, 2.23 mmol) and Tb(III)(NO3)3.5H2O (0.48 g, 1.1 mmol)
were added to 30 cm3 of a 2:1:1 solvent mixture containing MeOH, MeCN and
CH2Cl2. 2-hydroxypyridine (2-hpH) (0.315 g, 3.31 mmol) was added and was rapidly
followed by NaOH (0.045 g, 1.12 mmol). The resultant green solution was left to stir
for 3 hours before being filtered and left to stand. A blue precipitate was subsequently
formed after 24 hours. This was discarded and the solution was once again allowed to
stand. Dark green X-ray quality crystals of 31 were obtained 2 days later upon slow
evaporation of the mother liquor. Yield: 45 mg, 7.08 %. FT-IR (cm-1): 3363.1 (w),
1645.4 (w), 1605.5 (s), 1556.2 (m), 1467.1 (vs), 1434.8 (vs), 1328.5 (m), 1296.4 (s),
1252.6 (m), 1150.8 (m), 1111.0 (m), 1043.4 (w), 1024.4 (m), 861.5 (m), 786.8 (s),
743.3 (m). Elemental analysis calculated (found) (%) for C60H48N14O20Br5Tb2Cu9
(31) (dried on a vacuum line): C: 27.99 (27.65), H: 1.88 (2.07), N: 7.62 (7.77).
Preparation of [Y(III)2Cu(II)8Cu(I)1(O)2(2-hp)12(µ-Cl)2(Cl)3(NO3)2]n (32)
Anhydrous Cu(I)Cl (0.22 g, 2.22 mmol) and Y(III)(NO3)3.6H2O (0.425 g, 1.11 mmol)
were added to 30 cm3 of a 2:1:1 solvent mixture containing MeOH, MeCN and
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CH2Cl2. 2-hydroxypyridine (2-hpH) (0.32 g, 3.36 mmol) was then added and was
rapidly followed by NaOH (0.09 g, 2.25 mmol). The resultant green solution was left
to stir for 1.5 hours and subsequently filtered and left to stand. Green X-ray quality
crystals of 32 were obtained after 2 days upon slow evaporation of the mother liquor.
Yield: 57 mg, 10.44 %. FT-IR (cm-1): 3336.4 (w), 1644.2 (m), 1606.0 (s), 1556.3 (m),
1466.6 (vs), 1435.3 (vs), 1332.0 (m), 1297.2 (s), 1253.4 (m), 1215.7 (m), 1151.5 (m),
1111.0 (m), 1043.3 (w), 1025.1 (m), 871.7 (m), 788.4 (s), 744.4 (m). Elemental
analysis calculated (found) (%) for C60H48N14O20Cl5Y2Cu9 (32) (dried on a vacuum
line): C: 32.58 (32.46), H: 2.19 (2.36), N: 8.86 (9.20).
Preparation of [Y(III)2Cu(II)8Cu(I)1(O)2(2-hp)12(µ-Br)2(Br)3(NO3)2]n (33)
Anhydrous Cu(I)Br (0.32 g, 2.23 mmol) and Y(III)(NO3)3.6H2O (0.43 g, 1.12 mmol)
were added to 30 cm3 of a 2:1:1 solvent mixture containing MeOH, MeCN and
CH2Cl2. 2-hydroxypyridine (2-hpH) (0.43 g, 4.5 mmol) was then added along with
NaOH (0.045 g, 1.12 mmol) and the resultant green solution was left to stir for 2.5
hours. Dark green X-ray quality crystals of 33 were obtained upon filtration and slow
evaporation of the mother liquor after 2 days. Yield: 68 mg, 11.31 %. FT-IR (cm-1):
3346.9, 1644.2 (m), 1605.6 (s), 15565 (m), 1467.1 (vs), 1434.8 (vs), 1330.3 (m),
1296.9 (s), 1252.6 (m), 1216.1 (m), 1151.4 (m), 1110.8 (m), 1043.1 (w), 1024.9 (m),
871.7 (m), 788.1 (s), 744.3 (m). Elemental analysis calculated (found) (%) for
C60H48N14O20Br5Y2Cu9 (33) (dried on a vacuum line): C: 29.60 (29.42), H: 1.99
(2.29), N: 8.05 (7.87).
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Chapter 7:
Conclusion
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In summary, a small contribution to the fields of molecular magnetism and
coordination polymers has been achieved. The thesis comprises a collection of thirtytwo novel molecular assemblies which have been used in the magnetic and structural
studies of chapters 2–6.
In chapter 2 we have reported the synthesis and magnetic characterization of 5 novel
alkoxide bridged Mn(III) dimers or general formula [Mn2(μ-OR)2(L)2(ROH)y(X)z]
(where R = Me, Et; LH2 = 2,2′-biphenol and X = terminally bonded MeOH or Ndonor ligand). We have used these five complexes in a unique magneto-structural
correlation study in which we investigate the structural factors influencing the
magnetic exchange interaction in all reported Mn(III) dimeric structures possessing
two alkoxide-bridges. We have concluded that the most significant factor influencing
the sign and magnitude of the exchange interaction (J) is the relative orientation of the
Mn(III) ions’ Jahn-Teller axes, and we have used DFT analysis to probe the nature of
these interactions. This study represents a valuable contribution to the field of
molecular magnetism, as it will aid in the understanding of the exchange interactions
in large clusters comprising [Mn(μ-OR)]2 units. Our findings conclude that a
moderately strong ferromagnetic interaction will only be present in alkoxide bridged
[Mn(III)2] dinuclear species if the Jahn-Teller axes are perpendicular to one another.
Our study therefore suggests that large anisotropy and a strong ferromagnetic
interaction are unlikely to coexist in Mn(III) clusters containing only [Mn(μ-OR)]2
building blocks.
Following on the theme of magnetic exchange interactions in dimers, chapter 3
reports three novel complexes, two of which are rare examples of dimeric Mn(III)Cu(II) moieties, and are the first to possess a Jahn-Teller compressed Mn(III) ion. The
antiferromagnetic exchange interaction in [MnCu(L)2(py)4](ClO4).EtOH (6) has been
probed using DFT analysis, and has been compared to the ferromagnetic interaction in
a previously reported analogous Mn(III)-Cu(II) dimer, which possesses an elongated
Mn(III) ion [151]. The moderately strong antiferromagnetic interaction in 6 was
found to be mainly due to the superexchange interaction involving overlap between
the half-filled dx2-y2 orbital of the Cu(II) ion with the half-filled dx2-y2 orbital of the
compressed Mn(III) ion. The interaction between the same orbitals is ferromagnetic in
the analogous Mn(III)-Cu(II) dimer, due to the absence of electron density in the dx2-y2
orbital of its Mn(III) ion. This study rather elegantly shows how the nature of the
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Jahn-Teller distortion dramatically influences the sign and magnitude of J. In
addition, high-field, high frequency EPR studies on both powdered and single-crystal
samples of 6 have given us values of the zero-field splitting parameters D (Mn(III)) =
+4.78 cm-1 and E (Mn(III)) = +0.405 cm-1 for complex 6.
Continuing on the theme of heterometallic coordination chemistry, in chapter 4 we
have reported the first 1–D architectures constructed using the 2,2′-biphenol ligand
(complexes 10-15 and 17). We have shown how the type of N-donor pyridyl coligand used determines whether a covalently linked or H-bonded chain will be
formed. On close inspection of all members we can first conclude that regardless of
whether the pyridyl ligand used is functionalised at the 3- or 4-position, both Hbonded and covalent chains can be produced. In addition, the type of functional group
on the pyridyl co-ligand seems to have no effect on the resultant complex formed, as
utilizing 3-cyanopyridine leads to the production of a covalent chain (14), while using
4-cyanopyridine produces a H-bonded chain (13). In the covalent chains, the
intrachain M···M distance ranges render the Mn(III) and Fe(III) ions in this series as
magnetically isolated or dilute due to the presence of the {Na(I)} spacer units.
Following this introduction to the field of coordination polymers, chapter 5 reports the
production of two structurally interesting coordination polymers comprising
magnetically dilute Co(II) nodes (21 and 22), built using 2,2′-biphenol. In addition to
these 1– and 2–D extended structures, we also report three magnetically interesting
discrete polynuclear Co(II) clusters (18-20). These five structures are the first
complexes of Co(II/III) built using the ligand 2,2′-biphenol. The octanuclear complex
[Co(II)8(OMe)2(L)4(LH)2(2-hp)4(MeCN)4]·MeCN

(20)

undergoes

ferromagnetic

ordering at low temperatures and represents the second largest cluster to be produced
using 2,2′-biphenol, whose formation is facilitated by the introduction of a co-ligand
with metal ion bridging abilities – 2-hydroxypyridine (2-hpH).
In chapter 6, the ligand 2-hydroxypyridine is exploited further, in the production of a
large family of discrete clusters (23-25) and coordination polymers (26-33)
comprising both Cu(II) and Ln(III) ions (Ln = Gd, Tb, Dy, Y). We show how the
metal ion ratio in the reactant solution drastically influences the product formed.
Magnetic susceptibility measurements performed on [Gd(III)4Cu(II)4(OH)4(OMe)2(2hp)8(2-hpH)4(Br)2 (NO3)4]·2H2O·2MeOH (complex 22) indicate antiferromagnetic
coupling between the Cu(II) ions, and suggest field induced parallel alignment of the
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four Gd(III) ions. These findings significantly build on the work of Winpenny [264],
Wang [271], [272] and Wernsdorfer [273].
Overall, we have shown that 2,2′-biphenol is an extremely versatile ligand, cabable of
adopting a variety of different coordination modes and exhibiting all three accessible
levels of deprotonation in the many complexes described in this thesis. Initially, we
witnessed the doubly deprotonated form of 2,2′-biphenol (L2–) adopting a chelating
mode in the [Mn(III)2] complexes of chapter 2 (1–5), while in the heterometallic
Mn(III)-Cu(II) dimers of chapter 3 (6 and 7) it adopts the η1:η2,μ-bridging mode. The
[Cu(II)2] dimer (8) of the same chapter, exhibits this ligand in the same bridging
mode, although this time in its singly deprotonated form (LH–). Chapter 4 reveals this
ligand in a huge variety of coordination modes, from L2– adopting the η2:η2,μ3-triply
bridging mode in the covalent chains of 10, 14, 15 and 17, to singly deprotonated and
unidentate in the monomeric complex 16, to chelating both Mn(III) and Na(I) ions in
both its L2– and LH2 forms respectively in the ionic chains of 11–13. The versatility of
2,2′-biphenol is further highlighted in the Co(II) complexes of chapter 5, in which
several modes are again observed. These include the η1:η2,μ-bridging motif observed
in the dimeric complexes 18 and 19, the η2:η2,μ3-bridging mode witnessed in the
octometallic cluster (20), and unidentate (and singly deprotonated) in complexes 20–
22. In addition, neutral ‘book-end’ LH2 units also exist in the crystal structures of
complexes 19 and 21, where no metal binding is exhibited at all.
Although only a small number of coordination compounds comprising 2,2′-biphenol
have been reported prior to our research, we have proven this ligand to be extremely
useful and versatile in the construction of discrete and extended molecular aggregates.
The large family of magnetically and structurally interesting complexes described in
this thesis has increased the number of reported coordination compounds containing
2,2′-biphenol by a factor of 5.
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Appendix A: Chapter 2
Table A1. DFT computed energies of high spin (HS) and broken symmetry (BS)
state, <S2> values for complexes 1-IV (b).
< S2>

HS

BS

Complex 1

-4220.56586

-4220.566817

20.1087

12.5431

Complex 4

-4411.734994

-4411.736128

20.0014

12.4842

Complex 5

-4793.743906

-4793.744969

20.0014

12.4746

Complex II - 1

-4829.965823

-4829.965756

20.0011

12.4305

Complex II - 2

-1458.104561

-1458.104618

20.0034

12.7151

Complex III - 1

-4446.440333

-4446.439469

20.0015

12.5086

Complex III - 2

-8304.395881

-8304.394984

20.0009

12.3593

Complex IV - 1

-4220.558864

-4220.559623

20.0017

12.5696

Complex IV - 2

-8304.293759

-8304.291795

20.0011

12.3533

Table A2. Overlap integral values are given for Complex 1, II-2, III-2
Complex 1
Alpha

Beta

163(dz2)

163(dz2)
2

175(dx2-y2)

-0.07159

249(dz2)

249(dz2)

Beta

overlap
intergral

-0.0735

302 (dz2)

299(dz2)

-0.0491

0.0464

305(dx2-y2)

0.04

141(dxy)

0.02019

219(dxy)

-0.00832

259(dxy)

0.0103

145(dxz)

-0.02582

225(dxz)

-0.0164

253(dxz)

-0.0394

157(dyz)

-0.19149

224 (dyz)

-0.00708

268(dyz)

-0.00241

163(dz2)

-0.01001

249(dz2)

0.0464

175(dx -y )

255(dx2-y2)

2

Alpha

255(dx -y )

2

2

overlap integral

-0.01001

299(dz2)

0.143

-0.0341

305(dx2-y2)

0.0231

219(dxy)

-0.0474

259(dxy)

0.16

225(dxz)

-0.0275

253(dxz)

-0.00534

224 (dyz)

-0.0000751

268(dyz)

0.0441

249(dz2)

-0.00832

299(dz2)

-0.0466

-0.25742

2

255(dx -y )

141(dxy)

0.01727

145(dxz)

-0.057

157(dyz)

-0.01361

163(dz2)

0.02019

2

175(dx -y )

2

219(dxy)

264 (dxy)

0.01727

255(dx -y )

-0.0474

305(dx2-y2)

0.055

141(dxy)

0.06893

219(dxy)

0.1511

259(dxy)

-0.0815

145(dxz)

0.01452

225(dxz)

-0.10787

253(dxz)

-0.106

157(dyz)

-0.09312

224 (dyz)

0.0705

268(dyz)

-0.0185

163(dz2)

-0.02582

249(dz2)

0.0164

299(dz2)

-0.06874

225(dxz)

2

-0.057

255(dx -y )

-0.0275

305(dx2-y2)

-0.03489

141(dxy)

0.01452

219(dxy)

0.10787

259(dxy)

-0.1011

145(dxz)

-0.08056

225(dxz)

0.27067

253(dxz)

0.10534

157(dyz)

0.06876

224 (dyz)

-0.2494

268(dyz)

0.00834

163(dz2)

-0.19149

249(dz2)

-0.0708

299(dz2)

0.00453

224 (dyz)

2

2

263(dxz)

175(dx -y )

2

2

2

306(dx2-y2)

2

2

157(yz)

Beta

175(dx -y )

2

145(xz)

Alpha

Complex III-2

2

2

141(dxy)

Complex II-2
overlap
integrals

2

290(dyz)

2

175(dx -y )

-0.01361

255(dx -y )

-0.000751

305(dx2-y2)

0.0292

141(dxy)

-0.09312

219(dxy)

0.0705

259(dxy)

0.0366

145(dxz)

0.06876

225(dxz)

-0.2494

253(dxz)

-0.0167

157(dyz)

-0.59823

224 (dyz)

-0.2143

268(dyz)

0.0201
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Table A3. Overlap integral analysis for bond angle correlation for complex 1
Mn-O-Mn: 115.3°
J=-13.82 cm

Mn-O-Mn: 103.7°

-1

J=-10.50 cm

Mn-O-Mn: 90.2°

-1

J=-31.99 cm

Mn-O-Mn: 80.1°

-1

J=-113.27 cm-1

Alpha

Beta

overlap
integrals

Alpha

Beta

overlap
integral

Alpha

Beta

overlap
intergral

Alpha

Beta

overlap
integrals

166(dz2)

166(dz2)

0.58967

163(dz2)

163(dz2)

-0.07159

165(dz2)

165(dz2)

0.17232

165(dz2)

165(dz2)

-0.00592

175(dx2-y2)

-0.004232

175(dx2-y2)

-0.01001

175(dx2-y2)

0.01476

175(dx2-y2)

-0.01361

141(dxy)

-0.04486

168(dxy)

-0.09176

141(dxy)

0.02536

166(dxy)

0.42178

146(xz)

-0.01985

145(xz)

-0.02582

142(dxz)

-0.02006

161(dxz)

-0.23256

148(yz)

-0.03343

157(yz)

-0.19149

143(dyz)

-0.02045

143(dyz)

0.03188

166(dz2)

-0.004232

163(dz2)

-0.01001

165(dz2)

0.01476

165(dz2)

-0.01361

175
(dx2-y2)

2

141(dxy)

2

175(dx -y )

-0.38365

175(dx -y )

141(dxy)

-0.05688

168(dxy)

146(dxz)

0.02526

148(dyz)

0.00358

166(dz2)

-0.04486

2

146(xz)

2

168(dxy)

-0.25742

175(dx -y )

-0.0049

141(dxy)

145(dxz)

-0.057

157(dyz)

-0.01361

163(dz2)

-0.09176

175(dx -y )

-0.05688

175(dx -y )

141(dxy)

0.01858

168(dxy)

146(dxz)

-0.06026

148(dyz)

-0.08571

166(dz2)

-0.01985

145(xz)

0.00039

166(dxy)

-0.01418

142(dxz)

-0.00788

161(dxz)

0.00391

143(dyz)

-0.01567

143(dyz)

0.02226

165(dz2)

0.02536

165(dz2)

0.42178

145(dxz)
157(dyz)

163(dz2)

-0.02582

0.02526

175(dx -y )
168(dxy)

146(dxz)

-0.28566

148(dyz)

0.33108

166(dz2)

-0.03343

141(dxy)

175(dx -y )

-0.00779

-0.06213

-0.06026

175(dx -y )

-0.06556

175(dx -y )

141(dxy)

157(yz)

141(dxy)

2

175(dx -y )

-0.01418

141(dxy)

0.14752

166(dxy)

0.16845

0.00135

142(dxz)

-0.06884

161(dxz)

0.23985

-0.04356

143(dyz)

-0.13118

143(dyz)

0.00997

165(dz2)

-0.02006

165(dz2)

-0.23256

142(dxz)

-0.057

175(dx -y )
141(dxy)

145(dxz)

-0.08056

157(dyz)

0.06876

163(dz2)

-0.19149

0.00358

175(dx -y )

-0.08571

168(dxy)

146(dxz)

0.33108

148(dyz)

-0.10911

166(dxy)

-0.00779

0.00135

2

2

2

2

2

2

175
(dx2-y2)

2

-0.0049

175(dx -y )

2

2

2

2

2

2

2

175
(dx2-y2)

2

2

2

2

2

148(yz)

175
(dx2-y2)

2

143(dyz)

161(dxz)

-0.00788

2

175(dx -y )

0.00391

-0.06884

166(dxy)

0.23985

142(dxz)

0.12476

161(dxz)

-0.10037

143(dyz)

0.59949

143(dyz)

-0.13621

165(dz2)

-0.02045

165(dz2)

-0.21866

-0.01361

2

175(dx -y )

-0.04356

141(dxy)

145(dxz)

0.06876

157(dyz)

-0.59823
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2

2

2

160(yz)

2

-0.01567

2

175(dx -y )

-0.03115

-0.13118

166(dxy)

0.09628

142(dxz)

0.59949

161(dxz)

0.16737

143(dyz)

-0.06111

143(dyz)

-0.18946

Table A4. Overlap integral analysis for bond distance correlation for complex 1
Mn···O: 2.306 Å
J = 2.771 cm

Mn···O: 2.156 Å

-1

J = 0.122 cm

Mn···O: 2.056 Å

-1

J = -3.22 cm

Mn···O: 1.956 Å

-1

J = -10.50 cm-1

Alpha

Beta

Overlap
integral

Alpha

Beta

Overlap
integral

Alpha

Beta

Overlap
integral

Alpha

Beta

Overlap
integral

160(dz2)

160(dz2)

0.10695

159(dz2)

159(dz2)

-0.43233

163(dz2)

163(dz2)

-0.35681

163(dz2)

163(dz2)

-0.07159
-0.01001

175
(dx2-y2)

162(dxy)

152(dyz)

146(dzx)

175
(dx2-y2)

-0.02648

175
(dx2-y2)

-0.04833

175
(dx2-y2)

0.00784

175
(dx2-y2)

163(dxy)

-0.26621

149(dxy)

0.02865

168(dxy)

-0.05438

168(dxy)

-0.09176

156(dyz)

-0.06909

156(dyz)

0.10015

148(dyz)

0.03063

145(dxz)

-0.02582

147(dzx)

-0.05997

146(dzx)

-0.00765

146(dzx)

0.04565

157(dyz)

-0.19149

160(dz2)

-0.08122

159(dz2)

-0.05326

163(dz2)

0.01231

163(dz2)

-0.01001

175
(dx2-y2)

-0.12698

175
(dx2-y2)

-0.17328

175
(dx2-y2)

-0.20895

175
(dx2-y2)

-0.25742

163(dxy)

0.01731

149(dxy)

-0.07413

168(dxy)

-0.02809

168(dxy)

-0.0049

156(dyz)

0.01544

156(dyz)

0.02373

148(dyz)

0.00197

145(dxz)

-0.057

147(dzx)

0.03537

146(dzx)

0.04234

146(dzx)

0.03508

157(dyz)

-0.01361

160(dz2)

0.45277

159(dz2)

0.12516

163(dz2)

-0.10659

163(dz2)

-0.09176

175
(dx2-y2)
163(dxy)

175
(dx2-y2)

149(dxy)

0.00648

175
(dx2-y2)

0.12024

149(dxy)

156(dyz)

-0.00269

147(dzx)

-0.00775

160(dz2)

-0.10016

175
(dx2-y2)
163(dxy)

175
(dx2-y2)

168(dxy)

-0.06524

175
(dx2-y2)

0.00718

168(dxy)

156(dyz)

0.04319

146(dzx)

-0.13845

159(dz2)

-0.10692

-0.01334

175
(dx2-y2)

0.00605

156(dyz)
147(dzx)

160(dz2)

-0.00557

175
(dx2-y2)
163(dxy)

175
(dx2-y2)

168(dxy)

-0.02827

175
(dx2-y2)

-0.0049

0.08754

168(dxy)

-0.06213

148(dyz)

-0.054

145(dxz)

0.00135

146(dzx)

-0.03023

157(dyz)

-0.04356

163(dz2)

0.03764

163(dz2)

-0.02582

0.00126

175
(dx2-y2)

0.00002

175
(dx2-y2)

-0.057

149(dxy)

-0.05432

168(dxy)

-0.05173

168(dxy)

0.00135

0.00128

156(dyz)

-0.08646

148(dyz)

-0.1131

145(dxz)

-0.08056

-0.01206

146(dzx)

-0.00034

146(dzx)

0.2936

157(dyz)

0.06876

159(dz2)

-0.1278

163(dz2)

0.04858

163(dz2)

-0.19149
-0.01361

156(dyz)

153(dzx)

0.02333

175
(dx2-y2)

-0.0112

149(dxy)

156(dyz)

0.00734

147(dzx)

-0.00924

148(dyz)

146(dzx)

145(dxz)

157(dyz)

0.0196

175
(dx2-y2)

0.03156

175
(dx2-y2)

-0.33706

168(dxy)

-0.03018

168(dxy)

-0.04356

156(dyz)

-0.04844

148(dyz)

0.28918

145(dxz)

0.06876

146(dzx)

-0.04405

146(dzx)

-0.02467

157(dyz)

-0.59823
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Table A5. Overlap integral analysis for Dihedral angle correlation for complex 1
Dihedral: 0°

Dihedral: 21.2°

Dihedral: 35.4°

J = -10.50

J = -5.40676

J = -4.58373

Alpha

Beta

Overlap
integral

Alpha

Beta

Overlap
integral

Alpha

Beta

163(dz2)

163(dz2)

-0.07159

167(dz2)

163(dz2)

-0.03166

163(dz2)

162(dz2)

2

175(dx2-y2)

168(dxy)

2

175(dx -y )

-0.01001

2

175(dx -y )

168(dxy)

-0.09176

145(dxz)

-0.02582

157(dyz)

-0.19149

163(dz2)

-0.01001

-0.01374

175(dx -y )

0.00972

141(dxy)

-0.02497

167(dxy)

0.03158

142(dyz)

-0.0336

161(dyz)

0.02301

145(dzx)

-0.02127

156(dzx)

0.09884

163(dz2)

0.04255

162(dz2)

175(dx2-y2)

0.04131

-0.25742

175(dx2-y2)

-0.2027

175(dx2-y2)

-0.1471

168(dxy)

-0.0049

141(dxy)

0.05601

167(dxy)

0.00576

145(xz)

-0.057

142(dyz)

-0.02619

161(dyz)

0.00719

157(yz)

-0.01361

145(dzx)

-0.05508

156(dzx)

0.04227

163(dz2)

-0.09176

163(dz2)

0.02144

162(dz2)

0.10648

145(dxz)

157(dyz)

2

175(dx2-y2)

141(dxy)

2

2

2

0.02899

2

2

2

Overlap
integral

175(dx2-y2)

150(dxy)

2

2

175(dx -y )

-0.0049

175(dx -y )

0.00315

175(dx -y )

-0.10246

168(dxy)

-0.06213

141(dxy)

0.07841

167(dxy)

-0.05104

145(xz)

0.00135

142(dyz)

0.12435

161(dyz)

-0.05831

157(yz)

-0.04356

145(dzx)

-0.15893

156(dzx)

0.02061

163(dz2)

-0.02582

163(dz2)

-0.02339

162(dz2)

0.02991

175(dx2-y2)

-0.057

175(dx2-y2)

0.08783

175(dx2-y2)

-0.0404

168(dxy)

0.00135

141(dxy)

0.17037

167(dxy)

0.26563

145(dxz)

-0.08056

142(dyz)

0.15563

161(dyz)

-0.24778

157(dyz)

0.06876

145(dzx)

-0.01117

156(dzx)

-0.12072

163(dz2)

-0.19149

163(dz2)

0.04131

162(dz2)

-0.37277

2

142(dyz)

148(dzx)

2

2

2

175(dx -y )

-0.01361

175(dx -y )

168(dxy)

-0.04356

145(dxz)

0.06876

157(dyz)

-0.59823

162(dyz)

159(dzx)

0.02236

2

175(dx -y )

-0.07806

141(dxy)

-0.3344

167(dxy)

-0.07806

142(dyz)

-0.01875

161(dyz)

0.00438

145(dzx)

0.11934

156(dzx)

0.0397

199	
  

2

Table A6. Overlap integral analysis for out of plane displacement of methyl group
correlation for complex 1

163(dz2)

175(dx2-y2)

τ = 174°

τ = 150°

τ = 130°

J = -10.50

J = -8.2204

J = -7.2196

163(dz2)

-0.07159

175(dx2-y2)

163(dz2)

0.02892

163(dz2)

-0.01001

175(dx2-y2)

0.26714

-0.0017

175(dx2-y2)

-0.00655

168(dxy)

-0.09176

168(dxy)

-0.10668

168(dxy)

-0.13399

145(dxz)

-0.02582

161(dxz)

-0.18848

152(dxz)

0.04062

157(dyz)

-0.19149

157(dyz)

0.099804

157(dyz)

0.03663

163(dz2)

-0.01001

163(dz2)

-0.0017

163(dz2)

-0.00655

2

168(dxy)

145(dxz)

2

175(dx2-y2)

2

2

163(dz2)

175(dx2-y2)

2

2

175(dx -y )

-0.25742

175(dx -y )

-0.23447

175(dx -y )

-0.20704

168(dxy)

-0.0049

168(dxy)

-0.00626

168(dxy)

-0.00057

145(dxz)

-0.057

161(dxz)

-0.01591

152(dxz)

-0.06558

157(dyz)

-0.01361

157(dyz)

0.00888

157(dyz)

0.01886

163(dz2)

-0.09176

163(dz2)

-0.10668

163(dz2)

-0.13399

175(dx2-y2)

-0.0049

175(dx2-y2)

-0.00626

175(dx2-y2)

-0.00057

168(dxy)

-0.06213

168(dxy)

-0.12599

168(dxy)

-0.16706

145(dxz)

0.00135

161(dxz)

0.00873

152(dxz)

-0.00511

157(dyz)

-0.04356

157(dyz)

-0.08533

157(dyz)

-0.0788

163(dz2)

-0.02582

163(dz2)

-0.18848

163(dz2)

0.04062

2

2

168(dxy)

161(dxz)

-0.057

2

2

175(dx -y )

168(dxy)

0.00135

145(dxz)

-0.08056

157(dyz)

0.06876

163(dz2)

-0.19149

175(dx2-y2)

168(dxy)

152(dxz)

-0.01591

2

175(dx -y )

-0.06558

168(dxy)

0.00873

168(dxy)

-0.00511

161(dxz)

0.3636

152(dxz)

-0.39639

157(dyz)

-0.1548

157(dyz)

0.17139

163(dz2)

0.099804

163(dz2)

0.03663

-0.01361

175(dx2-y2)

0.00888

175(dx2-y2)

0.01886

168(dxy)

-0.04356

168(dxy)

-0.08533

168(dxy)

-0.0788

145(dxz)

0.06876

161(dxz)

-0.1548

152(dxz)

0.17139

157(dyz)

-0.59823

157(dyz)

-0.15031

157(dyz)

-0.18453

175(dx -y )

157(dyz)

163(dz2)

157(dyz)
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157(dyz)

Appendix B: Chapter 3
Table B1. DFT calculated D tensor on complex 6 with varying computational
protocols.
Complexes

Method

D (cm-1)

E/D

g-tensor

With counter ion(MnCu)

B3LYP/TZVPPP

16.96

0.01

2.03

With counter ion(MnZn)

B3LYP/TZVPPP

1.75

0.3

1.99

Without counter ion(MnCu)

B3LYP/TZVPPP

12.47

0.02

2.03

Without counter ion(MnZn)

B3LYP/TZVPPP

1.78

0.3

1.99

Without counter ion(MnCu)

BP86/TZVPPP

2.35

0.06

1.98

Without counter ion(MnZn)

BP86/TZVPPP

1.94

0.06

1.99

Experimental MnCu

----------

6.27

0.09

----

Experimental Single ion

---------

4.78

0.08

1.98

Table B2. DFT calculated J values for 6 with <S**2> value.
Complex
6

No
counterion

Spin
configuration

Energies

J value

HS
BS

-5769.99075
-5769.992657

-83.7234265

8.8156
4.7834

HS
BS

-5009.45679
-5009.458413

-71.2361979

8.8134
4.7751

Table B3. Overlap Integral Analysis on 6
Mn orbitals

Cu orbital

overlap integral

212(dxy)
213(dxz)
217(dyz)
220(dx2-y2)
227(dz2)

209(dx2-y2)

-0.003
0.009
-0.023
-0.144
-0.007
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<S**2>
values

Appendix C: Chapter 4
Table C1. BVS calculations on the Mn(III) ions described in this chapter.
Chain
Calculated as:
Mn(II)
Mn(III)
Mn(IV)

Atom label and BVS
result
Mn1
3.39
3.13
3.09

Calculated as:
Mn(II)
Mn(III)
Mn(IV)

Mn3
3.38
3.11
3.05

(11)

Calculated as:
Mn(II)
Mn(III)
Mn(IV)

Mn1
3.23
2.98
2.92

(13)

Calculated as:
Mn(II)
Mn(III)
Mn(IV)

Mn1
3.30
3.04
2.98

(14)

Calculated as:
Mn(II)
Mn(III)
Mn(IV)

Mn1
3.24
2.99
2.93

Calculated as:
Mn(II)
Mn(III)
Mn(IV)

Mn3
3.48
3.20
3.14

Calculated as:
Mn(II)
Mn(III)
Mn(IV)

Mn1
1.88
1.74
1.70

(10)

(16)

Table C2. Intra-chain metal···metal distances in the 1-D chains 10-15 and 17
(10)

(14)

Mn2···Na2
Mn2···Na1
Mn1···Na1
Mn3···Na2

3.306
3.339
3.153
3.142

Mn1···Na1
Mn3···Na2
Mn2···Na2
Mn2···Na1

3.182
3.074
3.295
3.231

(11)
Mn1···Na1

5.251

5.242

(15)
Mn1···Na1
Mn1···Na2
Mn2···Na1
Mn2···Na2

3.310
3.293
3.273
3.327

(12)
Fe1···Na1
(13)
Mn1···Na1

5.256

(17)
Fe1···Na1

3.439
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Figure C1. UV/vis spectra obtained from MeOH (top), EtOH (middle) and MeCN (bottom)
solutions of 2,2’-biphenol. UV/vis (MeOH): λmax [nm] (εmax 103 dm3 mol-1 cm-1): 206
(37.9), 241 (10.8), 292 (8.2), 318(sh). (EtOH): 207 (38.1), 243 (9.8), 284 (8.3). (MeCN): 203
(38.6), 246 (13.6), 277 (21.2), 319 (2.6).
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Figure C2. UV/vis spectra obtained from MeOH (top), EtOH (middle) and MeCN (bottom)
solutions of 3-picoline. UV/vis (MeOH): λmax [nm] (εmax 103 dm3 mol-1 cm-1): 204 (4.5),
256 (2.7), 262 (3.1), 268 (2.25). (EtOH): 204 (4.95), 250 (1.99), 257 (2.75), 262 (3.06), 269
(2.16). (MeCN): 202 (5.0), 257 (2.37), 262 (2.46), 268 (1.87).
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Figure C3. UV/vis spectra obtained from MeOH (top), EtOH (middle) and MeCN (bottom)
solutions of 4-cyanopyridine. UV/vis (MeOH): λmax [nm] (εmax 103 dm3 mol-1 cm-1): 211
(9.18), 219 (7.69), 271 (5.16). (EtOH): 211 (8.16), 219 (6.7), 271 (3.44). (MeCN): 210 (9.10),
219 (7.43), 270 (3.21).
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Figure C4. UV/vis spectra obtained from MeOH (top), EtOH (middle) and MeCN (bottom)
solutions of the 1-D chain in 11.
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Figure C5. UV/vis spectra obtained from MeOH (top), EtOH (middle) and MeCN (bottom)
solutions of the chain in 12.	
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Figure C6. UV/vis spectra obtained from MeOH (top), EtOH (middle) and MeCN (bottom)
solutions of the Fe / Na chain in 13.

208	
  

